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Mutations in polycystin-1 (PC1) lead to autosomal-dominant poly-
cystic kidney disease (ADPKD), a leading cause of renal failure for
which no treatment is available. PC1 is an integral membrane
protein, which has been implicated in the regulation of multiple
signaling pathways including the JAK/STAT pathway. Here we show
that membrane-anchored PC1 activates STAT3 in a JAK2-dependent
manner, leading to tyrosine phosphorylation and transcriptional
activity. The C-terminal cytoplasmic tail of PC1 can undergo pro-
teolytic cleavage and nuclear translocation. Tail-cleavage abolishes
the ability of PC1 to directly activate STAT3 but the cleaved PC1 tail
now coactivates STAT3 in a mechanism requiring STAT phosphory-
lation by cytokines or growth factors. This leads to an exaggerated
cytokine response. Hence, PC1 can regulate STAT activity by a dual
mechanism. In ADPKD kidneys PC1 tail fragments are over-
expressed, including a unique ~15-kDa fragment (P15). STAT3 is
strongly activated in cyst-lining epithelial cells in human ADPKD,
and orthologous and nonorthologous polycystic mouse models.
STAT3 is also activated in developing, postnatal kidneys but inacti-
vated in adult kidneys. These results indicate that STAT3 signaling is
regulated by PC1 and is a driving factor for renal epithelial prolifer-
ation during normal renal development and during cyst growth.

Autosomal-dominant polycystic kidney disease (ADPKD) is
a common life-threatening genetic disease and leading cause
of renal failure (1-4). Epithelial-lined cysts develop due to ex-
cessive proliferation leading to renal enlargement and destruction
of functional renal tissue. No treatment is available to slow dis-
ease progression. PKD1 gene mutations cause the majority of
cases but the exact function of its gene product, polycystin-1
(PC1), has remained poorly understood. Confusing the issue is the
fact that both loss of PC1 as well as PC1 overexpression lead to
renal cyst growth in mouse models. Furthermore, in human
ADPKD, each clonal cyst within the same patient is thought to
exhibit a unique combination of germline and acquired mutations
that results in a cyst-by-cyst mosaic of genotypes and resulting
variation of expression levels of PC1 harboring various mutations.
PCI1 has also been implicated in a puzzling variety of intracellular
signaling events including JAK-STAT signaling (5, 6) and it has
been difficult to elucidate which of these functions may be most
important for renal cyst growth in ADPKD.

Disruption of primary cilia in kidney epithelial cells leads to
proliferation and cyst growth (7). PC1 has been shown to function
in ciliary mechanotransduction, and a potential molecular mech-
anism emerged from the discovery that PC1 undergoes proteolytic
cleavage, releasing the C-terminal cytoplasmic tail (~30 kDa)
from the membrane, followed by nuclear translocation (2, 5). PC1
cleavage is triggered upon the cessation of luminal fluid flow (2).
The cleaved PC1 tail interacts with the transcription factors
STAT6 and P100, enhances STAT6 activity, and STAT6 trans-
locates between cilia and the nucleus, depending on luminal fluid
flow stimulation (5).

In addition to the regulation of STAT6 by PC1, previously it
was reported that overexpression of full-length PC1 leads to ac-
tivation of STAT1 and STAT3 (6). Because this was reported
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before the discovery of PC1 tail cleavage, it was not investigated
whether STAT1/3 signaling involves the PC1 tail and whether it
requires the membrane-anchored or soluble form. Furthermore,
we reported that the cleaved, soluble PC1 tail does not cause
“activation” of STAT6 by tyrosine phosphorylation but rather
leads to “coactivation” of STAT6 that was activated by cytokine
signaling (5). To distinguish these mechanisms we use the term
activation to describe an event that leads to STAT tyrosine
phosphorylation. In contrast, coactivation leads to enhancement
of the transcriptional activity of an already activated STAT.

We report here that PC1 can both activate and coactivate mul-
tiple STATs. STAT activation requires the membrane-anchored
PCl1 tail, whereas STAT coactivation requires the cleaved, soluble
PC1 tail. We show that membrane-anchored PC1 specifically
activates STAT3, whereas the soluble PC1 tail can coactivate
STAT]I, -3, and -6. STAT3 activation requires JAK2, and JAK2
physically interacts with the PC1 tail. In contrast, the soluble PC1
tail sensitizes cells to cytokine and growth factor signaling, leading
to increased proliferation or death of renal epithelial cells.
ADPKD kidneys accumulate both a large (~30 kDa) and small
(~15 kDa) PCl tail fragment, which differ in their ability to coac-
tivate STATs. STAT3 activity is down-regulated after differentia-
tion of renal epithelial cells in vitro and in vivo, but remains highly
up-regulated in ADPKD and polycystic kidney mouse models,
suggesting that STAT3 promotes renal cyst growth and could be
a promising drug target. Overall, these results suggest that PC1
can differentially regulate STAT1, -3, and -6 signaling, depending
on the state of apical fluid flow, PC1 cleavage, and the cytokine
and growth factor environment. In doing so, PC1 may integrate
mechanical and chemical signals and direct the appropriate
cellular response.

Results

STAT Activation by Membrane-Anchored PC1. To investigate the
mechanisms of STAT activation vs. coactivation by PC1, we used
a luciferase reporter responsive to both STAT1 and -3. Expres-
sion of full-length PC1 results in a threefold increase of the lu-
ciferase signal (Fig. 1B). Next, we investigated which region of
PCl is responsible for STAT1/3 activation. In addition to cleavage
of the cytoplasmic tail, the N-terminal ectodomain of PC1 can
undergo cleavage at a G protein-coupled receptor proteolytic site
(GPS) (8). The noncleavable mutant PC1 T3049V (9) is still ca-
pable of STAT1/3 activation (Fig. 1B), indicating that GPS
cleavage is not required. To test whether the PCl1 tail is involved in
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Fig. 1. The membrane-anchored PC1 tail activates STAT3. (A) PC1 expression
constructs. Membrane-anchored constructs contain the extracytoplasmic
domain and signal peptide (SP) of CD16 and transmembrane domain of CD7.
(B-D) Luciferase assays using HEK293T cells transfected with the STAT1/3
luciferase reporter and either control GFP or (B) wild-type PC1, noncleavable
GPS-domain mutant PC1, or membrane-anchored PC1 tail or (C) FLM-PC1
truncation constructs or (D) pathogenic mutants in the FLM-PC1 context.

STAT1/3 activation, we used membrane-anchored constructs
containing the full-length tail (full-length, membrane-anchored
PC1 tail construct, FLM-PC1) or smaller deletion constructs.
FLM-PC1 causes strong activation of the STAT1/3 reporter, in-
dicating that the membrane-anchored PCI tail is sufficient. Pro-
gressive deletions of the PC1 C terminus decrease its ability to
activate STAT1/3, and removal of the coiled-coil domain elimi-
nates activation (Fig. 1C). Neither the N-terminal half (NTM-
PC1) nor the C-terminal half (CTM-PC1) alone are capable of
STAT1/3 activation (Fig. S1), indicating that the coiled-coil do-
main is necessary but not sufficient for STAT activation.

Several PKD1 pathogenic mutations map to the PC1 tail. Five
known mutations were introduced in the FLM-PC1 construct.
The L4132A mutation decreases STAT activation by ~50% and
the R4136G mutation increases STAT activation by ~100% (Fig.
1D), whereas three other mutations had no effect.

Altogether, these results indicate that the membrane-anchored
PC1 tail is sufficient for STAT1/3 activation, that it requires the
coiled-coil domain, that the degree of STAT activation is com-
parable to that mediated by the activated IFNy receptor, and that
some PKD1 germline mutations may influence renal cyst growth
due to altered STAT regulation.

STAT3 Activation by PC1 Specifically Activates STAT3 in a JAK2-
Dependent Manner. To determine whether PC1 acts via STAT1
and/or -3, we investigated STAT tyrosine phosphorylation. Doxy-
cycline (DOX)-induced expression of FLM-PCI1 in stably trans-
fected Madin Darby canine kidney cells (MDCK) cells results in
tyrosine phosphorylation of STAT3 but not STAT1 (Fig. 24),
suggesting that the membrane-anchored PC1 tail only activates
STATS3 in this renal epithelial cell line. To confirm the specificity
for STAT3 activation, we used dominant-negative (DN) STAT

7986 | www.pnas.org/cgi/doi/10.1073/pnas.1103816108
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Fig. 2. PC1 specifically activates STAT3 by JAK2 phosphorylation. (A) FLM-
PC1 expression was induced with DOX for 16 h in stably transfected MDCK cells
followed by a 30-min treatment with IFNy where indicated. (B, C, E, and F) Lu-
ciferase assays using HEK293T cells transfected with the STAT1/3 luciferase re-
porter and indicated genes. (B) Dominant-negative (DN) STAT1 or STAT3
constructs were expressed with either cytokine treatment or FLM-PC1 expres-
sion. (C and E) Treatment with the STAT3-inhibitory peptide (C) or the JAK2
inhibitor WP1066 (E) immediately following transfection, followed by IL6
addition 2 h later. (D) Coprecipitation of JAK2-HA with PC1-GST fusion
constructs expressed in HEK293T cells. (F) DN JAK2 was expressed with ei-
ther cytokine treatment or FLM-PC1 expression.

mutants (10, 11) (Fig. 2B). STAT-reporter activation by FLM-PC1
was almost eliminated in the presence of STAT3-DN but not by
STAT1-DN. Furthermore, a STAT3 inhibitory peptide inhibited
reporter activation by FLM-PCI1 to the same extent as activation by
IL6, a STAT3-specific cytokine (Fig. 2C). These results suggest that
FLM-PC1 signaling occurs primarily through activation of STAT3.

STAT activation normally requires receptor tyrosine kinases,
receptor-bound JAK family kinases, or nonreceptor-associated
tyrosine kinases (12, 13). Coprecipitation experiments revealed
that JAK2 interacts with the membrane-proximal region
(residues 4,107-4,195) of the PC1 tail (Fig. 2D). The pan-JAK
inhibitor, pyridone 6, which inhibits all four JAK family
kinases (14, 15) (Fig. S2), or the JAK2-specific inhibitor, WP1066
(Fig. 2E), prevents STAT3 activation by FLM-PC1. Overexpres-
sion of dominant-negative JAK2 resulted in strong suppression
of FLM-PCl-induced STAT3 activity (Fig. 2F). Altogether,
these results indicate that JAK2 is the main kinase involved in
STATS3 activation by PC1.

Receptor-associated kinases of the JAK family often act by
phosphorylating tyrosine residues in the receptor tails. As shown
in Fig. S3, mutation of all four tyrosine residues in the PC1 tail
(FLM-4Y/F-PC1) does not affect its ability to activate STAT3,
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indicating that tyrosine phosphorylation of PC1 is not required
for its activation of STAT3.

Cleavage and Accumulation of the PC1 Tail in ADPKD Kidneys. We
previously reported that cyst-lining cells in ADPKD kidneys ex-
hibit significant nuclear immunoreactivity to the PC1 tail (5).
Immunoblotting with two PC1-tail antibodies labeled prominent
bands at ~30 and ~15 kDa in ADPKD kidneys but not normal
controls (Fig. 3 4 and B). To verify these results independent of
antibodies, the ~15-kDa region of ADPKD samples was analyzed
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Fig. 3. The cleaved cytoplasmic tail of PC1: Expression in ADPKD and STAT
coactivation. (A and B) Immunoblots of total lysates from normal (N1 and
N2) and ADPKD (P1 and P2) renal tissues probed with anti-CT antibody
(against the C-terminal half of the human PC1 tail) or anti-FL antibody
(against the entire human PC1 tail) as indicated. (C) Specificity control: anti-
CT antibody preadsorbed with antigen. (D) Mass spectrometric analysis of
the ~15-kDa band from ADPKD patients. The identified peptides detected
are underlined in bold in the human PC1 tail sequence. For orientation, the
PEST domain is highlighted in gray. (E) STAT1/3 luciferase assay in HEK293T
cells transfected with control GFP or soluble PC1 constructs and treated with
IFNy (20 ng/mL) as indicated. (F) FLS-PC1 expression was induced with DOX
for 16 h in stably transfected MDCK cells followed by a 30-min treatment
with IFNy where indicated. (G) STAT1/3 luciferase assay with expression of
FLS-PC1 and treatment with IFNy or IL6 as indicated. (H) HEK293T cells were
treated with IFNy or IL6 as indicated for 30 min before lysis and probed with
the indicated antibodies. (/) STAT1/3 luciferase assay in the presence of DN-
STAT1 and DN-STAT3 and FLS-PC1 as indicated. IFNy or IL6 treatment for
activation of STAT1 and STAT3, respectively. (J) Pathogenic mutants in the
FLS-PC1 context do not affect STAT3 coactivation after IL6 stimulation in
STAT1/3 luciferase assay.
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by tandem-mass spectrometry. Three peptides corresponding to
the C-terminal half of the PC1 tail were identified (Fig. 3D).
These results indicate that the PC1 tail undergoes cleavage in
ADPKD kidneys, resulting in at least two defined fragments. On
the basis of molecular weight, antibody reactivity, and mass
spectrometry, the large fragment (polycystin-1 tail fragment of
~30kDa, P30) corresponds to the entire cytoplasmic tail, whereas
the small fragment (polycystin-1 tail fragment of ~15 kDa, P15)
corresponds to the C-terminal half of the tail.

Soluble PC1 Tail Coactivates STAT3 and STAT1. We tested whether
the cleaved, soluble PCI1 tail can affect STAT1 or -3 activities.
Full-length, soluble PC1 tail construct (FLS-PC1) (to mimic P30)
increased STAT1/3 reporter activity in unstimulated cells ~10-
fold (Fig. 3E). Strikingly, FLS-PC1 in combination with IFNy led
to very strong enhancement of reporter activity over IFNy alone.
C-terminal half, soluble CTS- and C-terminal half, soluble PC1
tail construct containing PEST motif (CTSP-PC1) (to mimic P15)
failed to affect STAT1/3 (Fig. 3E). FLS-PCI1 did not increase pY-
STAT1 or -3, either in the absence or presence of IFNy (Fig. 3F),
suggesting that FLS-PC1 regulates STAT activity by coactivation
rather than activation.

We next asked whether FLS-PC1 can coactivate both STAT1
and 3. IFNy predominantly activates STAT1, whereas IL6 acti-
vates only STAT3 (Fig. 3H). FLS-PCl leads to coactivation of the
STAT1/3 reporter in response to either IL6 or IFNy, indicating
that it can coactivate STAT3 and possibly also STAT1 (Fig. 3G).
Expression of STAT1/3-DN constructs suppresses the coac-
tivation by FLS-PCI1 after activation with the appropriate cytokine
(Fig. 3]), indicating that FLS-PC1 can coactivate both STAT1 and
STAT3. Coactivation is abolished by the pan-JAK inhibitor (Fig.
S4). These results indicate that the cleaved PCI1 tail can coactivate
both STAT1 and STAT3 by a mechanism that depends on prior
cytokine activation and JAK activity.

The same pathogenic mutations as in Fig. 1D were introduced
in the soluble PCI tail context but none of them significantly al-
tered STAT coactivation (Fig. 3/), indicating that sequence
requirements for STAT activation and coactivation are distinct.

Coactivation of STAT1 by FLS-PC1 appears to involve a stable
complex because both proteins can be coimmunoprecipitated
(Fig. S5). We failed to demonstrate a stable complex between
STAT3 and FLS-PC1, which may suggest differences in bio-
chemical stability.

It has been suggested that effects of the cleaved PC1 tail may
be due to a dominant-negative effect on endogenous, full-length
PC1 (16). To test this possibility, we used PkdI-null mouse em-
bryonic fibroblasts (MEFs). FLS-PCI1 still leads to coactivation
of the STAT1/3 reporter in these cells (Fig. S6) even in the ab-
sence of endogenous PCl1, indicating that a dominant-negative
effect is unlikely. The lower magnitude of coactivation in MEFs
is likely due to the low transfection efficiency in these cells.

To investigate the possibility that FLS-PC1 could act as a sta-
bilizer of activated STATs, MDCK cells were subjected to short
cytokine pulses and the decay of the pY-STAT signals was
monitored. FLS-PC1 does not appreciably alter the decay of the
pY-STAT signals (Fig. S7). Altogether, these results suggest that
the enhancement of STAT transcriptional activity by FLS-PC1 is
due to nuclear coactivation, possibly by aiding in the assembly of
transcriptional complexes.

Soluble PC1 Tail Regulates Proliferation and Cell Death. The ability of
FLS-PC1 to coactivate STAT1, -3, and -6, and the finding that the
cleaved PC1 tail can accumulate in the nuclei of ADPKD renal
cysts (5) (Fig. 3), suggest that the cleaved PC1 tail may play a role
in regulating cyst growth in ADPKD. We asked how FLS-PC1 may
affect proliferation and/or cell death in MDCK cells. Under basal
conditions, proliferating MDCK cells express pY-STAT3 (Figs. 24
and 3F) but not pY-STAT1 (Figs. 24 and 3F and Fig. S7) or pY-
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STAT®6 (5). FLS-PC1 overexpression under basal conditions (only
pY-STAT?3) stimulates proliferation by ~30% (Fig. 44). STAT6
activation by IL4 treatment also stimulates proliferation. In con-
trast, IFNy (predominantly STAT1 activation) inhibits pro-
liferation and induces cell death (Fig. 44, Right), and FLS-PC1
further amplifies this effect. No further increase in proliferation is
seen with the combination of IL4 and FLS-PCI1, suggesting that
cell cycling may already be maximal under these conditions. Al-
together, these results suggest that FLS-PC1 sensitizes renal epi-
thelial cells to the effects of the activation of STATs and can
amplify different biological effects, depending on the activation of
diverse signaling pathways and the cytokine environment.

Polycystic Kidneys Are Hypersensitive to IFNy/STAT1 Signaling. The
cleaved PC1 tail is overexpressed in cyst-lining cells in non-
orthologous PKD mouse models (17) and human ADPKD (ref. 5
and Fig. 3). We asked whether the cleaved PC1 tail may hyper-
sensitize cystic epithelial cells to STAT signaling in a non-
orthologous PKD mouse model. Balb/c polycystic kidney (bpk)
mice were challenged with IFNy, which resulted in strong renal
STAT1 activation (Fig. 4B). Strikingly, STAT3 is already highly
activated in kidneys of untreated bpk mice (see below) but no
further STAT3 activation is apparent after IFNy challenge. Nei-
ther STAT1 nor STAT3 are activated in kidneys of control mice.
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Fig. 4. The soluble PC1 tail causes hypersensitivity to cytokine signaling. (A)
Cell cycle analysis by flow cytometry. Stably-transfetcted FLS-PC1 MDCK cells
were induced for 48 h with DOX in conjunction with the indicated cytokines.
(Left) Actively cycling cells (5/G,M phase). (Right) Hypodiploid cells. Data are
normalized to control (untreated) cells and represented as mean-fold dif-
ference + SE from three independent experiments. (B) Western blots of
kidney lysates. Twenty-one-day-old wild-type or bpk cystic animals were
treated for 2 (low dose) or 5 (high dose) d with either vehicle, low dose (+,
1.2 pg), or high dose (++, 3 pg) IFNy as indicated. PY-STAT3 is elevated in
cystic animals, independent of treatment. IFNy-treated cystic animals exhibit
increased caspase-3 activation, indicative of apoptosis.
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Analysis of cleaved caspase 3 reveals a significant apoptotic re-
sponse in bpk mice challenged with a high dose of IFNy, whereas
WT mice are unaffected (Fig. 4B). These results suggest that
polycystic kidneys indeed have an enhanced ability to respond to
IFNy stimulation.

STAT3 Is Activated in PKD. Given our observed PCl-mediated
regulation of STAT3 activity, we investigated whether STAT3 is
aberrantly regulated in renal cystic disease in mouse models and
human ADPKD. As shown in Fig. 54, kidneys of the early-onset
bpk mouse model (18, 19) exhibit extremely high levels of pY-
STAT3 compared with WT animals in which pY-STATS3 is barely
detectable. Total STAT3 is moderately but consistently increased
in bpk kidneys.

To examine the developmental regulation of STAT3 activity,
we analyzed pY-STAT3 in renal sections derived from 7-, 14-,
and 21-d-old bpk and WT animals (Fig. 5B). At day 7, renal
epithelial cells in WT and bpk mice both exhibit strong pY-
STATS3 staining. The predominantly nuclear localization of pY-
STAT?3 suggests that it is transcriptionally active. There was little
detectable pY-STATS3 staining in 14- and 21-d-old WT mice,
indicating that STAT3 normally becomes inactive before post-
natal day 14. In contrast, nuclear pY-STAT3 signals are strong in
cystic epithelial cells of 14- and 21-d-old bpk mutant mice.

Because renal cyst growth in bpk mice temporally coincides
with renal development, we also examined the adult-onset Oak
Ridge polycystic kidney (orpk)-rescue PKD mouse model (20).
Cyst-lining epithelial cells in 150-d-old mutant mice also exhibit
strong nuclear pY-STAT3 signals, whereas age-matched WT
control animals show no detectable pY-STAT3 (Fig. 5C). Simi-
larly, nuclei of cyst-lining cells in human APDKD kidneys were
highly positive for pY-STAT3, whereas normal human kidney
showed no detectable pY-STATS3 (Fig. 5D).

Next, we investigated two mouse models in which the Pkdl
gene is conditionally inactivated. The Pkd1°°"*°"®:Nes™ model,
characterized by mosaic gene inactivation and a robust renal cystic
phenotype (21) exhibits strong STAT3 activation (Fig. 5E) in
renal cyst-lining and interstitial cells (Fig. 5F). Pkd1 gene deletion
can be temporally controlled by tamoxifen induction in the
Plkd1°°"¥<°": Tam™ model (22). Early tamoxifen induction (day
P12) leads to massive renal cystic disease by day 21, and all cysts
exhibit strong nuclear pY-STATS3 signals (Fig. 5G). In contrast,
later tamoxifen induction (day P14) leads to cyst formation only
after a delay of 6 mo, despite the fact that ~50% of renal epithelial
cells have lost PC1 expression in both early and late models (22).
Interestingly, in these animals pY-STATS3 is highly expressed in
cyst-lining cells (Fig. 5H) and normal appearing tubules and in-
terstitial cells in close proximity to cysts. In contrast, normal
tubules at a distance from cysts are negative for pY-STAT3. These
results suggest that loss of PC1 expression per se does not lead to
STATS3 activation but that diffusible factors—such as cytokines
and growth factors—are likely involved in focal STAT3 activation
following PC1 disruption.

Altogether, these results demonstrate that STAT3 is normally
active in developing kidneys but becomes inactive in adult kid-
neys. In contrast, STAT3 remains activated in cyst-lining cells in
mouse models and human ADPKD, suggesting that it may pro-
mote cyst growth.

Discussion

We report here that PC1 is capable of affecting the activity of
several STAT transcription factors by two distinct mechanisms.
First, membrane-anchored PC1 can activate STAT3 by JAK2-
dependent phosphorylation. Second, the proteolytically cleaved,
soluble PC1 tail undergoes nuclear translocation and can coac-
tivate STAT]1, -3, and -6, which have been previously activated by
tyrosine phosphorylation, e.g., by cytokine signaling. Hence, PC1
is a membrane protein that can both activate a STAT at the
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Fig. 5. STAT3 is activated in PKD. Immunoblots of kidney tissue lysates from 21-d-old wild-type and bpk mutant mice (A) or 49-d-old Pkd7<°"¥<°nd and
Pkd1°nd/cond:Nase mice (E). All other panels: Kidney sections derived from (B) bpk mutant mice, (C) orpk;Tg737Rsq mice, (D) human ADPKD kidney, (F) 49-d-
old Pkd1°°n¥cnd:Nesr® mice, (G) tamoxifen-treated (P12) 21-d-old Pkd1<°"¥<°"d:-Tam " mice, and (H) tamoxifen-treated (P14) 6-mo-old Pkd1<°n¥/cond.-Tamere
mice were subjected to immunostaining for pY-STAT3. Representative fields and age-matched controls are shown. (H) Note that pY-STAT3 is highly expressed in
cyst-lining cells (black arrows) and normal-appearing tubules (black arrowheads) and interstitial cells (white arrowheads) in close proximity to cysts, whereas
normal tubules at a distance from cysts are negative (white arrows). (B-D) (Scale bars, 100 pm.) (F-H) (Scale bars, 50 um.)

membrane and then coactivate the STAT in the nucleus after its
own cleavage. This dual mechanism on multiple STATS suggests
that PC1 can integrate diverse signals and orchestrate different
biological responses to these inputs.

The membrane-anchored, PC1 tail is sufficient for activating
STAT3 (Fig. 1), suggesting that no upstream regions of PC1 are
required. Consistent with this, JAK2 interacts with the membrane-
proximal half of the PCI1 tail (Fig. 2D). Membrane anchorage is
required for STAT3 activation because the soluble PCl1 tail fails to
increase pY-STAT3 (Fig. 3F), even though it still interacts with
JAK2 (Fig. 2D). The mechanism of STAT3 activation by PC1
resembles that of cytokine receptors because it depends on JAK2
functionally and involves physical interaction with JAK2. This may
suggest that STAT3 activation by PC1 is regulated by ligand
binding similar to cytokine receptor regulation but no physiologi-
cally relevant extracellular ligands have clearly been identified
to date.

The mechanisms underlying the observed accumulation of the
cleaved, nuclear PC1 tail in ADPKD (5) (Fig. 3) are unclear.
Renal cyst growth in ADPKD is thought to involve a genetic
second-hit mechanism (23). However, instead of lack of PC1
protein expression, we and others have consistently observed in-
creased immunoreactivity for PC1 in renal cysts in ADPKD (5, 24,
25) and nonorthologous mouse models (17). This suggests that
(mutated) PC1 is overexpressed in renal cysts and we hypothesize
that this may lead to degradation of defective protein and accu-
mulation of proteolytic fragments corresponding to the cyto-
plasmic tail. A large fraction of PKDI germline mutations are
truncating mutations (3) that are not expected to lead to expres-
sion of the cytoplasmic tail. It is possible that the observed PC1
tail expression in cysts is often due to expression from the un-
affected or somatically affected allele. Because cysts in ADPKD
are thought to be clonal, and each with a distinct genotype, it is
possible that the expression of the PC1 tail in individual cysts leads
to a growth advantage and positive selection. Overexpression of
normal PC1 in transgenic mice leads to a renal cystic phenotype
(26). Furthermore, genetic inactivation of the Pkd1 gene in adult
mice does not lead to an apparent renal cystic phenotype for
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several months (22). Altogether, these findings suggest that renal
cyst growth in ADPKD may be associated with overexpression
rather than lack of PCI. Similarly, renal cyst growth in other cil-
iopathies in which PC1 is intact may involve excessive PCI1 ex-
pression, tail cleavage, and STAT signaling. This is consistent with
the finding that the nuclear PCI tail is overexpressed in renal cysts
in a PKD mouse model caused by inactivation of the ciliary motor
protein Kif3A (17).

We have previously shown that PC1 undergoes tail cleavage in
vitro, resulting in a nuclear-targeted, C-terminal fragment of ~15
kDa, suggesting a cleavage site in the middle of the tail (5).
Chauvet et al. (17) independently also observed PCI1 tail cleav-
age but reported a larger fragment of >30 kDa, suggesting a
cleavage site in a transmembrane domain. We now report two
prominent bands of ~15 kDa (P15) and ~30 kDa (P30), re-
spectively, that are both overexpressed in ADPKD renal tissue
(Fig. 3). This suggests that at least two stable cleavage products
exist, which correspond to the full-length cytoplasmic tail and the
C-terminal half of the tail of PC1, respectively.

On the basis of our findings, PC1 cleavage dramatically alters its
regulation of STAT activity. Because only membrane-anchored
PC1 has the ability to activate STAT?3, tail cleavage is expected to
terminate this signal. This is supported by the inability of PC1
constructs lacking the C-terminal coiled-coil domain to activate
STAT3 (Fig. 1C). On the other hand, the P30 cleavage product
now has the ability to coactivate STAT1, -3 (Fig. 3), and -6 (5) after
STAT activation. P15 loses the ability to coactivate STAT1/3 (Fig.
3) but not STAT6 (5). The cleaved forms of the PCI1 tail are not
capable of increasing activation by tyrosine phosphorylation of any
of these three STATS but appear to act purely by coactivation.

Therefore, depending on the cleavage status of PC1, renal ep-
ithelial cells may be directed toward different biological responses
to growth factor and cytokine signaling. Furthermore, because
ciliary STAT6 localization (5) and PCI1 tail cleavage (2) were
shown to be regulated by apical/luminal fluid flow, this suggests
that PC1 can integrate mechanical (cilia bending) and chemical
(cytokines/growth factors) signals.
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Our finding that PC1 can both activate and coactivate STAT3
suggests that STAT3 regulation by PC1 may be relevant to renal
cyst growth. STAT3 activation occurs in many forms of cancer.
Whereas STAT3 activation often results in enhanced pro-
liferation, and inhibition of apoptosis, these effects are cell-type
specific and STAT3 activity can also be associated with growth
arrest (27, 28). We find that STATS3 is highly active during renal
growth in normal 7-d-old mice but becomes inactive before day 14
when renal growth is completed (Fig. 5B). A developmental switch
occurs in mouse kidneys between postnatal days 13 and 14 that
signals the end of the terminal renal maturation process (22). In
highly proliferative cyst-lining cells in human ADPKD and several
different PKD mouse models, STATS3 is constitutively active (Fig.
5). Altogether, these results strongly suggest that STAT3 signaling
is a driving factor for renal epithelial proliferation during normal
renal development and during cyst growth.

Several STAT3-activating growth factors/cytokines are relevant
to the kidney. Hepatocyte growth factor (HGF) was found in cyst
fluids in ADPKD (29). Transgenic mice overexpressing HGF
develop renal cysts (30). STAT3 is required for HGF-induced
branching tubulogenesis in MDCK cells (31). Activation of EGF-
receptor signaling is well established in PKD (3). STAT3 is acti-
vated in tubule cells after acute kidney injury, probably via IL6
transsignaling and may aid in tissue preservation and repair (32).
This may further support the idea that cyst growth in PKD is due
to the aberrant activation of a normally dormant injury repair
program (2).

Altogether, these results suggest that STAT3 is regulated by
PC1 and that aberrant STAT3 activation contributes to pro-
liferation in renal epithelial cells during development, cystic
disease, and the response to renal injury. STAT3 may therefore
be a promising drug target for treatment of ADPKD.

Materials and Methods

Plasmids. Several PC1 tail constructs cloned into pCDNA4/TO-myc-His have
been described (5). All other PC1 constructs were made by PCR and cloned
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into the same vector. The PC1 T3049V construct (9) was a gift from Gregory
Germino (National Institutes of Health, Bethesda, MD). STAT1/3 luciferase
reporter, containing four gamma interferon activation site (GAS) elements
upstream of the luciferase gene, was a gift from Tom Hamilton (Cleveland
Clinic, Cleveland, OH). The JAK2 plasmid was a gift from Olli Silvenoinen
(University of Tampere, Tampere, Finland). The JAK2-DN and FLM4Y/F-PC1
constructs were made by site-directed mutagenesis (Stratagene). The STAT3-
DN and STAT1-DN plasmids were obtained from Addgene (10, 11).

Antibodies and Reagents. Anti-PC1 antibodies have been described (5). Total
STAT3, pY-STAT3, and pY-STAT1 antibodies are from Cell Signaling Tech-
nology. Total STAT1 antibody is from Santa Cruz Biotechnology and anti-
myc, from Upstate. The pY-STAT3 used for immunostaining is from Abcam.
All cytokines are from R&D Systems, control rabbit IgG, from Sigma, and
pyridone 6, from Calbiochem.

Luciferase Assays. HEK293T cells were seeded on 12-well plates and transfected
with 250 ng of reporter, 10 ng of B-galactosidase, and 250 ng of gene of in-
terest using Lipofectamine 2000 in Opti-MEM. Plasmids were balanced with
PEGFP (Clontech). PC1-null MEFs were transfected using Amaxa MEF Nucle-
ofector Kit 2. Cytokines were added posttransfection for at least 16 h. Ap-
proximately 24 h posttransfection, cell lysates were assayed for luciferase and
p-galactosidase activity. Luciferase units were normalized using p-galactosidase.
Experimental conditions were assayed in triplicate; each bar represents average
mean fold induction with respect to control; error bars represent SEM. Experi-
ments are representative of at least three independent assays.

Human Samples. Tissue samples from anonymous ADPKD patients and normal
controls were obtained from the Cleveland Clinic or National Disease Re-
search Interchange (NDRI) as per institutional guidelines. Samples were
frozen in liquid nitrogen, fine shavings were ground with a micro tissue
grinder on dry ice, dissolved in SDS/PAGE sample buffer, and used for Western
blot and mass spectrometry.

SI Materials and Methods provides full descriptions of other methods.
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S| Materials and Methods

Identification of Cleaved PC1 Tail from Patient Tissue by Mass
Spectrometry. The 15-kDa regions of Coomassie-stained SDS/
PAGE gels were cut, washed with water, and dehydrated in
acetonitrile before reduction with DTT and alkylation with
iodoacetamide. In-gel proteolytic digestion was carried out
overnight at room temperature using a modified, sequencing
grade trypsin (Promega). The peptides that are formed were
extracted from the gel, evaporated to dryness, and reconstituted
in 30 pL of 1% acetic acid for LC/MS analysis using a Finnigan
LCQ deca ion trap mass spectrometer system (ThermoFinnigan)
equipped with a nanospray ionization source (Protana). The
HPLC column was a self-packed 8 cm X 75 pm i.d. Phenomenex
Jupiter C18 reversed-phase capillary chromatography column.
Two-microliter volumes of the extract were injected and the
peptides eluted from the column by an acetonitrile/0.05 M acetic
acid gradient at a flow rate of 200 nL/min. The control PKD1-
GST protein digest data were analyzed by using all peptide
molecular weights and collision-induced dissociation (CID)
spectra collected in the experiment to search the NCBI non-
redundant database with the search program Mascot. All
matching spectra were verified by manual interpretation. From
this analysis, marker peptides were identified and used in the
selective reaction monitoring experiments on the patient sam-
ples. In these experiments, the mass spectrometer was used to
record the product ion spectra of molecular ions of the marker
peptides that were characterized in the mapping experiment.
Detection of the appropriate peptide was verified by the CID
spectrum that was recorded at the correct retention time.

Cell Cycle Analysis. Confluent MDCK cells stably expressing the
constructs were seeded in 12-well plates at low density. Forty-
eight hours later, cells were trypsinized and 300,000 cells per
condition were resuspended in 250 pL ice-cold PBS + 1% BSA
with 50 pL of ice-cold cell cycle buffer (0.11% citrate, 0.1%
Triton-100) and 10 pL of RNAseA (10 mg/mL). A total of 10 pL

of propidium iodide (1 mg/mL; Sigma) was added after 4 h of
incubation on ice. After 18-20 h incubation at 4 °C, samples were
analyzed by flow cytometry (EasyCyte 96; Guava Technologies)
using a minimum of 10,000 gated events per condition.

Immunoprecipitation. Cells were washed once with cold PBS and
scraped with lysis buffer (50 mM Hepes, 50 mM potassium acetate,
and 0.5% Triton X-100), containing protease inhibitior mixture
(Sigma), PMSF, 200 pM sodium orthovanadate, and 0.5% BSA.
Lysates were rotated at 4 °C for 30 min and precleared with CL-2B
sepharose. Lysates were then incubated with either anti-STAT1
antibody or control IgG overnight. Preblocked protein-A-sepharose
beads (Amersham) with BSA were used in the pull down for 1 hr at
4 °C. The beads were washed with lysis buffer three times and
samples were analyzed by Western blotting.

JAK2 Binding. HEK293T cells were cotransfected with JAK2-HA
and PC1-GST constructs. Cells were lysed in 50 mM Tris-HCl pH
7.4, 150 mM NaCl, 1% TX-100, 5 mM DTT, and protease
inhibitors. Cleared lysates were precipitated with glutathione
agarose. After extensive washing, precipitates were analyzed by
immunoblot.

Microscopy. Images were captured using an Olympus IX-81 in-
verted microscope, equipped with a Q-image Retiga EXi camera
and Q Capture Pro software (QImaging).

IFNy Mouse Injections. Two groups of bpk mice were given i.p.
injections of murine IFNy or vehicle (sterile saline/murine serum
albumin). The low-dose group received injections of 1.2 pg IFNy
or 100 pL vehicle on day P19 and P21; the high-dose group re-
ceived daily injections of 3 pg IFNy or 100 pL vehicle from days
P16-P20. Both groups were killed on day P21 and dissected
tissues stored at —80 °C until use. Experiments were approved by
the Institutional Animal Care and Use Committee of University
of California at Santa Barbara.
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Fig. S1. STAT1/3 luciferase assay using HEK293T cells transfected with the STAT1/3 luciferase reporter and either control GFP or membrane-anchored PC1 tail

constructs.
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Fig. $3. STAT1/3 luciferase assay using HEK293T cells transfected with the STAT1/3 luciferase reporter and either control GFP, FLM-PC1, or FLM-PC1 in which all
four tyrosine residues have been mutated to phenylalanines.
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Fig. S4. STAT1/3 luciferase reporter assay in the presence or absence of the pan-JAK inhibitor Pyridone 6 (0.5uM). Pyridone 6 inhibits coactivation by FLS-PC1.
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Fig. S5. FLS-PC1 interacts with STAT1. MDCK cells were transiently transfected plasmids encoding with either a myc-tagged control protein (syntaxin 3, Syn3)
or myc-tagged FLS-PC1. Total lysates were immunoprecipitated with either anti-STAT1 or control rabbit IgG. STAT1 only coprecipitates with FLS-PC1.
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Fig. S6. FLS-PC1 does not act by a dominant-negative mechanism. MEFs with a targeted inactivation of both pkd7 alleles were transfected with FLS-PC1 or
control and treated with IFNy as indicated. STAT1/3 luciferase reporter assay indicates coactivation by FLS-PC1 despite the lack of endogenous PC1.
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Fig. S7. As indicated, DOX was added to induce FLS-PC1 expression in stably transfected MDCK cells. Sixteen hours later, cells were washed with serum-free
media and pulsed with either IFNy (for STAT1 activation) or IL4 (for STAT6 activation) for 15 min in serum-free media. Cells were aspirated and washed twice
with serum-free media to remove cytokine and then incubated for indicated times. pY-STAT1 or pY-STAT®6 levels and expression of FLS-PC1 were determined
by immunoblotting.

Talbot et al. www.pnas.org/cgi/content/short/1103816108 30f3


www.pnas.org/cgi/content/short/1103816108

