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Autosomal dominant polycystic kidney disease (ADPKD) is a pro-
gressive genetic syndrome with an incidence of 1:500 in the
population, arising from inherited mutations in the genes for
polycystic kidney disease 1 (PKD17) or polycystic kidney disease 2
(PKD2). Typical onset is in middle age, with gradual replacement of
renal tissue with thousands of fluid-filled cysts, resulting in end-
stage renal disease requiring dialysis or kidney transplantation.
There currently are no approved therapies to slow or cure ADPKD.
Mutations in the PKD1 and PKD2 genes abnormally activate mul-
tiple signaling proteins and pathways regulating cell proliferation,
many of which we observe, through network construction, to be
regulated by heat shock protein 90 (HSP90). Inhibiting HSP90 with
a small molecule, STA-2842, induces the degradation of many
ADPKD-relevant HSP90 client proteins in Pkd1~~ primary kidney
cells and in vivo. Using a conditional Cre-mediated mouse model to
inactivate Pkd1 in vivo, we find that weekly administration of STA-
2842 over 10 wk significantly reduces initial formation of renal
cysts and kidney growth and slows the progression of these phe-
notypes in mice with preexisting cysts. These improved disease
phenotypes are accompanied by improved indicators of kidney
function and reduced expression and activity of HSP90 clients
and their effectors, with the degree of inhibition correlating with
cystic expansion in individual animals. Pharmacokinetic analysis
indicates that HSP90 is overexpressed and HSP90 inhibitors are
selectively retained in cystic versus normal kidney tissue, analo-
gous to the situation observed in solid tumors. These results pro-
vide an initial justification for evaluating HSP90 inhibitors as
therapeutic agents for ADPKD.
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Polycystic kidney disease (PKD) is a common, genetically
inherited disorder that poses a significant public health bur-
den, affecting 600,000 people in the United States (1, 2).
Symptoms typically manifest at middle age, with kidney function
increasingly impaired as normal tissue becomes replaced by
thousands of abnormally proliferating cysts. Approximately one
half of PKD patients will progress to end-stage renal disease and
will require renal transplantation or dialysis, the only current
treatment options. Autosomal dominant PKD (ADPKD) arises
from inactivating mutations in the PKDI or PKD2 genes, dis-
rupting numerous signaling pathways that regulate kidney ho-
meostasis. Signaling proteins hyperactivated in ADPKD kidneys
include human epidermal growth factor receptor 2 (HER?2), serin-
threonin kinase AKT (AKT), mammalian target of rapamycin
(mTOR), STAT3, Proto-oncogene tyrosine-protein kinase Src
(SRC), ERKI1/2, RAF proto-oncogene serine/threonine-protein
kinase (RAF), and others (3). Therapeutic strategies under
evaluation for PKD include inhibitors of some of these individual
proteins, such as SRC and mTOR (4, 5). However, extensive
experience with development and evaluation of targeted therapies
in clinical trials for other conditions of abnormal proliferation,
such as cancer, has suggested that only rarely is inhibition of single
signaling targets sufficient to limit cell growth fully (6, 7).
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As an alternative approach, the molecular chaperone heat
shock protein 90 (HSP90) promotes the folding and function of
hundreds of client proteins, including the majority of the human
kinome (8). Inhibitors of HSP90 have shown encouraging signs
of clinical activity in patients with cancer because of this ability
to affect many of the essential components driving the disease
(9). There are numerous parallels between ADPKD and cancer
in terms of altered growth, apoptosis, differentiation, and sig-
naling (10). Notably, many proteins that are hyperactive in
ADPKD are clients of HSP90 (8, 11). We hypothesized that
inhibitors of the HSP90 chaperone protein might be broadly
active in limiting cyst growth and improving kidney function
based on simultaneous inhibition of multiple proteins supporting
progressive growth of cysts. To test this idea, we used STA-2842,
a highly specific inhibitor of HSP90, in a mouse model of
ADPKD (12) to assess the efficacy of this strategy in limiting
disease-associated signaling pathways and disease progression.
Our results summarized below indicate STA-2842 has significant
efficacy in limiting kidney and cystic growth and in improving
renal function.

Results

To determine if the chaperone HSP90 plays a role in PKD-rel-
evant signaling, we systematically investigated the intersection of
HSP90 client proteins and proteins associated with PKD. The
resulting set of 33 common proteins, which included many
known to display abnormally elevated activity in ADPKD
patients (13), represented a 4.1-fold enrichment over inter-
sections between randomly selected groups of proteins (P = 7 X
1077) (Fig. 14). We then asked if inhibition of HSP90 could limit
the activity of these signaling proteins and pathways relevant to
ADPKD pathology. We performed reverse phase protein array
(RPPA) analysis in primary kidney cells isolated from Pkdl~'~
mice and treated with STA-2842, a resorcinolic triazole (Fig.
S1A4) that competitively binds the N-terminal ATP pocket of
HSP90, has potency similar to that of the Phase 3 HSP90 in-
hibitor ganetespib (Fig. S1 B-E) (14), and has limited off-target
activity (Figs. S2 and S3). STA-2842 induced significant reduc-
tions in the expression or activation of a large number of pre-
viously established HSP90 client proteins in Pkdl ™'~ renal cell
lines, including phosphorylated epidermal growth factor re-
ceptor (p-EGFR), AKT, and cyclin-dependent kinase 1, as well
as their effectors and other proteins implicated in PKD (p-S6,
p-ERK, and p-NF-kB) (Fig. 1 B and C, Fig. S4, and Dataset S1).
Among the 33 proteins in the overlapping HSP90/PKD network
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Fig. 1. Systematic inhibition of PKD-associated signaling proteins. (A) Network of genes associated with PKD and interacting with HSP90, based on data in ref. 8
and in the databases noted in Materials and Methods. Blue, PKD1 or PKD2 interacting; yellow, associated with the disease ADPKD but not reported to interact with
PKD1 or PKD2; red circle, detected by RPPA analysis as down-regulated by STA-2842; blue circle, within RPPA analyte set but not affected by STA-2842 treatment.
Solid lines indicate direct protein—protein interactions; dashed lines indicate functional interactions (retrieved from pathway maps). (B) Heatmap indicates protein
species identified by RPPA analysis of two independent, early passage isolates of Pkd7~~ kidney cells as showing greatest decrease following treatment with 250 nM
STA-2842 versus vehicle for 24 h. Colors represent fold change of protein expression in cells treated with 250 nM STA-2842 compared with vehicle-treated cells as
indicated. (C) Quantification of the expression levels of selected proteins based on RPPA analysis. ***P < 0.001; data are expressed as mean + SEM.

(Fig. 14), 11 of the 12 present in the RPPA analyte set were  implied that HSP90 inhibition would limit multiple critical
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Fig. 2. STA-2842 effectively inhibits the early stages of cystogenesis in Pkd 7™~ mice. (A) Schedule of dosing and MRI observation of Pkd7~'~ and control mice.
(B) (Left and Center) MRI images of drug- (Lower) or vehicle-treated (Upper) Pkd1~'~ mice typical of the most severe cystic phenotype observed in the
treatment group at the indicated time points. (Right) Corresponding H&E-stained kidney sections. (Scale bars: 0.5 cm for MRIs and 200 pm for H&E-stained
sections. (C and D) Quantification of (C) cyst volume and (D) ratio of kidney volume in cubic centimeters to body weight (BW) in grams over the term of
treatment, based on quantification of MRI images. (E) Effect of STA-2842 on the ratio of kidney:body weight. (F) Cystic index of mice treated with 75 mgr/kg
STA-2842 compared with vehicle-treated mice. Effect of STA-2842 on BUN (G) and plasma creatinine (H) in Pkd1~'~ and control mice. n = 6 for WT mice (exception:
for MRI, 4 of 6 WT mice) and n = 16-17 for Pkd1~'~ mice. *P < 0.05, **P < 0.01, ***P < 0.005, n/s, not significant. Data are expressed as mean + SEM.
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To evaluate this possibility directly, we used an adult mouse
model with slow, progressive kidney disease that closely resem-
bles the human disease and allows the analysis of long-term
treatment, in contrast to rapid incidence models (discussed in
refs. 12 and 15). For this purpose, Pkd1fl/fl;Cre/EsrI™ (hereafter
referred to as Pkdl™'") and control Pkd1fl/fl;Cre/Esrl™ mice (12)
were injected with tamoxifen at 5-6 wk of age to inactivate the
Pkdl gene; this inactivation leads to the development of cysts
starting at 4 mo of age (12). To determine if inhibiting HSP90
could slow the appearance of cysts and other renal pathologies,
mice were dosed with STA-2842 (75 mg/kg) weekly from age 6
wk to 4 mo and then every other week from 4 to 6 mo (Fig. 24).
MRI assessment of the appearance of cysts and growth in kidney
volume (Fig. 2 B-D and Fig. S5) indicated that STA-2842 sig-
nificantly reduced cyst formation and kidney growth compared
with vehicle-treated animals, which displayed tremendous and
variable cystic burden consistent with previous results in this
model (12). These results were corroborated by direct mea-
surement of kidney weight (Fig. 2E) and pathological assessment
of cystic index (Fig. 2 B and F). Importantly, STA-2842 treat-
ment significantly improved kidney function in Pkdl ™'~ mice with
blood urea nitrogen (BUN) (Fig. 2G) and plasma creatinine
(Fig. 2H) at levels comparable to those in WT mice, in contrast
to the significantly elevated levels in vehicle-treated Pkdl ™~ mice.

We next addressed whether inhibiting HSP90 with STA-2842
could reduce the cystic burden in animals with established PKD
and also further explored the effective dose range of STA-2842.

For this purpose, deletion of Pkdl was induced as before, but
drug treatment was delayed until month 4 and was administered
on a weekly schedule for 10 wk (Fig. 34). Comparable analysis
by MRI and immunohistochemistry of mice treated with 50 or
100 mg/kg of STA-2842 showed that STA-2842 treatment
delayed the progression of established cysts and limited kidney
weight and volume (Fig. 3 B—F and Fig. S6 4 and B). For these
measures, both dose levels of STA-2842 performed comparably;
however, measurement of BUN indicated a dose-dependent re-
sponse, with 100 mg/kg reducing BUN scores to normal levels
(Fig. 3G). Ki-67 analysis indicated that the proliferation rate of
cells was higher in the cystic epithelium in adult PkdI~'~ mice
than in the renal tubular epithelium of WT mice (4.7% versus
undetectable), a finding that is in line with previous reports for
this model, and that STA-2842 treatment reduced proliferation
by 30% compared with vehicle-treated animals. (Fig. 3H and Fig.
S6C). Notably, the proliferation rate showed a highly significant
correlation (P = 0.003) with cyst volume across all animal groups,
collectively. STA-2842 treatment did not affect animal weight
significantly over the course of dosing in either of the study
groups (Fig. S7 4 and B). No increase in apoptotic index or signs
of toxicity were detected in liver sections (Fig. S7C), and liver
weight also was reduced by drug treatment (Fig. S7D).

Cancer cells use HSP90 to protect a large set of mutated and
overexpressed proteins from misfolding and degradation (16).
HSPI0 levels are higher in tumors than in normal tissue (e.g.,
ref. 17), and HSP90 undergoes changes in conformation (18).
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Fig. 3. STA-2842 effectively inhibits progression of later stages of cystogenesis and renal growth in Pkd1

~'~ mice. (A) Schedule of dosing and MRI observation

of Pkd1~~ and control mice. (B) Representative MRI images of drug- or vehicle-treated Pkd7~/~ mice at the indicated time points (see also Fig. S6 A and B).
(Scale bar, 0.5 cm.) (C and D) Quantification of cyst volume (C) and ratio of kidney volume in cubic centimeters to body weight in grams (D), based on MRI
imaging. (E) Effect of STA-2842 on kidney: body weight ratio. (F) Cystic index of 100 mg/kg STA-2842 treated mice compared with control mice. (G) Effect of
STA-2842 on BUN in Pkd7~'~ and control mice. n = 5 for WT mice and n = 6-8 for Pkd 1™~ mice (with the only exception that only 3 out of 5 WT mice were used
to assess kidney volume based on MRI). (H) Representative kidney sections of Pkd7~'~ and control mice treated with 100 mg/kg STA-2842 versus vehicle were
stained for Ki-67 (see also Fig. S6C) and quantified. n = 2 WT mice and n = 7 Pkd7~'~ mice. *P < 0.05, **P < 0.01, ***P < 0.005, n/s, not significant. Data are
expressed as mean +/— SEM.
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Together, these differences result in an improved therapeutic
window resulting from the concentration of HSP90 inhibitors
with their protein target (14). Given the significant anti-cyst ac-
tivity observed with HSP90 inhibition in the Pkdl~'~ animals, we
compared the levels of the chaperone in WT and Pkdl™~ ani-
mals. Western analysis indicated higher basal levels of HSP90«
in PkdI™~ mouse kidneys than in WT controls (Fig. 44 and Fig.
S8A). Elevation of HSP90a was observed specifically in the ep-
ithelial cells lining dilated tubules and renal cysts in Pkd1 ™'~ mice
(Fig. 4 B and C). Similar elevation of HSP90« was seen in human
kidney cysts obtained from PKD patients (Fig. 4 D and E).
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Fig. 4. HSP90« is overexpressed in human and murine PKD-associated kid-
ney cysts. (A) Quantification of expression levels of HSP90o determined from
Western analysis; n = 5-8 for each group. (B and C) Immunohistochemical
analysis of HSP90x expression in epithelial cells lining dilated tubules and
cysts in kidneys from mice of indicated genotypes (B) with quantification
index (C); n = 5 for each group. (D and E) Immunohistochemical analysis of
HSP90a expression in human kidney tissue from PKD patients (D), with
quantification index (E); n = 6-7 for each group. (F) Quantification of ex-
pression levels of HSP70 determined from Western analysis; n = 5-8 for each
group. (G) Association between cyst volume and HSP70 expression. Dots
represent individual mice of the indicated treatment groups. P < 0.001. (H)
Ratio of kidney to plasma concentration of STA-2842 12 and 48 h after
a single dose of STA-2842 (75 mg/kg) in 5-mo-old female Pkd1~~ and control
mice. n = 3 WT mice; n = 5-6 Pkd1™'~ mice. *P < 0.05, **P < 0.01, ***P <
0.005; n/s, not significant. Data are expressed as mean + SEM. (Scale bars,
100 pm.)
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Inhibition of HSP90 with ATP competitive inhibitors releases
the heat shock factor 1 (HSF-1) transcription factor from the
HSP90 complex, resulting in HSF-1-dependent activation of
heat shock protein 70 (HSP70) and other heat shock genes (19).
We found that levels of HSP70 were comparable under basal
conditions in PkdI~'~ and control mice but were elevated four-
fold in Pkd1~'~ kidney lysates after 10 wk of STA-2842 treatment
(Fig. 4F and Fig. S84). A similar but weaker trend toward ele-
vation of heat shock protein 27 (HSP27) expression in mice
treated with 100 mg/kg STA-2842 was observed (Fig. S8 4 and
B). In individual mice, elevated expression of HSP70 negatively
correlated with cyst volume (P < 0.001) (Fig. 4G). These results
were compatible with the idea of increased retention of HSP90-
targeting drugs in cystic versus normal tissue. Indeed, direct
measurement showed a prolonged elevated concentration of
STA-2842 in cystic kidney tissue relative to plasma at 48 h after
treatment compared with a highly significant reduction of STA-
2842 between 12 and 48 h in the control group (Fig. 4H and
Fig. S8C).

To confirm further the inhibitory actions of STA-2842 on
HSP90, we analyzed lysates prepared from the kidneys of Pkd1™~
and control mice treated with 100 mg/kg STA-2842 and assessed
the expression and activity of ERK1/2, a canonical PKD1 effector,
regulated by multiple HSP90 targets (Fig. 54 and Fig. S84).
Levels of total and activated ERK1/2 were elevated in Pkdl™"
mice receiving vehicle versus control mice but were reduced in
PkdI™"™ mice treated with STA-2842 (Fig. 54). This observation
was confirmed by immunohistochemical analysis of renal cysts,
which showed ERK1/2 activated in cysts lining epithelia in Pkd1 /=
kidney sections but reduced nearly to baseline by STA-2842 treat-
ment gFig. 5 B and C). Further, statistical analysis of individual
Pkdl™~ animals using generalized linear models indicated ERK
levels were highly associated with cyst size (P = 0.001) (Fig. 5D).

To explore further and systematically the signaling pathways
influenced by HSP90 inhibition in vivo, we again used RPPA anal-
ysis to probe kidney lysates from 5-mo-old WT and Pkd1 ™' ~mice
12 h after a single injection of 75 mg/kg STA-2842 or vehicle
(Fig. 5 E and F; complete data are given in Dataset S1). Proteins
most strongly affected by inhibition of HSP90 included compo-
nents of the mTOR signaling pathway, 4E-BP1, p70S6K, AKT,
GRB2-associated binding protein 2, EGFR, and STAT3 (Fig.
S6). The nonequivalent results seen with WT and Pkdl™'~ ani-
mals likely reflect the different cellular composition of normal
versus cystic tissue. Western blot analysis of some of these pro-
teins at 12 or 48 h after single dosing confirmed that the over-
expression and elevated activity of AKT, S6, and EGFR in
PkdI™~ versus WT mice were reduced to levels comparable to
control after a single-dose exposure to STA-2842 (Fig. 5G and
Fig. S8D). Similar results were obtained in mice treated for 10
wk with STA-2842 (Fig. 5H and Fig. S84), and reduced ex-
pression of HSP90 effectors was associated with lower cyst vol-
umes (Fig. SSE).

Discussion

These results demonstrate that HSP90 activity supports cyst
formation and growth and provide proof of concept for the use
of HSP90 inhibitors in treating ADPKD. Importantly, the impact
of HSP90 inhibition was observed at both early and late stages of
cyst development and was accompanied by HSP70 induction and
reduced activity of HSP90 clients and their effector, ERK, which
are biomarkers for HSP90 inhibition. Both in primary kidney
cells and in the kidneys of Pkdl™'~ mice, STA-2842 treatment
down-regulates a broad range of HSP90 clients and effectors that
mediate the pathological changes that occur in ADPKD. En-
couragingly, STA-2842 concentrates specifically in the cystic
kidney. This effect likely reflects the elevated expression of
HSP90 in epithelial cells lining dilated tubules and cysts during
cystogenesis, which parallels the elevation of HSP90 in the more
commonly studied conditions of pathological cell growth, such as
the formation of solid tumors (14). However, it also may reflect
an altered conformation of HSP90 and the formation of a
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Fig.5. Signaling consequences of short- and long-term inhibition of HSP90 in vivo. (A) Results of total and T2°2/Y2%-phosphorylated-ERK1/2 determined from
Western analysis were quantified and normalized to GAPDH; n = 5-8 for each group. (B) Representative photomicrographs of T2°%/Y2%*-phosphorylated-ERK 1/
2 staining of kidney sections and quantification (C); n =5 WT mice and n=8 Pkd17"~ mice. (D) Associations between cyst volume and total ERK1/2 expression.
Dots represent individual mice of the indicated treatment groups. P = 0.001. (E and F) Heatmap indicates protein species identified by RPPA analysis of kidney
lysates of (E) WT or (F) Pkd71~'~ mice as showing greatest decrease following treatment with 75 mg/kg STA-2842 versus vehicle for 12 h (n = 4 for each group).
Colors represent fold change of protein expression in 75 mg/kg STA-2842- versus vehicle-injected animals. (Full data are in Dataset S1.) (G) Quantification of
expression levels of the indicated proteins determined by Western blot analysis in animals receiving a single injection of STA-2842 or vehicle. n = 3 for each
WT group and n = 6-7 for each Pkd1~/~ group. *P < 0.05, **P < 0.01, ***P < 0.005. Data are expressed as mean + SEM. (H) Quantification of expression levels
of the indicated proteins determined by Western blot analysis in mice injected with 50 or 100 mg/kg STA-2842 or vehicle over a 10-wk period; n = 5-8 for each group.

complex between HSP90 and other cochaperones, resulting in
a protein that binds its inhibitor more actively (18). Although
STA-2842 currently is at the stage of preclinical development, it
is part of a panel of second-generation HSP90 inhibitors that
includes ganetespib, which generally has been well tolerated
in more than 700 cancer patients treated to date, with some

12790 | www.pnas.org/cgi/doi/10.1073/pnas.1301904110

patients on treatment for more than 2y (20). Although in cancer
treatment HSP90 inhibitors act as sensitizers in combination
therapies with chemotherapeutics or as a single agent in tumors
driven by a specific mutation, there also is a growing body of
evidence for activity in chronic inflammatory and neurodegen-
erative disease (21-23). Subsequent analysis of STA-2842 should
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include a longer course of drug administration in additional
models for ADPKD, accompanied by thorough evaluation of
pharmacokinetics, pharmacodynamics, and potential toxicities.
To the extent that HSP90 inhibitors can find additional use in
treatment of ADPKD and other diseases currently lacking effi-
cient management strategies, this approach could yield signifi-
cant benefit to general public health.

Materials and Methods

Mouse Strains and Drug Treatment. All experiments involving mice were
approved by the Institutional Animal Care and Use Committee of Fox Chase
Cancer Center. Conditional Pkd1~'~ mice using the Cre-flox regulatory system
for targeted inactivation of the Pkd7 gene in vivo were kindly provided by
Gregory Germino (National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, Bethesda, MD) (12, 15). Pkd1fl/fl;Cre/
Esr1* (herein referred to as Pkd1™") and control (Pkd1fl/fl:Cre/Esr1™) mice
were injected intraperitoneally with tamoxifen (250 mg/kg body weight,
formulated in corn oil) on two sequential postnatal days (P37 and P38) to
induce Pkd1 deletion in the test group. Both male and female animals were
used for all experiments, and comparable experimental results were obtained
with each sex.

The HSP90 inhibitor STA-2842 is fully synthetic (unlike the ansamycin
inhibitors such as 17-AAG), has a low molecular weight, and lacks the ben-
zoquinone moiety responsible for the liver toxicity associated with many
other HSP90 inhibitors. For details about drug formulation, dosage, and
treatment schedule, see SI Materials and Methods.

Tissue Preparation, Histology, Inmunohistochemical Analysis, Cystic Index, and
BUN. Immunohistochemistry was performed by standard protocols; details of
procedures and antibodies are provided in S/ Materials and Methods.
Immunostained slides were scanned using an Aperio ScanScope CS scanner
(Aperio). Scanned images then were viewed with Aperio’s image viewer
software (ImageScope). Selected regions of interest were outlined manually
by a pathologist (K.Q.C.). Expression levels of pERK and Hsp90a were mea-
sured in the kidney cortex using the Aperio Positive Pixel Count V9 algo-
rithm, and the proliferative index (ki-67) was quantified using the Aperio
Nuclear V9 algorithm. For cystic index analysis, a grid was placed over rep-
resentative images of H&E-stained kidney sections, and the cystic index was
calculated as the percentage of grid intersection points that bisected cystic
or noncystic areas, as described previously (5). BUN and plasma creatinine
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levels were determined by using a clinical laboratory service (ANTECH
Diagnostics, www.antechdiagnostics.com).

Fox Chase Cancer Center Institutional Review Board consent was obtained
for the use of human tissue samples, sections of formalin-fixed, paraffin-
embedded kidney tissue from either normal human kidneys or from patients
diagnosed with ADPKD and archived at the National Disease Resource In-
terchange (as described in ref. 24). Information about PKD1 versus PKD2
mutational status is unavailable, but, based on disease prevalence, the ma-
jority of the cases likely reflect mutations in PKD1. Samples analyzed were
obtained from eight independent patients.

Primary Kidney Cells, Cell Culture, and Drug Treatment. Primary epithelial
kidney cells were derived from Pkd7~~ and WT mice at age 10 d and were
maintained in low-calcium medium containing 5% (vol/vol) chelated horse
serum. These cell populations were not immortalized to avoid oncogene-
associated changes in signaling pathways, and only cells between passages 3
and 8 were used for experiments. Cell viability was quantified using the
alamarBlue Assay 72 h after the indicated drug treatment.

Protein Expression Analysis Using RPPAs and Western Blotting. Cells were
treated with 250 nM STA-2842 or STA-9090 for 24 h and then were harvested
and lysed. Mouse kidneys used in the experiments described above were fresh
frozen and lysed for analysis by Western blot or RPPA as previously described
(25, 26). Data were visualized using the MultiExperiment Viewer (MeV)
program (www.tm4.org/mev/). Western blotting, and signal visualization
were performed by standard protocols; details of procedures and antibodies
are provided in S/ Materials and Methods.
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