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Autosomal dominant polycystic kidney disease (ADPKD) is an inherited disorder caused by mutations in PKD1 or
PKD2 and affects one in 500–1000 humans. Limited treatment is currently available for ADPKD. Here we identify
the Hippo signaling effector YAP and its transcriptional target, c-Myc, as promoters of cystic kidney pathogenesis.
While transgenic overexpression of YAP promotes proliferation and tubule dilation in mouse kidneys, loss of
YAP/TAZ or c-Myc suppresses cystogenesis in a mouse ADPKD model resulting from Pkd1 deficiency. Through a
comprehensive kinase inhibitor screen based on a novel three-dimensional (3D) culture of Pkd1 mutant mouse
kidney cells, we identified a signaling pathway involving the RhoGEF (guanine nucleotide exchange factor) LARG,
the small GTPase RhoA, and the RhoA effector Rho-associated kinase (ROCK) as a critical signaling module be-
tween PKD1 and YAP. Further corroborating its physiological importance, inhibition of RhoA signaling suppresses
cystogenesis in 3D culture of Pkd1 mutant kidney cells as well as Pkd1 mutant mouse kidneys in vivo. Taken
together, our findings implicate the RhoA–YAP–c-Myc signaling axis as a critical mediator and potential drug target
in ADPKD.
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In mammals, the Hippo signaling pathway comprises sev-
eral tumor suppressors (NF2, Sav1, Mst1/2, Lats1/2, etc.)
acting through a kinase cascade to affect the phosphoryla-
tion and cytoplasmic retention of the oncoproteins YAP/
TAZ, transcriptional coactivators that normally partner
with the TEF/TEAD family DNA-binding transcription
factors to transactivate growth-promoting genes (Pan
2010; Halder et al. 2012; Yu et al. 2015). Much of the ini-
tial interest in this pathway stems from its potent role in
growth control and tumorigenesis, as YAP/TAZ is activat-
ed in awide variety of human cancers, and YAP activation
in mice results in tumorigenesis in multiple mouse tis-
sues (Pan 2010; Halder et al. 2012; Yu et al. 2015). Indeed,
genetic mutations in the various components of the Hip-
po pathways have been linked to a wide spectrum of
human diseases such as cancer (NF2) (Yin et al. 2013), im-
munodeficiency (Mst1) (Abdollahpour et al. 2012; Nehme
et al. 2012), and chorioretinal degeneration (TEAD1)
(Fossdal et al. 2004).

Autosomal dominant polycystic kidney disease
(ADPKD) is a human disease characterized by the devel-
opment of multiple fluid-filled cysts and massive enlarge-
ment of the kidneys, frequently leading to end-stage renal
disease (Wilson 2004). One in 500–1000 humans is affect-
ed byADPKD. Eighty-five percent of ADPKDpatients car-
ry mutations in the PKD1 gene (encoding polycystin-1
[PC1]), and the rest of individuals harbor mutations in
the PKD2 gene (encoding PC2) (Bisceglia et al. 2006; Cha-
pin and Caplan 2010). Limited treatment is currently
available for ADPKD, and there is great interest in identi-
fying molecular targets and/or pathways for the develop-
ment of mechanism-based therapeutics (Patel et al.
2009; Aguiari et al. 2013; LaRiviere et al. 2015). In this
study, we identify the Hippo signaling effector YAP and
its transcriptional target, c-Myc, as critical mediators
of cystic kidney pathogenesis after PKD1 is inactivated.
Using a novel three-dimensional (3D) cell culture model
for ADPKD, we further identify a LARG–RhoA–ROCK
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(Rho-associated kinase)–MLC (myosin light chain) path-
way as a critical signaling module between PKD1 and
YAP. These findings shed light on themechanisms under-
lying ADPKDpathogenesis and suggest that targeting this
RhoA–YAP–c-Myc signaling axis may serve as a potential
therapeutic strategy against ADPKD.

Results

Activation of YAP in human ADPKD and mouse Pkd1
mutant kidney cysts

As an unbiased way to identify effector pathways relevant
for the pathogenesis of ADPKD, we previously performed
global gene profiling on human PKD1 polycystic kidney
cysts compared with minimally cystic tissues using
Affymetrix cDNA arrays (Song et al. 2009). Gene set en-
richment analysis revealed transcriptional profiles char-
acteristic of loss of kidney epithelial differentiation
genes and reactivation of developmental and mitogenic
signaling in ADPKD tissues (Song et al. 2009). However,
the status of Hippo signaling in ADPKD tissues was not
analyzed in this study. To investigate whether YAP/
TAZ is activated in ADPKD tissues, we examined an un-
biased set of 379 direct YAP/TAZ target genes that were
identified previously in MDA-MB-231 human breast can-
cer cells using ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) and
microarray analysis (Zanconato et al. 2015). Using these
direct YAP/TAZ targets as a reference, gene set enrich-
ment analysis of ADPKD cysts versus minimally cystic
tissues showed that these targets are significantly en-
riched in ADPKD cysts (Fig. 1A,B). Several known YAP/
TAZ targets, including Cyr61, Ctgf, c-Myc, Amotl2, and
Axl, are among the top up-regulated gene list (Fig. 1C; Sup-
plemental Tables S1,S2). These findings suggest that
YAP/TAZ is activated in ADPKD cysts.

To investigate whether PKD1 regulates YAP activity,
we characterized a new Pkd1 mutant mouse model using
the inducible AhCre driver (AhCre;Pkd1flox/flox) in which
Cre expression is regulated by the cytochrome P450 pro-
moter element in response to β-naphthoflavone (β-NF) in-
jection (Ireland et al. 2004). Without β-NF, the AhCre
mice showed sporadic Cre activity in the kidney tubular
epithelium (Supplemental Fig. S1B). After daily intraperi-
toneal (i.p.) injections of β-NF from postnatal day 8 (P8) to
P11, Cre was active in the majority of the kidney tubular
epithelial cells (Supplemental Fig. S1C). Most Pkd1 mu-
tant mice died within 4 wk after β-NF injections. Three
weeks after β-NF injections, we observed a dramatic en-
largement of Pkd1mutant kidneys, withmassive cyst for-
mation in all segments of the kidney nephrons, including
the glomerulus, the proximal tubule, the thin ascending
limb, the distal convoluted tubule, and the collecting
duct (Supplemental Fig. S1D–F), phenotypically recapitu-
lating a previously reported ADPKD mouse model carry-
ing homozygous Pkd1 mutation (Lu et al. 1997). In
contrast to the cytoplasmic localization of YAP and
TAZ in normal tubular epithelia of control kidneys, nu-
clear accumulation of YAP and TAZ was detected in the

cystic tubular epithelia of Pkd1 mutant kidneys (Fig.
1D,E), indicating activation of both YAP and TAZ. The
increase in YAP/TAZ activity was further evidenced by
increased c-Myc staining in Pkd1 mutant cysts (Fig. 1F),
increased YAP and c-Myc protein levels (Fig. 1G), and in-
creased mRNA levels of YAP/TAZ target genes such as
c-Myc, Cyr61, Ctgf, Col12A1, Amotl2, and Axl in Pkd1
mutant kidneys (Fig. 1H). These results further demon-
strated that loss of PKD1 leads to activation of YAP/
TAZ in the kidney tubular epithelium.

YAPactivation promotes cell proliferation and dilation in
the kidney tubular epithelium

Although a previous study also reported that YAP is acti-
vated in Pkd1-deficient mouse kidneys and human
ADPKD tissues (Happe et al. 2011), both the underlying
mechanism and the functional relevance of YAP to cysto-
genesis remained elusive. To investigate whether YAP
plays a causal role in cystogenesis, we first generated a
transgenic mouse model that allows doxycycline-induc-
ible YAP overexpression in all segments of the kidney tu-
bular epithelium under the control of a Pax8-rtTA driver
(Fig. 2A; Traykova-Brauch et al. 2008). Doxycycline treat-
ment of 4-wk-old YAP transgenic mice resulted in a pro-
gressive increase in kidney weight and size (Fig. 2B,C),
accompanied by the induction of YAP target genes such
as c-Myc, Cyr61, Ctgf, Col12A1, Amotl2, and Axl (Fig.
2D). Histological analysis of YAP-overexpressing kidneys
revealed increased YAP protein levels in the tubular epi-
thelium, including both the proximal tubules and collect-
ing ducts, and increased Ki67-positive cells as early as 2 d
after doxycycline treatment (Fig. 2E,F; Supplemental Fig.
S2A,B). Dilation of the tubular epithelium was observed
after 4 d of doxycycline treatment and significantly en-
larged by 8 d (Fig. 2G). These dilations developed from
the glomerulus, the proximal tubule, the thin ascending
limb, and the distal convoluted tubule but not the collect-
ing duct (Fig. 2G; Supplemental Fig. S2C–E). These results
indicate that overexpression of YAP induced cell prolifer-
ation and dilation in the kidney tubular epithelium, with
proliferation preceding tubule dilation.

As a more physiological approach to study the conse-
quences of YAP activation in the kidney, we activated
YAP by generating mice deficient for Sav1, a negative reg-
ulator of YAP. Without β-NF, AhCre;Sav1flox/flox mice
showed no overt kidney phenotypes. Three months after
β-NF injections from P8 to P11 as described above,
AhCre;Sav1flox/flox mice exhibited kidney tubular epithe-
lial cell hyperproliferation (Supplemental Fig. S3A) and
dilation (Supplemental Fig. S3B). Like the YAP transgenic
model, the Sav1 mutant tubule dilations were derived
fromtheglomerulus, theproximal tubule, the thinascend-
ing limb, and the distal convoluted tubule but not the col-
lecting duct (Supplemental Fig. S3B–E). We also generated
AhCre;Yapflox/flox andAhCre;Sav1flox/flox;Yapflox/floxmice
and induced AhCre activity in these mice by β-NF injec-
tions. Although the AhCre;Yapflox/flox mice did not show
any overt kidney phenotype under the same condition,
loss of YAP completely suppressed hyperproliferation
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Figure 1. Activation of YAP in human ADPKD andmouse Pkd1mutant kidney cysts. (A) Gene set enrichment analysis showing the 10
most significantly enriched signaling pathways by normalized enrichment score in ADPKD cysts compared with minimally cystic tis-
sues. (B) Gene set enrichment analysis of ADPKD cysts versus minimally cystic tissues for the expression of previously reported direct
YAP/TAZ target genes. Normalized enrichment score = 2.1389; false discovery rate q = 0.0000. (C ) Heat map analysis of 50 direct YAP/
TAZ target genes with the most up-regulation in human ADPKD cysts compared with minimally cystic tissues. Tissues from different
patients were analyzed. (SC) Small cyst; (MC)medium cyst; (LC) large cyst; (MCT)minimally cystic tissue. The fold change represents the
ratio of gene expression in cysts (mean of 13 cysts, including five small cysts, five medium cysts, and three large cycts) over minimally
cystic tissues (mean of five minimally cystic tissues). (D–F ) YAP (D), TAZ (E), and c-Myc (F ) staining in control (Pkd1flox/flox) and Pkd1

mutant (AhCre;Pkd1flox/flox) kidneys at postnatal day 15 (P15). Animals received daily injections of β-naphthoflavone (β-NF) from P8 to
P11. Note the cytoplasmic localization of YAP and TAZ in control tubular epithelium and nuclear localization of YAP and TAZ in
Pkd1mutant kidney cysts (compare arrows in themagnified insets). Also note the nuclear staining of c-Myc in Pkd1mutant kidney cysts,
which is absent in the control tubular epithelium (arrows). Bar, 100 µm. (G) Western blot showing increased total YAP and c-Myc protein
levels and relatively decreased phosphorylation of YAP (the ratio of p-YAP over YAP) in Pkd1mutant kidneys. (H) Up-regulation of direct
YAP/TAZ target genes in Pkd1 mutant kidneys. Data are mean ± SD. n = 3. (∗) P < 0.01, t-test. (G,H) Control and Pkd1 mutant mice re-
ceived daily injections of β-NF from P8 to P11 and were analyzed at P15.
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and tubule dilation in the Sav1 mutant kidneys (Sup-
plemental Fig. S3A–E), indicating that hyperactivity
of YAP is required for cell proliferation and dilation in
the kidney tubular epithelium after Hippo signaling is
perturbed.

YAP and TAZ are required for cystogenesis after
inactivation of PKD1

To analyze the physiological relevance of YAP to cysto-
genesis in Pkd1 mutant kidneys, we generated AhCre;
Pkd1flox/flox;Yapflox/flox mice and compared them with
AhCre;Pkd1flox/flox mice. Due to sporadic AhCre activity
(Supplemental Fig. S1B), AhCre;Pkd1flox/flox mice devel-
oped cysts even in the absence of β-NF injection (Fig.
3A; Supplemental Fig. S4A). Under the same condition,
loss of YAP suppressed the increased ratio of kidney
over body weight and cyst formation in Pkd1mutant kid-
neys (Fig. 3A–C). To examine the contribution of TAZ in
cystogenesis in Pkd1mutant kidneys, we further generat-
ed AhCre;Pkd1flox/flox;Yapflox/flox;Tazflox/flox and AhCre;
Yapflox/flox;Tazflox/flox mice. A greater suppression of the
Pkd1 mutant kidney cyst formation was achieved after
loss of both YAP and TAZ in Pkd1 mutant kidneys (Fig.

3A–C), although loss of TAZ alone or TAZ plus YAP did
not show any overt kidney phenotype (Fig. 3B; Supple-
mental Fig. S4B). These results suggest that both YAP
and TAZ contribute to cystogenesis in Pkd1-deficient
kidneys.

Characterization of c-Myc as a direct transcriptional
target of YAP that is functionally required for
cystogenesis in both Sav1 and Pkd1 mutant kidneys

Among the YAP target genes induced in the Pkd1mutant
kidneys and the YAP transgenic kidneys, c-Myc is partic-
ularly noteworthy, since its overexpression in mouse
kidneys is known to induce tubular epithelial cell prolifer-
ation and cystogenesis (Trudel et al. 1991). Interestingly,
our microarray analysis revealed a more than eightfold in-
duction of c-Myc in the human PKD1 polycystic kidney
cysts compared with minimally cystic tissues (Fig. 1C),
and c-Myc targets were among the top enriched pathways
inADPKDcysts (Fig. 1A). Similarly, c-Mycwas induced in
the PKD1 mutant (Fig. 1H), the YAP transgenic (Fig. 2D),
and the Sav1mutant (Fig. 4A) mouse kidneys. c-Myc pro-
tein levels were also increased in Pkd1mutant (Fig. 1F,G),
YAP transgenic (Supplemental Fig. S5A), and Sav1mutant

BA

D

E

F

G

C Figure 2. YAP activation in renal tubular
epithelium leads to kidney tubule dilation.
(A) Genetic scheme for analyzing Pax8-

rtTA;pTRE2-Yap double-transgenic mice.
(B) Progression of kidney enlargement
upon YAP induction by doxycycline induc-
tion for the indicated time. The ratio of kid-
neyweight (KW) over bodyweight (BW)was
plotted. Data are mean ± SD. n = 3. (∗) P <
0.01, t-test. (C ) Doxycycline induction for
8 d led to increased kidney size in the dou-
ble-transgenic mice (YapTg) compared
with the control. (D) Up-regulation of YAP
transcriptional target genes uponYAPover-
expression in the kidney. YAP was induced
by doxycycline induction for 2d and 8 d, re-
spectively. Data aremean ± SD. n = 3. (∗) P <
0.01, t-test. (E,F ) YAP (E) and Ki67 (F ) stain-
ing (arrows) showing increased YAP protein
levels and cell proliferation in the kidney
tubular epithelium after doxycycline treat-
ment of Pax8-rtTA;pTRE2-Yap double-
transgenic mice for different times. Note
the increased YAP protein levels and Ki67-
positive cells as early as 2 d after doxycy-
cline induction. Bar, 100 µm. (G) H&E
staining showing the progression of kidney
dilations upon YAP induction in the dou-
ble-transgenic mice. Tubule dilation began
at 4 d after doxycycline induction and pro-
gressed to more severe phenotypes by 8 d.
Arrows mark representative dilations,
while the arrowhead indicates a glomerular
dilation. Bar, 100 µm.
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(Supplemental Fig. S5B) mouse kidneys, and the elevated
c-Myc expression in the Sav1 or Pkd1 mutant kidneys
was suppressed by inactivation of YAP or coinactivation
of YAP/TAZ (Supplemental Fig. S5B,C). These findings
implicate c-Myc as a potential transcriptional target of
YAP in the kidneys. Consistent with this possibility,
ChIP in TCMK-1 mouse kidney cells revealed specific
binding of YAP to one of the TEAD consensus sites in
the c-Myc promoter and another site in the first intron
of the c-Myc locus (Fig. 4B,C). Mutagenesis of these
YAP/TEAD-binding sites abolished their enhancer activi-
ty in a luciferase reporter assay in response to YAP and
TEAD2 coexpression (Fig. 4D). These results suggest
that the YAP/TEAD complex directly regulates c-Myc
transcription by associating with c-Myc’s promoter and
first intron. Importantly, loss of c-Myc completely sup-
pressed tubule dilation and hyperproliferation in the
Sav1 mutant kidneys even though inactivation of c-Myc
itself did not show any overt kidney phenotypes (Fig.
4E–G; Supplemental Fig. S6A–C). Besides the kidney,
β-NF also induced AhCre activity in the liver, which al-
lowed us to characterize multiple tissues in the same an-
imal. Similar to the kidney, loss of c-Myc also greatly
suppressed the Sav1-deficient liver phenotypes, including
hepatomegaly, hyperproliferation, and tumor formation
(Supplemental Fig. S7). Thus, despite the myriad of YAP
target genes that has been reported, our findings implicate
c-Myc as the only transcriptional target of YAP whose
functional contribution to YAP activity has been demon-
strated clearly.
The essential role of c-Myc for cystogenesis in Sav1mu-

tant kidneys prompted us to investigate the functional re-
quirement of c-Myc in cystogenesis in our AhCre;
Pkd1flox/flox model (Fig. 3). Strikingly, while inactivation
of c-Myc itself did not produce any overt kidney pheno-
types, loss of c-Myc significantly suppressed the increased
ratio of kidney weight over body weight and cyst forma-
tion in Pkd1 mutant kidneys (Fig. 4H–J). Taken together,

these results implicate YAP and its downstream target,
c-Myc, as important promoters of cystogenesis induced
by Pkd1 inactivation.

A kinase inhibitor screen identifies the ROCK as a
promoter of cystogenesis in 3D-cultured Pkd1 mutant
mouse kidney inner medullary collecting duct
(mIMCD3) cells

After demonstrating a critical role for YAP–c-Myc signal-
ing in kidney cystogenesis, wewished to examine themo-
lecular mechanism by which PKD1 is linked to YAP
regulation. To this end, we established a novel 3D cell cul-
ture system that models PKD1-dependent cystogenesis.
When cultured in a mixture of collagen matrix andMatri-
gel, mIMCD3 cells initially formed extended cell cords
and aggregates followed by the hollowing of the cell cords
and aggregates to form lumen-containing tubules and
cysts, respectively (Supplemental Fig. S8A,B). A mixture
of cell cords, tubules, and cysts was apparent after a 6-d
culture of mIMCD3 cells, with cell cords and tubules col-
lectively representing the predominant structures (Fig.
5A,B). Strikingly, when independent clones of Pkd1
knockout mIMCD3 cells (generated by CRISPR/Cas9)
(see Supplemental Fig. S9A) were cultured under the
same conditions, the mutant cells predominantly formed
cysts instead of cords/tubules (Fig. 5B). Taking advantage
of the 3D culture of Pkd1mutant mIMCD3 cells, we con-
ducted an unbiased screen for kinase inhibitors that pro-
moted tubulogenesis in this in vitro model. Among a
library of 155 kinase inhibitors, many had no effect on
the 3D structures. Others inhibited or promoted the
growth of 3D structures without changing the relative
abundance of cords/tubules versus cysts (Fig. 5C). Only
five chemicals, including Y-27632, HA-1077, H-89, (S)-
H-1152, and (S)-Glycyl-H-1152, significantly increased
cord/tubule formation while decreasing cyst formation
in 3D culture of the PKD1 mutant mIMCD3 cells,

A

B C

Figure 3. SuppressionofPkd1mutantkidney cystogen-
esis by inactivation of YAP andTAZ. (A) H&E staining of
the kidneys in 1- and 3-mo-old Pkd1 mutant (AhCre;

Pkd1flox/flox), Pkd1;Yap double-mutant (AhCre;

Pkd1flox/flox;Yapflox/flox) andPkd1;Yap;Taz triple-mutant
(AhCre;Pkd1flox/flox;Yapflox/flox;Tazflox/flox) mice. Bar,
1 mm. (B) The ratio of kidney weight (KW) over body
weight (BW) in control (Pkd1flox/flox; 1 mo, n = 5; 3 mo,
n = 6), Pkd1 mutant (1 mo, n = 10; 3 mo, n = 8), Pkd1;
Yap double-mutant (1 mo, n = 9; 3 mo, n = 8), Pkd1;Yap;
Taz triple-mutant (1 mo, n = 5; 3 mo, n = 6), Yapmutant
(AhCre;Yapflox/flox; 1 mo, n = 4; 3 mo, n = 5), and Yap;

Taz double-mutant (AhCre;Yapflox/flox;Tazflox/flox; 1
mo, n = 5; 3 mo, n = 5) mice. Data are mean ± SD. (∗) P <
0.05, t-test. (C ) The cystic index, calculated as the per-
centage of cystic area over total area on kidney sections,
in Pkd1mutant (1 mo, n = 9; 3 mo, n = 8), Pkd1;Yap dou-
ble-mutant (1 mo, n = 9; 3 mo, n = 6), and Pkd1;Yap;Taz

triple-mutant (1 mo, n = 5; 3 mo, n = 6) mice. Data are
mean ± SD. (∗) P < 0.05, t-test.
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apparently in a dosage-dependent manner (Supplemental
Fig. S8C). Interestingly, the common target of these five
inhibitors is ROCK (Supplemental Fig. S8D), implicat-
ing ROCK as a potential mediator of PKD1-dependent
cystogenesis.

The RhoA signaling pathway mediates the regulation
of YAP by PKD1

The identification of ROCK inhibitors as suppressors of
cystogenesis in our 3D culture model is significant, since

previous studies in both Drosophila and mammals have
implicated ROCK as an upstream activator of YAP. In
this context, ROCK functions as a direct effector of the
small GTPase RhoA and controls actomyosin contractili-
ty by phosphorylating nonmuscleMLC (Riento andRidley
2003). This RhoA–ROCK–MLC module has been impli-
cated in activating YAP activity in response to diverse bi-
ological inputs such as cell adhesion, mechanical force,
and GPCR ligands (Dupont et al. 2011; Wada et al. 2011;
Yu et al. 2012), the same processes that are also reported
to be regulated by PKD1 (Chapin and Caplan 2010;
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Figure 4. c-Myc is an essential transcriptional tar-
get of YAP and a critical effector of cystogenesis in
Pkd1 mutant kidneys. (A) Up-regulation of c-Myc

in Sav1 mutant (AhCre;Sav1flox/flox) kidneys 3 mo
after P8–P11 β-NF injections. Data are mean ± SD.
n = 3. (∗) P < 0.01, t-test. (B) Schematic representa-
tionof themousec-Myc locus showing∼5kbof pro-
moter, exons (black boxes), and introns. Red bars
indicate potential YAP/TEAD-binding sites.
(C ) ChIP assay in TCMK-1 cells showing YAP
binding to site 2 in the c-Myc promoter and site
6 in the first intron of c-Myc. Data are mean ± SD.
n = 3. (∗) P < 0.01, t-test. (D) Luciferase reporter
assay in HEK293 cells for enhancers containing
either wild-type or mutated TEAD-binding sites
in the c-Myc locus. Data are mean ± SD. n = 3.
(∗)P < 0.01, t-test. (E,F )H&E (E) andKi67 (F ) staining
in control (Sav1flox/flox), Sav1 mutant (AhCre;

Sav1flox/flox), Sav1;c-Myc double-mutant (AhCre;

Sav1flox/flox;c-Mycflox/flox), and c-Myc mutant
(AhCre;c- Mycflox/flox) kidneys 3 mo after P8–P11
β-NF injections. Arrows mark representative kid-
ney dilations (E) and proliferating cells (F ), while
the arrowhead indicates a glomerular dilation (E).
Bar, 100 µm. (G) Quantification of Ki67-positive
cells in control,Sav1mutant,Sav1;Yapdouble-mu-
tant (AhCre;Sav1flox/flox;Yapflox/flox), Yap mutant
(AhCre; Yapflox/flox), Sav1;c-Myc double-mutant,
and c-Myc mutant kidneys (as in Fig. 4F; Sup-
plemental Fig. S3A). Data are mean ± SD. n = 3.
(∗) P < 0.01, t-test. (H) H&E staining of the kidneys
in 1- and 3-mo-old Pkd1 mutant and Pkd1;c-Myc

double-mutant (AhCre;Pkd1flox/flox;c-Mycflox/flox)
mice. Bar, 1 mm. (I ) The ratio of kidney weight
(KW) over body weight (BW) in control (1 mo, n =
5; 3 mo, n = 4), Pkd1 mutant (1 mo, n = 9; 3 mo,
n = 5), Pkd1;c-Myc double-mutant (1 mo, n = 7;
3 mo, n = 10), and c-Myc mutant (AhCre;

c-Mycflox/flox) (1 mo, n = 5; 3 mo, n = 5) mice. Data
are mean ± SD. (∗) P < 0.05, t-test. (J) The cystic in-
dex in Pkd1 mutant (1 mo, n = 9; 3 mo, n = 5) and
Pkd1;c-Myc double-mutant (1 mo, n = 7; 3 mo, n =
9) kidneys. Data are mean ± SD. (∗) P < 0.05, t-test.
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Drummond 2011). We confirmed that in mIMCD3 cells,
ROCK inhibition decreased MLC phosphorylation, pro-
motedphosphorylation of Lats1/2 andYAP (Supplemental
Fig. S10A), and decreased mRNA levels of YAP target
genes (Supplemental Fig. S10B), in agreement with the
functional link between RhoA signaling and YAP that
was established previously in other cell types (Wada
et al. 2011; Yu et al. 2012).
The suppression of cystogenesis in Pkd1 mutant

mIMCD3 cells by ROCK inhibitors suggests that RhoA
may be activated in these cells. Indeed, when compared
with control mIMCD3 cells, Pkd1mutant mIMCD3 cells
showed increased GTP-bound RhoA as well as phosphor-
ylation of MLC (Fig. 5D). Furthermore, similar to ROCK
inhibitors, the myosin inhibitor blebbistatin induced
tubulogenesis in 3D culture of Pkd1 mutant mIMCD3
cells (Fig. 5E,F). Taken together, these results are consis-
tent with activation of the RhoA–ROCK–MLC signaling
pathway upon loss of PKD1.

To further corroborate a link betweenPKD1 loss and the
RhoA–ROCK–MLC pathway, we examined Pkd1 mutant
mouse kidneys. It is known that upon activation by gua-
nine nucleotide exchange factors (GEFs), RhoA translo-
cates to the cell membrane and interacts with effector
proteins (Bustelo et al. 2007). Concurrent with nuclear ac-
cumulation of YAP in Pkd1 mutant kidney cysts, we ob-
served a profound activation of RhoA, as indicated by
accumulation of RhoA on the apical membrane of kidney
tubular epithelial cells lining the cysts, in contrast to its
diffuse cytoplasmic localization in the control kidney tu-
bular epithelial cells (Fig. 5G).MLCand F-actin, the down-
stream effectors of RhoA, also showed apical enrichment
in Pkd1 mutant cysts (Fig. 5G), consistent with activated
RhoAsignaling.To corroborate the relevanceof these find-
ings in human ADPKD, we examined the status of RhoA
signaling and YAP in a collection of ADPKD kidneys in
comparison with normal human kidneys. Similar to the
Pkd1 mutant mice, human ADPKD cysts showed apical
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Figure 5. Identification of RhoA signaling as a
promoter of cystogenesis in 3D-cultured kidney
cells. (A) Formation of cell cords (left), lumen-
containing tubules (middle), and cysts (right)
after culturing mIMCD3 cells in a mixture of
collagen and Matrigel for 6 d. (Red) Phalloidin
staining; (blue) DAPI staining. Bars, 100 µm.
(B) Quantification of the percentage of cords/tu-
bules versus cysts in control and Pkd1 mutant
mIMCD3 cells in 3D culture for 6 d. Note
the increased cyst formation in two indepen-
dent clones of Pkd1 mutant mIMCD3 cells.
(Co) Cord; (Tu) tubule. Data are mean ± SD.
(∗) P < 0.01, t-test. (C ) A table summarizing the
effect of 155 kinase inhibitors on Pkd1 mutant
mIMCD3 cells in 3D culture for 6 d. (D) West-
ern blot showing increased GTP-bound RhoA
and phosphorylation of MLC in Pkd1 mutant
mIMCD3 cells. (E) Tubulogenesis induced by
Y-27632 and blebbistatin (both at 10 µM) in
Pkd1 mutant mIMCD3 cells in 3D culture for
6 d. (Red) Phalloidin staining; (blue) DAPI stain-
ing. Bars, 100 µm. (F ) Quantification of the per-
centage of cords/tubules versus cysts in control
and two independent clones of Pkd1 mutant
mIMCD3 cells in 3D culture for 6 d in the
presence of Y-27632 and blebbistatin (both
at 10 µM). (Co) Cord; (Tu) tubule. Data are
mean ± SD. (∗) P < 0.01, t-test. (G) Staining
of RhoA, YAP, MLC, and F-actin in control
(Pkd1flox/flox) and Pkd1 mutant (AhCre;

Pkd1flox/flox) kidneys as described in Figure
1D. Note the distinct subcellular localization
of RhoA, MLC, and F-actin in the control tubu-
lar epithelium (diffused in the cytoplasm; ar-
row) and Pkd1 mutant kidney cysts (enriched
on the apical membrane; arrow) as well as the
nuclear accumulation of YAP in Pkd1 mutant
kidney cysts (arrow). Bars, 50 µm. (H) Staining
of RhoA, YAP, MLC, and F-actin in normal

human kidneys and kidneys from ADPKD patients. Note the distinct subcellular localization of RhoA, MLC, and F-actin in the normal
human kidney epithelium (diffused in the cytoplasm; arrow) and ADPKD patient kidney cysts (enriched on the apical membrane; arrow)
as well as the nuclear accumulation of YAP in ADPKD kidney cysts (arrow). Bars, 50 µm.
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accumulation of RhoA, MLC, and F-actin and nuclear ac-
cumulation of YAP (Fig. 5H), suggesting that activation
of RhoA and YAP is a general feature in ADPKD.

Inhibition of RhoA signaling suppresses cystogenesis
in 3D-cultured mIMCD3 cells and Pkd1 mutant
mouse kidneys

The activity of small GTPases such as RhoA is regulated
by GEFs, which, upon activation, translocate from the cy-
toplasm to the plasma membrane to catalyze the release
of GDP from small GTPases (Meyer et al. 2008; van
Unen et al. 2015). To probe the molecular mechanism un-
derlying RhoA activation in Pkd1mutant kidney cells, we
examined the subcellular localization of several RhoGEFs
in mouse kidneys, including LARG, p115RhoGEF,
AKAP13, p63RhoGEF, GEF-H1, and TRIO (Cook et al.
2014). Interestingly, while the other GEFs were invariably
localized in the cytoplasm in control kidney tubular epi-
thelial cells and Pkd1mutant kidney cysts (Supplemental
Fig. S11), LARG showed distinctive membrane enrich-
ment specifically in Pkd1 mutant kidney cysts (Fig. 6A),
indicating activation of LARG upon loss of PKD1.

Next, we investigatedwhether activation of LARG is re-
sponsible for RhoA activation after loss of PKD1. Consis-
tent with this hypothesis, siRNA knockdown of Larg
largely rescued the increased level of GTP-bound RhoA
in Pkd1mutant mIMCD3 cells (Fig. 6B). Furthermore, in-
troduction of RhoA or Larg mutation (by CRISPR/Cas9)
(see Supplemental Fig. S9B,C) into the Pkd1 mutant
mIMCD3 cells dramatically suppressed cystogenesis and
induced tubulogenesis in the 3D culture model (Fig. 6C,
D). Taken together, these results uncover a signalingmod-
ule involving the RhoGEF LARG, RhoA, ROCK, andMLC
inmediating YAP activation and cystogenesis upon PKD1
inactivation (Fig. 6E).

To test the importance of RhoA signaling in ADPKD-
related cystogenesis in vivo, we intraperitoneally injected
the ROCK inhibitor Y-27632 into the β-NF-inducible
AhCre;Pkd1flox/flox mouse model (Fig. 6F). Inhibition of
RhoAsignaling byY-27632 in thePkd1mutantkidneys re-
sulted in decreased YAP and c-Myc protein levels, in-
creased YAP phosphorylation (Fig. 6G), and decreased
mRNA levels of YAP target genes, including c-Myc,
Cyr61,Ctgf,Col12A1,Amotl2, andAxl (Fig. 6H), suggest-
ing that Y-27632 suppressed YAP activity in Pkd1mutant
kidneys.Remarkably,Y-27632 treatment also ameliorated
the Pkd1 mutant phenotype, as indicated by the reduced
number of Ki67-positive cystic epithelial cells (Fig. 6I,J),
decreased cyst formation, and decreased ratio of kidney
weight over bodyweight (Fig. 6K–M).These results further
support the functional importance of activated RhoA–

YAP signaling to cystogenesis in Pkd1-deficient kidneys.

Discussion

Although kidney cysts are observed more frequently in
the collecting duct in human ADPKD patients, cysts
can develop in all segments of the kidney nephron, includ-

ing the glomerulus, the proximal tubule, the thick ascend-
ing limb, the distal convoluted tubule, and the collecting
duct (Verani and Silva 1988; Devuyst et al. 1996; Terryn
et al. 2011). Our AhCre;Pkd1flox/flox mouse model has
confirmed that loss of PKD1 can induce cystogenesis in
all segments of the kidney nephron. In contrast, tubular
dilations induced by transgenic YAP overexpression or
loss of Sav1 were observed mainly in the glomerulus,
the proximal tubule, the thick ascending limb, and the
distal convoluted tubule, suggesting that YAP activation
alone induces amilder phenotype than loss of PKD1.Nev-
ertheless, inactivation of YAP or coinactivation of YAP/
TAZ suppressed the cystic phenotype in PKD1 mutant
kidneys, implicating the Hippo signaling pathway as an
important effector of kidney homeostasis and ADPKD
pathogenesis.

YAP and its paralog, TAZ, usually function redundantly
in development and tissue homeostasis (Nishioka et al.
2009; Xin et al. 2013; Yi et al. 2016). However, YAP and
TAZ were reported to have distinct functions during em-
bryonic kidney development: While loss of YAP impairs
nephrogenesis, deletion of TAZ results in cystic tubules
(Hossain et al. 2007; Makita et al. 2008; Reginensi et al.
2013), therefore raising the question of whether YAP and
TAZ have similar or distinct roles during ADPKD patho-
genesis. In our study, we found that, like YAP, TAZ was
also activated in Pkd1 mutant kidney cysts. Although in-
activation of TAZ in the AhCre;Tazflox/flox mice did not
exhibit any overt kidney phenotype, loss of TAZ en-
hanced the effect of YAP deficiency in suppressing cyst
formation in Pkd1 mutant kidneys. Thus, as in many
other tissues, YAP and TAZ function redundantly to pro-
mote cystogenesis in Pkd1-deficient kidneys in adult
mice. Whether the distinct functions of TAZ in kidney
cystogenesis (suppressing cystogenesis during embryonic
development while enhancing cystogenesis in Pkd1
mutant models) are due to different timing (embryonic
versus postnatal) or contexts (normal development versus
ADPKD) requires more studies in the future.

We characterized c-Myc as a direct transcriptional tar-
get of YAP that critically contributes to kidney cystogen-
esis. YAP and c-Myc have similar functions in many
biological processes, such as cell proliferation, differentia-
tion, apoptosis, and metabolism. Interestingly, it has long
been appreciated that overexpression of c-Myc in mouse
kidneys can induce tubular cysts (Trudel et al. 1991). Al-
though activation of c-Myc has been observed in several
PKD animalmodels (Trudel 2015), it was unclear whether
c-Myc contributes to ADPKD pathogenesis. Our genetic
analysis demonstrates that as a direct target gene of
YAP, c-Myc not only is essential for Sav1 mutant kidney
and liver phenotypes but also functions as a critical medi-
ator of cystogenesis in Pkd1 mutant kidneys. Given that
the suppression of Pkd1 mutant phenotypes by loss of c-
Myc was stronger overall than the suppression by loss of
YAP/TAZ, c-Myc may promote cystogenesis by integrat-
ing other pathways besides Hippo, such as Wnt and
ERK, both of which have been implicated in the pathogen-
esis of ADPKD and are also known to regulate c-Myc tran-
scription in other tissues.
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The Hippo signaling pathway can be regulated by
diverse biological inputs such as cell polarity, adhesion,
mechanical force, and GPCR ligands. Many of these sig-
nals have been suggested to impact YAP activity by regu-

lating cytoskeletal tension through a pathway involving
the small GTPase RhoA, nonmuscle myosin II, and F-ac-
tin in cultured cells (Dupont et al. 2011; Wada et al.
2011; Yu et al. 2012), although the exact mechanism by
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Figure 6. Inhibition of RhoA signaling
suppresses cystogenesis in 3D-cultured
mIMCD3cells andPkd1mutantmousekid-
neys. (A) LARG immunostaining in control
and Pkd1 mutant kidneys as described in
Figure 1D. Note the diffuse cytoplasmic lo-
calization of LARG in control tubular epi-
thelia and the enrichment of LARG on
plasma membranes in Pkd1 mutant kidney
cysts (arrows). Bars, 50 µm. (B) Western
blot showing decreased GTP-bound RhoA
by siRNA knockdown of Larg in Pkd1 mu-
tant mIMCD3 cells. Cells were analyzed
72 h after siRNA transfection. (C ) Tubulo-
genesis induced by knockout of RhoA or
Larg in Pkd1 mutant mIMCD3 cells in 3D
culture for 6 d. (Red) Phalloidin stain-
ing; (blue) DAPI staining. Bars, 100 µm.
(D) Quantification of the percentage of
cords/tubules versus cysts in control and
Pkd1 mutant mIMCD3 cells in 3D culture
for 6 d with or without knockout of RhoA
or Larg. Two independent clones of RhoA
or Larg knockout were analyzed. (Co) Cord;
(Tu) tubule. Data are mean ± SD. (∗) P <
0.01, t-test. (E) A diagram showing the sig-
naling pathway identified in this study as a
critical effector signaling axis for cystogene-
sis after PKD1 inactivation, which includes
LARG, RhoA, ROCK, MLC, YAP/TAZ,
and c-Myc. The specific mechanisms by
which PKD1 suppresses LARGorMLC acti-
vates YAP/TAZ remain to be determined
(dashed lines). (F ) Experimental scheme for
inhibiting RhoA signaling in Pkd1 mutant
mice. Control and AhCre;Pkd1flox/flox mice
were injected with β-NF daily from P8 to
P11, accompanied by daily injections of 1×
PBS (vehicle) or the ROCK inhibitor
Y-27632 from P8 to P14. Kidneys were har-
vested at P15 and are analyzed in G–M.
(G) Western blot showing decreased total
YAP and c-Myc protein levels and relatively
increased phosphorylation of YAP (the ratio
of p-YAP over YAP) after 20 mg/kg Y-27632
treatment in Pkd1 mutant kidneys. (H) Y-
27632 suppressed the expression of YAP
transcriptional target genes in Pkd1mutant
kidneys. Data are mean ± SD. n = 3. (∗) P <
0.01, t-test. Various dosages of Y-27632
were used. (I ) Ki67 staining. Y-27632 de-
creased the number of proliferating cells in

cystic tubular epithelia in Pkd1 mutant kidneys. Bar, 100 µm. (J) Quantification of Ki67-positive cells in cystic tubular epithelia in
Pkd1mutant kidneys treatedwith different dosages of Y-27632.Data aremean ± SD.n = 3. (∗) P < 0.01, t-test. (K ) H&E staining of Pkd1mu-
tant kidneys treatedwith different dosages of Y-27632. Bar, 1mm. (L) Quantification of kidneyweight (KW) over bodyweight (BW) ratio in
control (n = 6) and untreated Pkd1 mutant (n = 7) mice and Pkd1 mutant mice treated with Y-27632 at 1 mg/kg (n = 4), 10 mg/kg (n = 6),
20mg/kg (n = 9), or 50mg/kg (n = 3). Data aremean ± SD. (∗) P < 0.05, t-test. Note that administration of 50mg/kgY-27632 caused lethality
inmost of the treatedmice, and therefore only three survivors were used for statistics. (M ) Quantification of the kidney cystic index in the
mice described in L. Data are mean ± SD. (∗) P < 0.01, t-test.
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which YAP is regulated by cytoskeletal tension remains
elusive. Our kinase inhibitor screen in 3D-cultured
Pkd1 mutant mIMCD3 cells identified a RhoA signaling
pathway involving the RhoGEF LARG, RhoA, ROCK,
and MLC as a molecular link between PKD1 and YAP
(Fig. 6E). We further confirmed that this RhoA–YAP sig-
naling pathway is activated in both Pkd1 mutant mouse
kidneys and human ADPKD tissues. Since cystogenesis
in ADPKD is characterized by abnormal accumulation
of luminal fluid, which increases hydrostatic pressure
within the growing cysts and mechanical stress of the
cyst-lining epithelial cells (Takiar and Caplan 2011), this
may provide a feed-forward mechanism that further en-
hances RhoA–YAP signaling and drives cystogenesis. An
unanswered question from our present study concerns
the specific mechanism by which PKD1 regulates LARG
function. Along this line, we note that previous studies
have linked PKD1 to trimeric G proteins, integrins, and
cilia function (Chapin and Caplan 2010; Drummond
2011). Whether any of these entities is required for
PKD1-mediated regulation of LARG activity requires fu-
ture studies.

Finally, we found that chemical inhibition of RhoA–

YAP signaling suppressed cyst formation after PKD1 in-
activation both in vitro and in vivo. In general, the sup-
pression of cystogenesis by chemical inhibitors is milder
than genetic intervention of the signaling components
(Y-27632-treated Pkd1 mutant mIMCD3 cells vs. Pkd1;
Larg and Pkd1;RhoA double-mutant mIMCD3 cells in
3D culture and Y-27632-treated PKD1 mutant kidneys
vs. Pkd1;Yap;Taz triple-mutant and Pkd1;c-Myc dou-
ble-mutant kidneys). Consistent with these results, nu-
clear YAP, TAZ, and c-Myc were still detectable in
some of the remaining cysts in Pkd1 mutant kidneys
after Y-27632 treatment. This likely is due to the incom-
plete nature of chemical suppression as compared with
genetic knockout. While more potent inhibitors target-
ing RhoA signaling may provide improved suppression,
the 3D culture of Pkd1 mutant mIMCD3 that we estab-
lished also offers a powerful system for unbiased high-
throughput chemical screens against ADPKD in the
future.

In summary, our studies identify theHippo signaling ef-
fector YAP/TAZ and its transcriptional target, c-Myc, as
critical mediators of cystic kidney pathogenesis. Not
only is YAP/TAZ activated in human andmouse ADPKD
tissues, loss of YAP/TAZ or c-Myc also suppresses cysto-
genesis in a mouse ADPKD model resulting from Pkd1
deficiency. Using a novel 3D cell culture model for
ADPKD, we further identified a LARG–RhoA–ROCK–
MLC pathway as a critical signaling module between
PKD1 and YAP. Supporting the pathological importance
of the signalingmodule, RhoA and its effectors are activat-
ed in human and mouse ADPKD tissues, and chemical or
genetic inhibition of RhoA signaling suppresses cystogen-
esis in both the cell-based cystogenesis model in vitro and
Pkd1 mutant mouse kidneys in vivo. Thus, the RhoA–

YAP–c-Myc signaling axis represents a critical media-
tor in ADPKD and a potential target for therapeutic
intervention.

Materials and methods

Mice

Pax8-rtTA (Traykova-Brauch et al. 2008) and Rosa26-LacZ (Sor-
iano 1999) mice were from the Jackson Laboratory. AhCre mice
(Ireland et al. 2004) were kindly provided by Dr. Douglas
J. Winton. pTRE2-Yap (Chen et al. 2014), Pkd1flox (Piontek et al.
2004), Sav1flox (Cai et al. 2010), Yapflox (Zhang et al. 2010), Tazflox

(Xin et al. 2013), and c-Mycflox (de Alboran et al. 2001) mice were
described previously. Thesemiceweremaintained on amixed ge-
netic background of C57BL/6J and 129/Sv.
ThePax8-rtTA;pTRE2-Yap double-transgenicmicewere gener-

ated by breeding Pax8-rtTA with pTRE2-Yap single-transgenic
mice. To induce YAP expression in the kidney, mice at 4 wk of
age were fed 0.02 mg/mL doxycycline (LKT Laboratories) in
drinking water supplemented with 2.5% sucrose. Wild-type,
Pax8-rtTA, or pTRE2-Yap single-transgenicmice fed doxycycline
were used as a control. Mice with Pkd1, Sav1, Yap, Taz, or c-Myc

specifically deleted in the kidney were generated by breeding
Pkd1flox, Sav1flox, Yapflox, Tazflox, or c-Mycflox mice with AhCre

mice. Four daily i.p. injections of 80mg/kg β-NF (Sigma) dissolved
in corn oil were performed in animals from P8 to induce Cre ex-
pression. To inhibit RhoA signaling, seven daily i.p. injections
of Y-27632 (Enzo Life Sciences) dissolved in sterile 1× PBS were
performed in animals from P8. Both male and female mice were
used. The animals used in phenotypic analyses are listed in Sup-
plemental Table S3. The animals used in Figure 5 were generated
at the University of Texas SouthwesternMedical Center, and the
rest were generated at Johns Hopkins University. Animal proto-
cols were approved by the Institutional Animal Care and Use
Committee of Johns Hopkins University and the University of
Texas Southwestern Medical Center.

Cell culture analysis

ON-TARGETplus mouse Larg siRNA was from Dharmacon.
Transfection reagents Lipofectamine RNAi-MAX and Lipofect-
amine 3000 were from Life Technologies. The kinase screening
library (no. 10505) was from Cayman Chemical, and chemicals
were used at a final concentration of 10 µM in DMEM/F12 medi-
um. Y-27632 dihydrochloride was from Enzo Life Sciences.
HA-1077 dihydrochloride and H-89 dihydrochloride were from
Sigma. H-1152 dihydrochloride was from Fisher Scientific. Gly-
cyl-H-1152 dihydrochloride was fromR&D Systems. Blebbistatin
was from Sigma. These chemicals were used in Figure 5, E and F,
and Supplemental Figure S8C.
TCMK-1 and HEK293 cells (both fromAmerican Type Culture

Collection [ATCC]) were cultured at 37°C in DMEM with 10%
fetal bovine serum and penicillin/streptomycin (Invitrogen).
ChIP assays were performed according to a previously described
protocol (Wang et al. 2009). Briefly, ∼5 × 106 TCMK-1 cells for
each assay were cross-linked with 1% formaldehyde and sonicat-
ed to an average fragment size between 200 and 500 base pairs.
Two micrograms of antibody (rabbit IgG or YAP antibody) and
50 µL of protein G agarose were used in each ChIP assay. The im-
munoprecipitated DNA was quantified using real-time PCR. All
values were normalized to the input. YAP antibody (NB110-
58358) was purchased from Novus Biologicals. Consensus YAP–
TEAD-binding sites in c-Myc’s promoter and first intron were
predicted by MatInspector. The primers for analyzing the ChIP
DNA are listed in Supplemental Table S4.
For luciferase assay, HEK293 cells were transfected with plas-

mids, and analysis was performed 24 h later. Transfection reagent
Effectene from Qiagen was used. We performed the experiments
at least three times and show representative results. The YAP/
TEAD-binding site-containing c-Myc promoter and intron
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fragments were amplified with specific primers (Supplemental
Table S4) and mouse liver genomic DNAs as the template and
subcloned into pBV-Luc reporter plasmids (Addgene, 16539) (He
et al. 1998).Mutagenesis of the YAP/TEAD-binding sites (Supple-
mental Table S4) was performed using theQuikChange II XL site-
directed mutagenesis kit (Agilent Technologies) according to the
manufacturer’s protocol.
mIMCD3 cells (ATCC) were cultured at 37°C in DMEM/F12

with 10% fetal bovine serum and penicillin/streptomycin (Invi-
trogen). Pkd1, RhoA, and Larg knockout mIMCD3 cells were
generated as described (Ran et al. 2013). Briefly, the guide oligos
5′-CACCGGCTACCCTGGTGGGGCCCCA-3′ and 5′-AAACT
GGGGCCCCACCAGGGTAGCC-3′ for Pkd1, 5′-CACCGTCG
TGTGCTCGTCATTCCGA-3′ and 5′-AAACTCGGAATGACG
AGCACACGAC-3′ for RhoA, and 5′-CACCGGCAATCTTTG
GGTAGCCGTT-3′, and 5′-AAACAACGGCTACCCAAAGAT
TGCC-3′ for Larg were annealed and cloned into pSpCas9(BB)-
2A-Purovector before being transfected intomIMCD3cells. Puro-
mycin (1 µg/mL) was used for selection after transfection. Surviv-
ing cellswere diluted inDMEM/F12 at a concentration of 0.5 cells
per 100 µL and plated in 96-well plates. Colonies derived fromsin-
gle cells were expanded, andmutant colonies were selected by ge-
nome sequencing and/or Western blot.

3D culture for mIMCD3 cells and immunofluorescence

mIMCD3cellswerecultured in3Dgelmixture. Each100µLof the
gelmixture contains 1×DMEM/F12, 35 µL of collagen I (Thermo-
Fisher Scientific, A1048301), 15 µL of Matrigel (Fisher Scientific,
354230), 25 mM NaHCO3, 20 mM HEPES, and 5 mM NaOH.
TrypsinizedmIMCD3 cells weremixedwell with the gelmixture
prepared on ice. One-hundred microliters of gel mixture contain-
ing 1000 cells was transferred into each well of 96-well plates and
incubated for 30min at 37°C to solidify. One-hundredmicroliters
of fresh DMEM/F12 with 10% fetal bovine serum was added on
top of the gel mixture and replaced every other day. Chemicals
were diluted in DMEM/F12 medium at the indicated concentra-
tion. The 3D structures were observed under an inverted micro-
scope. A total of 150–400 3D structures in each well was
examined for each experiment, and the experiment was repeated
three times. A total of 450–1200 3D structures from three inde-
pendent experiments was analyzed for each data point.
For immunofluorescence of mIMCD3 3D culture, cells in the

gel mixture were cultured on eight-well chamber slides (Thermo-
Fisher Scientific, 154534). For eachwell, 200 µL of the gelmixture
and 250 µL of culture medium were used. Immunofluorescence
was performed as described (Elia and Lippincott-Schwartz 2009)
and imaged using a Zeiss LSM880 inverted confocal microscope
system.

RhoA activation assay

GTP-bound RhoAwas detected using a RhoA activation assay kit
(Cytoskeleton, BK036) according to the manufacturer’s protocol.
Briefly, mIMCD3 cells were lysed and centrifuged. A fraction of
the supernatant was saved for analysis of total RhoA, and the
rest was incubated with rhotekin’s Rho-binding domain-conju-
gated beads for 1 h at 4°Con a rocker. The beadswerewashed, pre-
cipitated, and subjected to Western blot analysis.

Western blotting

Cultured cells were lysed and analyzed. Primary antibodies
used forWestern blot were rabbit anti-MLC2 (1:1000; Cell Signal-
ing, 8505), anti-p-MLC2 (1:1000; Cell Signaling, 3674), anti-

Lats1 (1:1000; Cell Signaling, 3477), anti-p-Lats (Yu et al. 2010),
anti-YAP (1:1000; Cell Signaling, 4912), anti-p-S397-YAP
(1:1000; Cell Signaling, 13619), and anti-c-Myc (1:1000; Abcam,
ab32072) and mouse anti-RhoA (1:500; Cytoskeleton, Inc.,
ARH03) and anti-Actin (1:20,000; Millipore, MAB1501R).

Human renal tissue analysis

Formalin-fixed paraffin-embedded tissue blocks were obtained
from archival humannormal andADPKDkidneys at the PKDRe-
search Biomaterials andCellularModelsCore in theKidney Insti-
tute at the Kansas University Medical Center and were sectioned
at 5 µm. Primary antibodies used for staining were rabbit anti-
YAP (1:100; Epitomics, 2060-1) and anti-MLC2 (1:10; Cell Sig-
naling, 8505) and mouse anti-RhoA (1:50; Cytoskeleton, Inc.,
ARH03) and anti-Actin (1:200; EMD Millipore, MAB1501R).
Cy3-conjugated goat anti-rabbit and Alexa488-conjugated goat
anti-mouse secondary antibodies (Molecular Probes) were used
for immunofluorescence. In total, five normal samples and five
ADPKD kidneys were analyzed. The use of surgically discarded
human kidney tissues was approved by the Institutional Review
Board at theKansasUniversityMedicalCenter. Informed consent
was obtained from all subjects.

Mouse histological analysis and immunohistochemistry

Mouse kidneys were collected, fixed overnight in 4% paraformal-
dehyde in 1× PBS, embedded in paraffin, and sectioned at 5 µm.
Sections were stained with hematoxylin–eosin for histological
analysis. Immunohistochemistry was performed according to
themanufacturer’s protocols. Primary antibodies used for immu-
nohistochemistry were rabbit anti-Ki67 (1:1000; Novocastra,
NCL-Ki67p), anti-THP (1:500) (Yu et al. 2007), anti-YAP (1:100;
Cell Signaling, 4912), anti-TAZ (1:100; Cell Signaling, 4883),
anti-c-Myc (1:100; Abcam, ab32072), anti-MLC2 (1:10; Cell Sig-
naling, 8505), anti-LARG (1:100; Abcam, ab136072), anti-GEF-
H1 (1:100; Cell Signaling, 4076), anti-p115RhoGEF (1:100;
Cell Signaling, 3669), anti-AKAP13 (1:100; Sigma, SAB140866),
anti-p63RhoGEF (1:100; Sigma, SAB2701512), and anti-TRIO
(1:100; Sigma, HPA064664) and mouse anti-RhoA (1:50; Cyto-
skeleton, Inc., ARH03) and anti-Actin (1:200; EMD Millipore,
MAB1501R). Biotinylated LTL (1:400; B-1325) and DBA (1:400;
B-1035) and fluorescin-conjugated LTL (1:400; FL-1321) and
DBA (1:400; FL-1031) were purchased from Vector Laboratories.
For Ki67, LTL,THP, andDBAstaining, the signalswere developed
using the ABC kit purchased from Vector Laboratories according
to manufacturer’s suggestions. Cy3-conjugated goat anti-rabbit
and Alexa488-conjugated goat anti-mouse secondary antibodies
(Molecular Probes) were used for immunofluorescence.
For LacZ reporter analysis, mouse kidneys were embedded in

OCT and frozen-sectioned at 10 µm. After being warmed to
room temperature, the sections were fixed by 4% paraformalde-
hyde and stained in X-gal solution containing 1 mg/mL X-gal,
2 mM MgCl2, 5 mM K3[Fe(CN)6], and 5 mM K4[Fe(CN)6] in 1×
PBS. Finally, the sections were counterstained with eosin, dehy-
drated, and mounted for photographing.
For quantification of cystogenesis, mouse kidneys were longi-

tudinally sectioned. The cystic index was calculated as the per-
centage of cystic area over total area on kidney sections.

Microarray analysis

Microarray analysis of renal cysts in comparison with minimally
cystic tissues and normal kidneys was described previously
(Song et al. 2009). Briefly, mRNAwere extracted from small cysts
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(n = 5) <1 mL, medium cysts (n = 5) between 10 and 25 mL, and
large cysts (n = 3) >50 mL that were dissected from five human
PKD1 kidneys within 30 min of nephrectomy; snap-frozen in liq-
uid N2; and stored at −80°C. Minimally cystic tissue (n = 5),
whichmight have contained a fewmicroscopic cysts from the re-
nal cortex, was obtained as PKD control tissue from the same kid-
neys and similarly processed. Additionally, noncancerous renal
cortical tissue from nephrectomized kidneys with isolated renal
cell carcinoma (KIDNEY; n = 3) was used as normal control tis-
sue. Global gene expression profiling was performed using the
Human Genome U133 Plus 2.0 array (Affymetrix), and the data
were analyzed using published protocols (Song et al. 2009). Signif-
icance Analysis of Microarrays (SAM) was used to identify differ-
entially expressed genes with a false discovery rate (q-value) of
≤1%. The expression of 379 known YAP/TAZ target genes (Zan-
conato et al. 2015) in cysts (mean of 13 cysts, including five small
cysts, five medium cysts, and three large cysts), minimally cystic
tissues (mean of five minimally cystic tissues), and KIDNEYs
(mean of three KIDNEYs) is summarized in Supplemental Table
S1. Up-regulated (red) and down-regulated (green) YAP/TAZ tar-
get genes in cysts versus minimally cystic tissues are listed in
Supplemental Table S2. Gene set enrichment analysis of ADPKD
cysts versus minimally cystic tissues was applied to determine
the relative representation of targets of various signaling path-
ways thatwere significantly up-regulated inADPKDcysts (Subra-
manian et al. 2005).

Quantitative real-time PCR

RNAs from kidneys were extracted using the TRIzol reagent
(Invitrogen). RNA was reverse-transcribed using the iScrip
cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR was
performed using the iQ SYBR Green Supermix (Bio-Rad) on a
CFX96 real-time system (Bio-Rad). Primers for real-time PCR
are listed in Supplemental Table S4.

Statistical analyses

All samples or animals were included in the statistical analyses.
The sample size (n≥ 3) was not predetermined by any statistical
method.No randomizationwas used. For histological and lucifer-
ase analyses, we performed the experiments at least three times
and show representative results. None of the analyses were blind-
ed to the group allocation. Comparisons were made using two-
tailed t-tests. The variance was similar between groups that
were statistically compared. Significance was set at P < 0.05.
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