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ABSTRACT Tubulointerstitial fibrosis (TIF) is recognized as a final phenotypic mani-
festation in the transition from chronic kidney disease (CKD) to end-stage renal dis-
ease (ESRD). Here we show that conditional inactivation of Sav1 in the mouse renal
epithelium resulted in upregulated expression of profibrotic genes and TIF. Loss of
Sav1 induced Stat3 activation and a senescence-associated secretory phenotype (SASP)
that coincided with the development of tubulointerstitial fibrosis. Treatment of mice
with the YAP inhibitor verteporfin (VP) inhibited activation of genes associated with
senescence, SASPs, and activation of Stat3 as well as impeded the development of
fibrosis. Collectively, our studies offer novel insights into molecular events that are
linked to fibrosis development from Sav1 loss and implicate VP as a potential phar-
macological inhibitor to treat patients at risk for developing CKD and TIF.
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Chronic kidney disease (CKD) is currently increasing in prevalence in the United
States. The National Kidney Foundation predicts that 26 million Americans have

CKD and that millions of others are at risk. Tubulointerstitial fibrosis (TIF) occurs in
patients with CKD and is characterized by myofibroblast activation, loss of capillary
networks, and an accumulation of extracellular matrix and inflammatory cells (1–3). In
fibrotic kidneys, the cortical interstitium is generally expanded, with an increased
propensity to accumulate collagen (1–3). Epithelial cell death also occurs, resulting in
reduced expression of epithelial markers and an increase in the expression of mesen-
chymal markers (4–6).

Although it is well recognized that TIF is a final manifestation in the transition from
CKD to end-stage renal disease (ESRD), the mechanisms underlying the etiology of
renal fibrosis are poorly understood, and as a result, progress toward finding an
effective treatment has been hindered. Potential therapeutic targets for treatment of
CKD have been examined through in vitro and in vivo studies in the last decade, but the
findings from these studies have yet to be translated to viable treatment options for
patients. Inhibition of the renin-angiotensin system (RAS), for example, has been shown
to reverse CKD in animal models; however, subsequent work with RAS inhibitors or
blockers in humans has failed to show similar efficacy (7–10). Additional studies have
begun to examine targeting of nuclear transcription factors in pathways regulating lipid
metabolism and inflammation, although most candidate pharmacological inhibitors of
interest remain in preclinical stages (11). At present, dialysis or renal transplantation is
still the only solution for patients with CKD.
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Work in the last decade has begun to recognize the importance of genetic altera-
tions in facilitating renal fibrotic development. Genome-wide association studies have
identified loci associated with increased susceptibility to renal dysfunction in humans
(12, 13). Additionally, mouse models and genome-wide transcriptome analyses of
kidneys from patients with CKD and fibrosis have facilitated the identification of a
number of signaling pathways associated with renal fibrosis, including the Notch, Wnt,
and Hedgehog pathways (3). The further identification of signaling pathways associ-
ated with fibrosis increases the potential opportunities for targeted therapy to thwart
fibrosis.

SALVADOR I (SAV1) is a WW domain-containing protein originally identified as one
of the core components of the HIPPO signaling pathway. The HIPPO pathway is a
conserved protein kinase pathway originally identified as a regulator of organ size
(14–16). A number of cell type-dependent functions have been ascribed to HIPPO
signaling, including regulation of stem/progenitor cells, cell proliferation, apoptosis, cell
polarity, and cell-cell contact inhibition (17–21). At the center of the HIPPO pathway is
the tumor suppressor gene Hippo, or its mammalian counterpart, mammalian STE-20
kinase 1 and 2 (MstI/2 or STK3/4). STK3/4 phosphorylates the scaffold protein SAV1, and
together they phosphorylate and activate two other core components: LATS1/2 and its
associated protein, MOB1. LATS1/2 in turn phosphorylates the main effector molecule
of the HIPPO pathway, YAP, resulting in its inactivation and cytoplasmic sequestration
by the 14-3-3 protein. Loss of HIPPO pathway function from SAV1 loss or loss of any of
the core components has been suggested to result in YAP nuclear translocation and
its association with transcription factors to constitutively activate growth-promoting
genes involved in cancer. Specific knockout of Sav1 in the livers of mice has been
shown to result in hepatomegaly and multifocal hepatic carcinomas (22). YAP amplifi-
cation or constitutive overexpression has also been observed in a number of cancers
(14, 21, 23–26).

Components of the HIPPO pathway have also been implicated in tissue fibrosis. Yap
has been suggested to promote pulmonary fibrosis through its effects on mechanosig-
naling (27) and has been implicated in liver fibrosis by its role in hepatic stellate cell
activation (28). Loss of Lats1/2 or abnormal accumulation of Yap has also been
suggested to be important for kidney fibrosis after ischemic injury (29). Finally, most
recently, Sav1 loss was also implicated in kidney fibrosis, although the role for SAV1 in
CKD had not yet been documented prior to that study (30).

In the current study, we generated a mouse model with conditional knockout of
Sav1 in the renal epithelium. We observed that Sav1 inactivation resulted in genetic and
phenotypic alterations suggestive of renal fibrosis that were further accelerated upon
induction of acute kidney injury (AKI) by use of aristolochic acid (AA). Induction of
fibrosis by AA and Sav1 loss was associated with an induction of senescence and a
senescence-associated secretory phenotype (SASP) that correlated with Stat3 activa-
tion. Inhibition of TIF with verteporfin (VP), a Yap inhibitor, resulted in downregulation
of genes associated with senescence and SASP and in inhibition of Stat3 activation.
Collectively, these results support a role for Sav1 loss in regulating interstitial fibrosis
and suggest that events associated with senescence and Stat3 activation are the
mechanisms underlying renal fibrosis induced by Sav1 loss.

RESULTS
Conditional inactivation of Sav1 in mouse renal tubule cells results in pheno-

typic changes resembling kidney fibrosis. To determine the phenotypes associated
with conditional deletion of Sav1 in murine renal proximal tubules in vivo, we crossed
Ksp-CreER transgenic mice to Sav1floxed/floxed (Sav1f/f) mice to generate Ksp-CreER/Sav1fl/fl

mice (referred to as KS mice from this point on). Ksp-cadherin is a tissue-specific
member of the cadherin family that is expressed exclusively in the epithelial cells of the
adult kidney and the developing genitourinary tract (31). Ksp-CreER transgenic mice
express a tamoxifen-inducible Cre recombinase under the control of a 1.4-kb Ksp-
cadherin promoter (31). Sav1f/f mice harbor loxP sites flanking exon 3 of Sav1 (22).
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Conditional deletion of Sav1 in the renal tubule epithelial cells of KS mice can therefore
be achieved by administering tamoxifen by oral gavage (Fig. 1a).

Prior work has shown that specific ablation of Sav1 in hepatocytes gives rise to
hepatomegaly, with a 10% increase in liver size by 4 months of age (22). Similar to the
phenotype observed in the liver, we observed that loss of Sav1 at 6 weeks post-
tamoxifen treatment induced a significant increase in the kidney-to-body-mass ratio
(Fig. 1b and c). Ki67 staining of kidney sections revealed an increase in Ki67 staining in
the nuclei of renal tubule cells immediately post-tamoxifen treatment that persisted
even at 6 weeks post-tamoxifen treatment (Fig. 1d and e). We observed more Ki67-
positive cells at 10 days post-tamoxifen treatment than at 6 weeks post-tamoxifen
treatment. We speculate that this spike in proliferation may have been a nonspecific
consequence of initial Cre-ER activation, as we previously observed small increases in
Ki67 staining immediately following tamoxifen treatment that subsided at later time
points (data not shown). Collectively, these results suggest that an increase in cell
proliferation may contribute to an overgrowth of kidneys in KS mice compared to those
of age-matched controls.

KS mice had a decreased survival time (median � 19.4 weeks) compared to that of
control mice (median not reached) (Fig. 1f). At the time of necropsy, significantly
elevated levels of blood urea nitrogen and creatinine were found in the plasmas of KS
mice compared to those of control mice, confirming renal failure as the likely cause of
premature death (Fig. 1g). Histological examination of KS kidney sections by hematox-
ylin and eosin (H&E) staining revealed a number of abnormalities, including dilation of
renal tubules and an expansion of the renal interstitium with increased interstitial
cellularity (Fig. 1h).

Sav1 loss in the renal epithelium results in gene expression changes associated
with renal fibrosis and senescence. To begin to understand the consequences
associated with Sav1 inactivation in renal tubules, we isolated RNAs from renal cortex
tissues of tamoxifen-treated Ksp-CreER/Sav1fl/fl (KS) mice and vehicle-treated Ksp-CreER/
Sav1fl/fl (control [Ctrl]) mice 6 weeks after treatment. Transcriptome sequencing (RNA-
seq) analysis revealed 4,378 genes upregulated �1.5-fold and 3,362 genes downregu-
lated �1.5-fold (with a t test false discovery rate [FDR] of �0.05). Examination of
differentially regulated genes by Ingenuity Pathway Analysis (IPA) showed Tgf-�1 to be
the top upstream regulator of genes activated 2-fold or more by Sav1 loss. Tgf-�1 is a
cytokine that has long been recognized as a key mediator in the pathogenesis of renal
fibrosis (32, 33). Further analysis of the RNA-seq data showed collagen genes and genes
associated with fibrosis to be increased upon Sav1 depletion (Fig. 2a). To further
confirm that loss of Sav1 induces activation of profibrotic genes, we performed
real-time quantitative reverse transcription-PCR (qRT-PCR) on selected genes (34) at an
earlier time point (3 weeks) after tamoxifen/vehicle treatment. Consistent with the
results from the RNA-seq analysis, we observed significant activation of the profibrotic
genes assessed by real-time qRT-PCR (Fig. 2b). Masson’s trichrome staining and immu-
nohistochemistry (IHC) revealed accumulations of collagen and vimentin, respectively,
in KS kidneys compared to those of age-matched controls at 6 weeks posttreatment
(Fig. 2c). An increase in staining for the T-cell marker CD3 also revealed that loss of Sav1
may trigger increased T-cell infiltration or expansion (Fig. 2c).

Aging has been linked to increased susceptibility to renal fibrosis (35–38). A multi-
tude of studies have now clearly established that aging is not merely a phenotypic
manifestation but consists of specific gene expression changes associated with cellular
senescence (39–42). Prior studies have suggested a role for genes involved in cellular
senescence in promoting CKD and fibrosis (38, 43–45). We examined KS mice for evidence
of senescence and observed upregulated expression of key senescence markers (Fig. 2d).
�-Galactosidase is another marker of cell senescence. Consistent with the activation of
genes associated with senescence, senescence-associated �-galactosidase (SA-�-Gal)
staining showed increased �-galactosidase levels in tissue sections from KS mice 6
weeks after treatment with tamoxifen compared to those for age-matched control
littermates (Fig. 2c).
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FIG 1 Conditional knockout of Sav1 in mouse renal tubule cells results in decreased survival, renal failure, and histological
abnormalities. (a) Immunoblot of whole-cell lysates isolated from the cortex tissue of KspCreER; Sav1f/f mice 0.8 week after treatment
with vehicle (control [Ctrl]) or tamoxifen (KS), confirming the knockout of Sav1 expression. (b) Representative photomicrographs
showing an enlarged kidney from a KS mouse compared to a kidney from an age-matched Ctrl mouse. Kidneys were taken from mice
at 6 weeks post-tamoxifen treatment. (c) Comparison of kidney-to-body-mass ratios of KS mice (n � 5) and age-matched control mice
(n � 6). Kidneys were taken from mice at 6 weeks post-tamoxifen treatment. (d) Representative images of Ki67-stained mouse kidney
sections from mice 10 days and 6.7 weeks after treatment with vehicle or tamoxifen. (e) Bar graph showing percentages of Ki67-positive cells

(Continued on next page)
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Klotho is a single-pass transmembrane protein previously termed the “anti-aging”
gene. Defects in expression of the Klotho gene in mice were originally shown to result
in a shortened life span and in aging-like phenotypes (46–48). Subsequent work later
also identified a role for defective Klotho gene expression in renal fibrosis (49). Given
that KS mice exhibit changes in gene expression previously documented to be asso-
ciated with aging, we assessed Klotho expression by real-time qRT-PCR and found
KS mice to have lower levels of Klotho gene expression than those of age-matched
littermates (Fig. 2e). Collectively, our data support the hypothesis that loss of Sav1 in
the renal epithelium induces changes in gene expression consistent with renal fibrosis,
which is correlated with upregulated expression of genes associated with senescence.

Acute kidney injury induced by AA augments profibrotic gene expression and
an accumulation of collagen in KS mice. Mouse models have been instrumental in
studying CKD brought forth by AKI. A number of methods are well established to
provoke injury to mouse kidneys, including unilateral ureteral obstruction (UUO),
ischemic reperfusion (IR), and aristolochic acid nephropathy (AAN) (50). Aristolochic
acid (AA) belongs to a family of carcinogenic and nephrotoxic compounds (50). AAN,
which involves intraperitoneal (i.p.) injection of AA, has been well documented to result
in tubulointerstitial damage and is one of several widely accepted models for AKI
studies (50). Given that gene expression changes observed in KS mouse kidneys
suggest a predisposition to renal fibrosis (Fig. 2), we wanted to determine if loss of Sav1
affects the response to injury by AAN. We administered AA to Ctrl and KS mice at a dose
of 5 mg/kg of body weight, which was previously shown to result in mild to negligible
AKI in normal healthy mice (51). Intraperitoneal introduction of AA into KS mice 3 weeks
after ablation of Sav1 expression resulted in dramatic increases in the expression levels
of all profibrotic genes (Col1a1, Col3a1, Col4a1, Fn, Tgf�1, and Vimentin) examined
compared to those in AA-treated Ctrl mice with no Sav1 loss (Fig. 3a and b). Consistent
with an increase in profibrotic gene expression, staining with Masson’s trichrome revealed
an accumulation of collagen at 3 weeks post-tamoxifen treatment that progressively
increased at 6 and 13 weeks post-tamoxifen treatment compared to that in vehicle-treated
control mice (Fig. 3c).

Senescence and SASP genes are further activated by AAN in KS mice. Senescent
cells have been shown to have deleterious effects on organisms by contributing to
age-related pathology through inducing expression of genes associated with senescence-
associated secretory phenotypes (SASPs), including genes encoding interleukins,
chemokines, and growth factors (52). Induction of profibrotic genes by AAN was also
associated with dramatic increases in the expression levels of all senescence genes
(p16ink4a, p19arf, Cdkn1a, and Pai-1) (Fig. 4a and b) examined. Moreover, activation of
p53 was also observed by Western blotting (Fig. 4b). To determine whether senescence
induced by Sav1 loss is associated with induction of SASP genes, we assessed the
expression of select SASP genes after AAN in Ctrl and KS mice. We found all SASP genes
assessed to be upregulated in KS mice compared to age-matched control mice,
suggesting that Sav1 loss induces SASP genes upon AKI (Fig. 4c).

Cytokines such as interleukin-6 (Il6) are known to activate the signal transducers and
activators of transcription (Stats) (53, 54). In particular, activation of Stat3 is known to
be achieved through phosphorylation of its tyrosine 705 site by receptor tyrosine
kinases (RTKs) and has been suggested to have a role in the progression of renal fibrosis
(53–55). Although Stat3 activation from Sav1 loss alone was not obvious by Western
blotting (data not shown), histological examination revealed an increase in phospho-

FIG 1 Legend (Continued)
in the renal cortexes of Ctrl (n � 4) and KS (n � 4) mice 10 days and 6.7 weeks after treatment with vehicle or tamoxifen. Cells in three
images (magnification, �10) per mouse were counted and averaged. (f) Kaplan-Meier survival curves comparing cohorts of Ctrl (n �
9) and KS (n � 13) mice. (g) Blood urea nitrogen (BUN) and creatinine levels in blood plasmas from Ctrl (n � 6) and moribund KS (n �
5) mice. (h) Histological abnormalities shown in a representative H&E-stained section of renal tissue from a KS mouse (moribund)
compared to one from an age-matched Ctrl mouse. All vehicle-treated mice were given sunflower oil by oral gavage. Error bars in all
graphs represent standard deviations. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. Magnification, �20 for all images; bars � 100 �m.
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FIG 2 Sav1 deletion in renal tubule cells activates profibrotic and cell senescence genes. (a) Heat map representation showing increased expression
of genes associated with renal fibrosis in renal cortex tissue from KspCreER; Sav1f/f mice 6.7 weeks after treatment with vehicle (Ctrl) or tamoxifen (KS).
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Stat3 staining in the nuclei of renal tubule cells (Fig. 4d). We next asked whether loss
of Sav1 in KS mice affects Stat3 activation upon AAN. Intraperitoneal injection of AA
into Ctrl mice resulted in a minimal increase in phosphorylated (Tyr-705) Stat3, while AA
injection into KS mice resulted in a dramatic increase in phosphorylated Stat3 expres-
sion (Fig. 4d and e). Our results suggest that Sav1 loss induces activation of Stat3 in
association with a fibrosis phenotype that is further enhanced by AKI with AA.

Accumulation of Yap activity is observed in KS mice. Sav1 has previously been
documented to function as a scaffold protein that brings together kinases in the HIPPO
signaling pathway to regulate phosphorylation and subsequent ubiquitin-mediated
degradation of Yap (56, 57). Loss of Sav1 is thought to result in an accumulation of Yap
in the nucleus, where it binds to other transcription factors, such as the TEAD family of
transcription factors, to activate expression of target genes (56, 57). Previously pub-
lished work suggested that Yap also plays a role in fibrosis (27, 28, 58, 59). We assessed
Yap levels in KS mice compared to those in age-matched controls and saw progressive
increases in Yap accumulation at 6 weeks and �20 weeks post-tamoxifen treatment
(Fig. 5a and b). No changes in Yap levels were apparent between Ctrl mice of various
ages (data not shown). Consistent with an accumulation of Yap protein resulting from
Sav1 ablation, we also observed activation of Yap target genes after tamoxifen treat-
ment of KS mice (Fig. 5c). As expected, we did not see any significant change in Yap
mRNA levels upon inactivation of Sav1, since Yap is primarily regulated by ubiquitin-
mediated degradation (data not shown).

VP inhibition of AAN-induced TIF in KS mice coincides with inhibition of
senescence and SASP gene activation and inhibition of Stat3 activation. To
determine if Yap plays a central role in phenotypes associated with tubulointerstitial
fibrosis in the setting of Sav1 loss (KS mice), we tested the efficacy of the Yap inhibitor
verteporfin (VP) in KS and Ctrl mice. VP is a small molecule belonging to the porphyrin
family of compounds that was recently identified in a drug screen for inhibitors of
YAP-TEAD activity (60). Further biochemical studies have shown that VP works by
binding YAP and preventing its interaction with other transcription factors, such as
TEAD (60). We tested the ability of VP to inhibit Yap target genes induced 3 weeks after
Sav1 loss (Fig. 5d) and confirmed that VP treatment reduced the activation of Yap target
genes (Fig. 5e).

We tested the ability of VP to suppress the activation of profibrotic genes in KS and
Ctrl mice after AAN. Consistent with our prior results, activation of profibrotic gene
expression was observed in KS mice upon AAN compared to that in Ctrl mice (Fig. 6a).
Ctrl and KS mice treated with AA but receiving VP treatment, however, showed levels
of profibrotic gene expression comparable to basal levels (Fig. 6a). Masson’s trichrome
staining revealed less collagen deposition in mice that received VP, consistent with a
reduction in profibrotic gene expression (Fig. 6b and c).

Interestingly, VP treatment also reduced the expression levels of the senescence
(Fig. 7a) and SASP (Fig. 7b) genes examined. Pai-1 and p16Ink4a gene expression levels
after AA-induced AKI were comparable to basal levels. Cdkn1a and p19Arf gene expres-
sion levels remained above basal levels but were still dramatically reduced even with
AA treatment (Fig. 7a). Consistent with recently published work showing that VP
inhibited Stat3 activation in colon cancer (61), VP inhibited Stat3 activation induced by
AA in KS mice (Fig. 7c). Collectively, our results suggest that kidney fibrosis and
associated changes in gene expression induced by Sav1 loss can be inhibited by

FIG 2 Legend (Continued)
(b) Real-time qRT-PCR analysis of total RNA isolated from renal cortex tissue of KspCreER; Sav1f/f mice 3 weeks after treatment with vehicle (Ctrl; n �
4) or tamoxifen (KS; n � 4). (c) Representative photomicrographs showing Ctrl (n � 6) and KS (n � 6) kidney sections 6 weeks after treatment, stained
with Masson’s trichrome and stained for vimentin, Cd3, and senescence-associated �-galactosidase (SA-�-Gal). (d) Relative expression of senescence
genes assessed after treatment with vehicle (Ctrl; n � 4) or tamoxifen (KS; n � 4) for the indicated times. (e) Relative Klotho gene expression in Ctrl
(n � 4) and KS (n � 4) mice as assessed by real-time qRT-PCR 3 weeks after treatment with vehicle or tamoxifen. All relative expression values from
real-time qRT-PCR analyses were normalized to the 18S rRNA gene expression level. All vehicle-treated mice were given sunflower oil by oral gavage.
Error bars in all graphs represent standard deviations. ns, not statistically significant; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. Magnification, �20
for all images; bars � 100 �m.
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FIG 3 Acute kidney injury (AKI) with aristolochic acid (AA) drives activation of genes associated with renal fibrosis in KS mice. (a) KspCreER; Sav1f/f

mice were given vehicle (sunflower oil) (Ctrl; n � 4) or tamoxifen (KS; n � 4) by oral gavage. Vehicle (DMSO and PBS) or aristolochic acid was
introduced by intraperitoneal injection 3 weeks later to induce acute kidney injury. Real-time qRT-PCR analysis of total RNA isolated from renal
cortex tissues was used to assess profibrotic gene expression. (b) Representative images of renal sections from the mice examined for panel a,
showing localization of vimentin and Col1a1. (c) Representative H&E- and Masson’s trichrome-stained images of renal sections from mice
post-AAN. Mice were administered AA to induce AKI 3 weeks, 6 weeks, and 13.8 weeks after tamoxifen treatment or 13.8 weeks after vehicle
(sunflower oil) treatment. **, P � 0.01; ****, P � 0.0001. Error bars in graphs represent standard deviations. Magnification, �20 for all images;
bars � 100 �m.
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verteporfin. Treatment with VP also reduced Ki67 staining and restored expression of
Klotho expression in AA-treated KS mice compared to that in AA-treated Ctrl mice,
although this was not observed in KS mice compared to Ctrl mice. These results suggest
that VP may thwart fibrosis induced by Sav1 loss via mechanisms other than prolifer-
ation and Klotho gene expression (Fig. 7d and e).

Given that VP treatment resulted in reduced expression of genes associated with
senescence in KS mice, we determined whether VP treatment had an effect on
increased �-galactosidase activity brought on by Sav1 loss. We previously observed that
VP was not able to reverse SA-�-Gal activity that was already initiated by Sav1 loss (data
not shown). We modified our protocol to initiate treatment with VP prior to inducing
Sav1 loss with tamoxifen to determine if VP could instead prevent SA-�-Gal accumu-
lation (Fig. 7f). As shown in Fig. 7g, treatment with VP before and after induction of Sav1
loss was able to prevent SA-�-Gal staining in KS mice (Fig. 7g).
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FIG 4 Acute kidney injury (AKI) with aristolochic acid (AA) drives activation of genes associated with senescence and SASP in KS mice.
KspCreER; Sav1f/f mice were given vehicle (sunflower oil) (Ctrl; n � 4) or tamoxifen (KS; n � 4) by oral gavage. Vehicle (DMSO and PBS)
or aristolochic acid was introduced by intraperitoneal injection 3 weeks later to induce acute kidney injury. (a and b) Isolated renal cortex
tissues were assessed for senescence genes by qRT-PCR (a) and Western blotting (b). (c) SASP gene expression levels were assessed by
qRT-PCR. (d) Representative images of kidney sections from Ctrl (n � 6) and KS (n � 6) mice showing phospho-Stat3 localization. (e)
Immunoblots showing Stat3 activation in Ctrl mice treated with vehicle (DMSO and PBS), Ctrl mice treated with AA, and KS mice treated
with AA. ns, not statistically significant; *, P � 0.05; ****, P � 0.0001. Error bars in graphs represent standard deviations. Magnification, �20
for all images; bars � 100 �m.
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DISCUSSION

Acute kidney injury resulting in chronic kidney disease (CDK) is a growing problem
in the United States. Although it is well known that fibrosis is the final manifestation in
the progression from CKD to end-stage renal disease (ESRD), the etiology underlying
renal fibrosis is poorly understood. An understanding of the molecular mechanisms
that contribute to fibrosis in the kidney is essential to the identification of potential
candidates for targeted therapy. Seo et al. (30) recently published work showing that
Sav1 loss plays a role in TIF induced by unilateral ureteral obstruction (UUO), consistent
with our observations that Sav1 loss has a role in kidney fibrosis. Here we provide
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FIG 5 Conditional knockout of Sav1 in mouse renal tubule cells results in an accumulation of Yap activity that can be inhibited with verteporfin. (a) Immunoblots
showing Yap expression in renal cortex tissue from KspCreER; Sav1f/f mice. Mice were given vehicle (Ctrl) or tamoxifen (KS) by oral gavage, and kidneys were
collected at 6 weeks and 26 weeks posttreatment. Ctrl mice were age matched to KS mice, and kidneys were collected at 6 weeks post-tamoxifen treatment.
(b) Representative images showing Yap accumulation in renal tissue from Ctrl or KS mice at the indicated time points post-tamoxifen or -vehicle (sunflower
oil) treatment. (c) Real-time qRT-PCR analysis of total RNAs isolated from renal cortex tissues of Ctrl (n � 4) and KS (n � 4) mice. Mice were assessed for Yap
target gene expression at the indicated time points. (d) Schematic showing treatment of Ctrl and KS mice with verteporfin, a Yap inhibitor, or with vehicle and
induction of AKI with AA. (e) Real-time qRT-PCR analysis of total RNAs isolated from renal cortex tissues of Ctrl and KS mice after treatment with vehicle,
AA, and/or VP as indicated (Ctrl, n � 3; KS plus no VP, n � 4; KS plus VP, n � 6; KS plus AA plus no VP, n � 5; KS plus AA plus VP, n � 6) for expression
of selected Yap target genes. ***, P � 0.001; ****, P � 0.0001. Error bars represent standard deviations. Magnification, �20 for all images; bars � 100 �m.
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FIG 6 Verteporfin inhibits profibrotic gene expression induced by Sav1 loss. AKI was induced in Ctrl and KS mice by AAN, and mice were treated with vehicle
(DMSO and PBS) or VP. (a and b) Ctrl mice (n � 3) and KS mice treated with vehicle (DMSO and PBS; n � 3), VP (n � 6), AA (n � 5), or AA plus VP (n �
6) were assessed for expression of profibrotic genes (a) and stained with H&E and Masson’s trichrome stain (b). (c) Bar graph representing the percent area
of positive staining for collagen (blue staining) for kidneys from AA-treated KS mice that were treated with vehicle (n � 5) versus AA-treated KS mice that
were treated with VP (n � 6). Three images were taken for each mouse section for quantitation using ImageJ, and the percentages of positive areas were
averaged. Error bars represent standard deviations. ****, P � 0.0001. Magnification, �20 for all images; bars � 100 �m.
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evidence that induction of fibrosis by Sav1 loss is linked to induction of senescence and
Stat3 activation. Furthermore, we showed that verteporfin (VP), a Yap inhibitor, is
effective at inhibiting fibrosis and that VP’s efficacy in impeding fibrosis is correlated
with its ability to inhibit the induction of senescence gene expression, SASPs, and Stat3
activation.

a

b

Phos-Stat3
(Tyr-705)

Stat3

Tubulin

KS + AA + Vehicle KS + AA + VP

e

g Ctrl + Vehicle KS + Vehicle KS + VP

c

d f

FIG 7 Inhibition of TIF by verteporfin (VP) coincides with inhibition of senescence and SASP gene expression and Stat3 activation in KS mice. (a
and b) Senescence gene (a) and SASP gene (b) expression levels were measured for Ctrl and KS mice after AAN and/or VP treatment (Ctrl, n �
3; KS plus no VP, n � 4; KS plus VP, n � 6; KS plus AA plus no VP, n � 5; KS plus AA plus VP, n � 6). (c) Western blots comparing Stat3 and
phosphorylated Stat3 in vehicle-treated KS mice, mice with AA-induced AKI, and VP-treated mice with AA-induced AKI. (d) Kidney sections from
mice (Ctrl, n � 3; KS plus no VP, n � 4; KS plus VP, n � 6; KS plus AA plus no VP, n � 5; KS plus AA plus VP, n � 6) were assessed for Klotho
gene expression by real-time qRT-PCR. (e) Kidney sections from mice (Ctrl, n � 3; KS plus no VP, n � 4; KS plus VP, n � 6; KS plus AA plus no
VP, n � 5; KS plus AA plus VP, n � 6) were stained with Ki67. Three images were taken for each section, and Ki67-positive cells in tubules were
counted and averaged. (f) Mice were administered one dosage of VP or vehicle (DMSO and PBS) followed by three consecutive daily treatments
with tamoxifen or vehicle (sunflower oil). Mice were then administered VP or vehicle (DMSO and PBS) two times a week for 2 weeks before kidneys
were harvested. (g) SA-�-Gal staining of kidney sections from Ctrl mice (n � 2), vehicle-treated KS mice (n � 3), and VP-treated KS mice (n �
3). Error bars in graphs represent standard deviations. ns, not statistically significant; *, P � 0.05; **, P � 0.01; ****, P � 0.0001. Magnification, �20
for all images; bars � 100 �m.
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It was previously reported that knockdown of Sav1 in vitro in renal cell lines resulted
in increased cell proliferation and anchorage-independent growth and that Sav1
knockout in the liver resulted in multifocal tumors (22), suggesting a role for Sav1 as a
tumor suppressor gene (62–64). Although we did observe an increase in proliferation
as indicated by Ki67 staining, consistent with a recent study (62), KS mice did not
develop renal tumors within the time frame observed (�32.3 weeks). While this may
merely reflect a tissue-specific role of Sav1, with an oncogenic role in the liver but not
in the kidney, we speculate that the induction of senescence and SASPs in vivo that we
describe here might also serve as a significant barrier to neoplastic transformation of
renal tubular cells.

Administration of VP to KS mice was able to inhibit the genetic and phenotypic
manifestations of renal fibrosis induced by AA. Verteporfin (Visudyn; Novartis) is
currently an FDA-approved drug administered intravenously to patients in photody-
namic therapy to treat macular degeneration with minimal side effects. Our findings are
consistent with recently published work showing the efficacy of VP for inhibiting Yap
activity and renal fibrosis induced by UUO (65). Collectively, these results bring to light
the potential for VP as a candidate pharmacological inhibitor to be administered to
patients who may be at increased risk for AKI and subsequent renal fibrosis as a result
of their existing medical condition or specific medical procedures and treatments which
they are about to undergo (i.e., surgery, chemotherapy, etc.). VP also inhibited cell
proliferation, as indicated by a reduction in Ki67-positive cells and restored Klotho
expression induced by AA. Cell proliferation and reduced Klotho expression induced
solely by Sav1 loss, however, were not affected, suggesting that VP may thwart fibrosis
induced by Sav1 loss via other mechanisms.

Prior studies have suggested a correlation between the expression of senescence
and aging genes and renal fibrosis. Reduced expression of the Klotho gene, for example,
has been shown to play a role in TIF (49, 66), and repression of Klotho expression is tied
to activated p16Ink4a expression (48). Moreover, it is now known that cell senescence
also accommodates an induction of specific cytokines that comprise the SASP (52).
SASP genes have been shown to play a role in inflammation and in facilitating epithelial-
to-mesenchymal transition (EMT), two characteristics that are tightly linked to TIF progres-
sion (5, 6, 52). Cytokines such as Il6 are well known to induce Stat3 activation, which is
also associated with the progression of TIF (55). In the KS mouse model, we observed
that SA-�-Gal staining was not restricted to the cortex region of the kidney but was
apparent throughout the kidney. While Ksp-cadherin is expressed to some degree in
regions of the renal medulla, such as the loops of Henle and collecting ducts (31), we
also hypothesize that induction of Sav1 loss in the proximal and distal tubular cells in
the renal cortex results in paracrine signaling of SASPs that triggers senescence in other
parts of the kidney. Inhibition of fibrosis by use of VP correlated with downregulated
expression of senescence genes and inhibition of Stat3 activation. Collectively, our
observations support a link between genes associated with senescence, Stat3 activa-
tion, and the manifestation of TIF.

Our observation that Sav1 loss in the renal epithelium does not result in decreased
Yap phosphorylation as predicted by the canonical Hippo pathway is consistent with
observations of Sav1 deletion in the liver (22) and suggests that there may be additional
mechanisms of action from Sav1 loss that are involved in initiating the molecular events
associated with fibrosis that have yet to be defined. The kinetics of induction of Yap
activity following Sav1 loss also do not support a direct connection between Sav1 loss,
Yap activation, and TIF. While Sav1 expression was undetectable by Western blotting
with tissue lysates from the kidneys of KS mice immediately after tamoxifen treatment,
we observed some restoration of Sav1 expression at later time points (�15 to 20 weeks)
post-tamoxifen treatment (data not shown). We hypothesize that this is a result of the
transient nature of Cre expression driven by our tamoxifen-inducible Ksp-CreERT2 allele
and the subsequent rejuvenation of kidney cells with intact Sav1. Yap levels seem to be
highest at later time points post-tamoxifen treatment, when restored Sav1 expression
is apparent. Although this may be a result of an expansion of Sav1-null cells, we are also
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open to the notion that at least in the context of kidney tissue, Sav1 expression may not
function to promote degradation of Yap as the canonical HIPPO pathway predicts. We
hypothesize instead that immediate Sav1 loss may irreversibly trigger a cascade of
molecular events, independent of the HIPPO pathway, to promote activation of Yap
and, in turn, to help to promote fibrosis.

Additionally, the accumulation of Yap protein as determined by Western blotting is
minimal at 3 weeks post-Sav1 ablation. As a result, the dramatic induction of profibrotic
gene expression observed upon AAN at this time point cannot solely be attributed to
Yap overexpression. Although the efficacy of VP treatment to inhibit fibrosis in our KS
mouse model seems to suggest that Yap is a key mediator of kidney fibrosis, recent
work revealed that VP inhibited Stat3 activation in colon cancer independently of VP’s
function as a Yap inhibitor (61). This observation brings to light the possibility that VP
also inhibits fibrosis via other mechanisms in addition to its role as an inhibitor of Yap
activity.

Collectively, our findings highlight the importance of Sav1 loss in inducing
interstitial fibrosis and offer a model system for understanding the molecular
mechanisms underlying renal fibrosis within which potential therapeutic opportu-
nities can be explored.

MATERIALS AND METHODS
Genetically engineered mouse models. KspCad-CreERT2 mice have been described previously (31).

Sav1fl/fl mice were a kind gift from Randy Johnson (University of Texas) and have also been described
previously (22). All experiments performed on mice have been approved by the University of North
Carolina-Chapel Hill Institutional Animal Care and Use Committee (UNC-CH IACUC).

Immunoblotting conditions. Cortex tissue was homogenized in EBC buffer (50 mM HEPES [pH 7.6],
250 mM NaCl, 0.1% NP-40, 5 mM EDTA [pH 8.0]) with set I and set II phosphatase inhibitors at 1�
(Calbiochem) and protease inhibitors at 1� (Roche) by use of a TissueRuptor homogenizer (Qiagen). Protein
concentrations were determined with Bio-Rad protein assay dye reagent concentrate (Bio-Rad). Proteins
were resolved in SDS-PAGE gels and electrotransferred to polyvinylidene difluoride (PVDF) membranes.
Western blotting was performed with the following antibodies from Cell Signaling: Yap (4912S),
phospho-Yap (4911S), Sav1 (13301S), p21 (2946S), Stat3 (9139S), phospho-Stat3 (9145S), p53 (2524S), and
phospho-p53 (9286S) antibodies.

Mouse RNA-seq. A total of 200 to 1,000 ng of total RNA was used to prepare RNA libraries by use
of a TruSeq Stranded mRNA sample prep kit (Illumina). Paired-end (75 bp) reads were sequenced on a
NextSeq500 desktop sequencer by using a high-output flow cell kit (Illumina), yielding an average of over
28 million reads per sample. Quality control-passed reads were aligned to the mouse reference genome
(mm9) by use of MapSplice (67). The alignment profile was determined by use of Picard Tools v1.64
(http://broadinstitute.github.io/picard/). Aligned reads were sorted and indexed by use of SAMtools,
translated to transcriptome coordinates, and then filtered for indels, large inserts, and zero mapping
quality by use of UBU v1.0 (https://github.com/mozack/ubu). Transcript abundance estimates for each
sample were performed using RSEM, an expectation-maximization algorithm (68), using the UCSC known
gene transcript and gene definitions. Raw RSEM read counts or all RNA-seq samples were normalized to
the overall upper quartile (69).

RNA extraction and cDNA synthesis. Cortex tissue was homogenized in RLT buffer (RNeasy kit;
Qiagen) by use of a TissueRuptor homogenizer (Qiagen). RNA was extracted using an RNeasy kit (Qiagen)
following the manufacturer’s protocol. cDNA was synthesized with random primers, using an Im Pro-II
reverse transcription system (Promega).

TaqMan real-time qRT-PCR. TaqMan real-time qRT-PCR was performed following the standard
manufacturer’s protocol from Applied Biosystems. The following TaqMan probes were used: Col1a1
(Mm00801666_g1), Col3a1 (Mm01254476_m1), Col4a1 (Mm01210125_m1), Fn1 (Mm01256744_m1), Vim
(Mm01333430_m1), Kl (Mm00502002_m1), Tgfb (Mm01178820_m1), Cdkn1a (Mm04205640_g1),
Serpine1 (Mm00435860_m1), p16 (assay ID MP16-P163), p19 (assay ID MP19-P192), Ppara
(Mm00440939_m1), Cpt1a (Mm01231183_m1), Birc2 (Mm00431811_m1), Birc5 (Mm00599749_m1), Areg
(Mm01354339_m1), Ppargc1a (Mm01208835_m1), Csf2 (Mm1290062), Cxcl1 (Mm04207460), and Il16
(Mm00446190).

Statistical analyses. The unpaired two-tailed t test was performed in GraphPad Prism to determine
P values. Error bars on all graphs, representing standard deviations, were also calculated in GraphPad
Prism.

Senescence-associated �-galactosidase staining. Kidney tissue was flash frozen and embedded in
OCT compound. The tissue was sectioned (5 �m) onto slides by the University of North Carolina (UNC)
Tissue Procurement Facility and fixed in phosphate-buffered saline (PBS) (pH 6.0) containing 2%
formaldehyde and 0.2% glutaraldehyde for 10 min. Slides were then rinsed in PBS (pH 6.0) and stained
in a PBS (pH 6.0) solution with 0.005 M ferricyanide, 0.005 M ferrocyanide, 0.001 M MgSO4, and 1 mg/ml
X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) at 37°C overnight. Slides were rinsed in water
and then dipped in eosin for �5 min, rinsed in water, and dehydrated using 95% ethanol (3 times; 2 min
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each), 100% ethanol (3 times; 2 min each), and Histo-Clear (3 times; 2 min each). Slides were then covered
with coverslips in Permount solution and dried. Tissue sectioning was performed by the UNC Tissue
Procurement Facility. Images were scanned using an Aperio ScanScope by the UNC Translational
Pathology Laboratory (TPL) Core Facility.

Histology. Tissue (5 �m) was sectioned onto slides. Hematoxylin and eosin (H&E) and Masson’s
trichrome staining was performed by the UNC Center of Gastrointestinal Biology and Disease Histology
Core Facility. Ki67 and Yap (4912S; Cell Signaling) staining was performed by the UNC TPL Core Facility.
Vimentin (ab92547; Abcam), Cd3 (A0452; Dako), phospho-Stat3 (9145S; Cell Signaling), and Col1a1
(ab34710; Abcam) staining was performed by the UNC Animal Histology Core Facility. All images were
scanned using an Aperio ScanScope by the UNC TPL. Quantifications were performed using ImageJ.

Reagents for animal studies. (i) Tamoxifen. Conditional activation of Cre recombinase was induced
by oral administration of tamoxifen (Sigma). Tamoxifen (100 mg) was resuspended in 100 �l of ethanol,
followed by the addition of 1 ml of sunflower oil, to a final concentration of 100 mg/ml. The solution was
sonicated at 4°C in a water bath sonicator until the tamoxifen was completely dissolved. Animals (8 to
9 weeks old) were administered 50 �l (5 mg) of tamoxifen solution per day for 3 consecutive days by oral
gavage.

(ii) AA. Aristolochic acid (AA) was suspended in 120 �l of dimethyl sulfoxide (DMSO) and then 880
�l of PBS (pH 7.4), to a final concentration of 2 mg/ml. The AA solution was administered to mice by
intraperitoneal injection at a dosage of 5 mg/kg of body weight. Tissue was extracted for analysis 1 week
after AA injection unless stated otherwise.

(iii) VP. VP was resuspended in 100 �l DMSO and then 900 �l PBS (pH 7.4), to a final concentration
of 10 mg/ml. The VP solution was vortexed vigorously for at least 20 min immediately prior to use. Mice
were administered VP by intraperitoneal injection at a dosage of 100 mg/kg.

BUN and creatinine analyses. Blood was collected into EDTA-free tubes. Plasma was isolated by
centrifugation for 10 min at 2,000 � g. Blood urea nitrogen (BUN) and creatinine levels were assessed by
the UNC Animal Clinical Chemistry and Gene Expression Laboratory Core Facility.
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