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Abstract

Deregulation of the tumour suppressor PTEN occurs in lung and skin fibrosis, diabetic and
ischaemic renal injury. However, the potential role of PTEN and associated mechanisms in the
progression of kidney fibrosis is unknown. Tubular and interstitial PTEN expression was
dramatically decreased in several models of renal injury including aristolochic acid nephropathy
(AAN), streptozotocin (STZ)-mediated injury and ureteral unilateral obstruction (UUO),
correlating with Akt, p53 and SMAD3 activation and fibrosis. Stable silencing of PTEN in HK-2
human tubular epithelial cells induced dedifferentiation and CTGF, PAI-1, vimentin, a-SMA and
fibronectin expression compared to HK-2 cells expressing control shRNA. Furthermore, PTEN
knockdown stimulated Akt, SMAD3 and p535€"1> phosphorylation with an accompanying
decrease in population density and an increase in epithelial G cell cycle arrest. SMAD3 or p53
gene silencing or pharmacological blockade partially suppressed fibrotic gene expression and
relieved growth inhibition orchestrated by deficiency or inhibition of PTEN. Similarly, shRNA
suppression of PAI-1 rescued the PTEN loss-associated epithelial proliferative arrest. Moreover,
TGF-B1-initiated fibrotic gene expression is further enhanced by PTEN depletion. Combined
TGF-B1 treatment and PTEN silencing potentiated epithelial cell death via p53 dependent
pathways. Thus, PTEN loss initiates tubular dysfunction via SMAD3- and p53-mediated fibrotic
gene induction with accompanying PAI-1 dependent proliferative arrest, and cooperates with
TGF-B1 to induce the expression of profibrotic genes and tubular apoptosis.
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Introduction

Chronic kidney disease (CKD), estimated to affect 8—16% of the world population, has
become a major public health burden largely due to the continued increase in diabetes,
hypertension and other risk factors such as acute or toxic-renal injury (1-3). Renal fibrosis is
marked by tubular injury/epithelial growth arrest/death, interstitial expansion, persistent
inflammation and excess deposition of extracellular matrix (ECM) proteins leading to
nephron loss and chronic renal insufficiency (4-6). While TGF-B1 and angiotensin Il are
widely regarded as key orchestrators of kidney fibrosis regardless of initial insult (7,8),
effective treatment to halt the progression of CKD and organ failure is largely lacking (9).
Thus, identification of novel fibrotic factors and their cross-talk with established mediators
of renal disease progression is of critical importance.

Phosphate Tensin Homologue on Chomosome 10 (PTEN), the principle negative regulator
of the PI3K pathway and Akt activation is a tumour suppressor that is lost or mutated in
various malignancies (10,11). Recent studies suggest a role for PTEN in the progression of
tissue fibrosis. PTEN deficiency is characteristic of idiopathic pulmonary fibrosis (IPF) and
genetic ablation of PTEN in the alveolar epithelium promotes lung fibrosis via Akt
activation and increased epithelial dedifferentiation/ plasticity (12,13), a phenotype that is
associated with cancer progression and organ fibrosis (14). Similarly, PTEN loss in dermal
fibroblasts is sufficient to drive skin fibrosis and increase myofibroblast activation in mice
(15). Attenuation of PTEN expression is also evident in glomeruli of the diabetic kidney
promoting glomerular hypertrophy via Akt dependent pathways (16). In the setting of
ischaemic renal injury, tubular PTEN down-regulation correlated with epithelial
dedifferentiation (17). Glucose, moreover, decreased PTEN expression in mesengial cells
(18). Definition of molecular pathways downstream of PTEN consequent to renal injury
may not only provide a rationale for context-dependent phenotypic effects but also lead to
the identification of novel targets to suppress the aberrant tissue repair response associated
with PTEN dysregulation. Underscoring this approach is the fact that currently there are no
pharmacological tools to rescue PTEN expression as an “anti-fibrotic” therapy.

TGF-B1 is an established inducer of genes encoding fibrotic effectors, the most prominent of
which are PAI-1, CTGF, collagen-1 and fibronectin (19-22). TGF-B1 also mediates
epithelial cell cycle arrest, apoptosis and the progression of acute kidney injury to fibrosis
(23,24). Tumour suppressor p53, a master regulator of cell cycle arrest and death, regulates
ischaemic-, obstructive- and aristolochic acid-induced kidney injury and disease progression
(24-26). Furthermore, our recent studies established molecular interactions between p53 and
SMAD?2/3 transcription factors in orchestrating fibrotic renal responses (27,28). The
mechanistic link between p53 and PTEN in promoting a fibrotic phenotype in the context of
kidney injury, however, has not been explored. Furthermore, potential involvement of TGF-
B1/SMAD2/3 downstream of PTEN, particularly in the context of tubulo-interstitial injury
repair response is not clear.

This paper reports PTEN loss in both tubular and interstitial regions of UUO-, AAN- and
STZ-injured kidneys. PTEN deficiency or inactivation in HK-2 human tubular epithelial
cells also promotes epithelial dysfunction (fibrotic gene induction, epithelial cell cycle
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arrest, dedifferentiation) mediated by SMAD3-, p53- and Akt-dependent pathways.
Furthermore, PTEN knockdown or pharmacological inhibition also potentiates TGF-B1
initiated fibrotic gene changes as well as cell death.

Materials and Methods

Cell Culture and Reagents

Provided as Supplementary data.

Creation of Stable Cell Lines

HK-2 cells grown to 60-70% confluence in 10% FBS/DMEM were infected with PTEN or
control ShRNA lentiviral particles (Santa Cruz Biotechnology) in 5 ug/ml Polybrene
+10%FBS/DMEM overnight. Following a 24 hour recovery period in complete media, cells
stably expressing PTEN or control shRNA were split (1:3) in complete media containing
Puromycin (5 pg/ml) and medium changed every 3 days. PTEN silencing was confirmed by
western analysis. To generate HK-2 cultures with SMAD3, p53 or PAI-1 knock-down on a
PTEN-depleted background, PTEN shRNA stable cells (at 60-70% population density) were
re-infected with control or SMAD3, p53 or PAI-1 or control sShRNA lentiviral constructs
(Santa Cruz) as described above. p53, SMAD3 and PTEN double gene silencing was
confirmed by immuno-blot analysis. To generate proximal tubular epithelial cells with
PTEN overexpression, confluent HK-2 cells were infected with PTEN human ORF cDNA
or control Lentifect lentiviral particles (GeneCopoeia) as above followed by a one day
recovery period in complete media. Stable PTEN overexpressing cells were selected with
Puromycin (5 pg/ml)+10%FBS/DMEM. Clones with modest PTEN overexpression were
used for our experiments.

Unilateral Ureteral Ligation (UUO) in Mice

UUO and sham operations (in C57BI/6 mice) were approved by the Experimental Animal
Ethics Committee of the University of Utrecht. Briefly, mice were anaesthetized (by
isoflurane inhalation) and a small incision made in the flank under aseptic conditions; the
left ureter was exposed and ligated with two 5-0 silk sutures. Controls included sham-
operated and the contralateral kidneys. Animals were euthanized 14 days postoperatively.

Aristolochic Acid-Induced Nephropathy (AAN) in Mice

As described previously (29), C57BI/6 male mice received an intraperitoneal injection of
aristolochic acid sodium salt (5 mg/kg body weight dissolved in distilled water; Sigma-
Aldrich) once a day for 5 consecutive days or NaCl vehicle (control animals) alone. Both
groups were sacrificed 25 days after the initial injection by ketamine—xylazine—atropine. An
enzymatic assay (J2L Elitech, Labarthelnard, France) was used for assessments of urinary
creatinine levels in mice to confirm renal injury. The experimental Animal Ethics
Committee of the University of Utrecht approved all AAN protocols.
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Streptozotocin (STZ) Model of Renal Injury in Mice

This procedure was described previously (29) and performed with the approval of the
Experimental Animal Ethics Committee of the University of Utrecht. C57BI/6 mice (which
included both male and female) were given a single intraperitoneal injection of 200 mg/kg
streptozotocin (STZ; 30 mg/ml dissolved in 100 mM sodium citrate buffer, pH 4.5) (Sigma-
Aldrich). Animals injected with sodium citrate buffer alone served as controls.
Hyperglycaemia was determined 3 days after injection by measurement of blood glucose
levels (Medisense Precision Xtra; Abbott, Bedford, IN). Non-responders were injected with
a second dose of STZ. Animals had the continuous access to standard laboratory chow with
daily addition of mash food. Prior to the induction of diabetes average blood glucose levels
were at 8 mmol/L and 3 days after STZ injection average blood glucose levels rose to
>20mmol/L. Slow release insulin pellets (Linshin, Scarborough, Canada) were implanted to
animals 5 days after STZ injection. Blood was collected by cheek puncture for glucose
measurement at 1, 3, and 6 months. Mice were sacrificed 26 weeks after induction of
diabetes.

gRT-PCR Analysis

Total RNA was isolated from the renal cortex using TRIzol extraction reagent (Life
technologies, Carlsbad, USA). ug of RNA was reverse transcribed to cDNA using standard
procedures. Expression of target genes was determined using commercially available pre-
designed TagMan probes (Pten, Mm00477208_m1; Thp, Mm00446971_m1; Life
technologies, Carlsbad, USA). Samples were run on the Lightcycler 480 (Roche, Basel,
Switzerland) and relative expression was determined using the AACT method. GeNorm
determined the TATA box binding protein (TBP) to be the most stable reference gene in our
experiment setup.

PAI-1 Promoter (Luciferase Reporter) Analysis

This procedure was performed as described previously (27,28).

Immunoblotting

Details in Supplementary Methods.

Co-Immunoprecipitation

Described in Supplementary Methods.

Immunohistochemistry

Detailed in Supplementary Methods.

Morphometric analysis

This procedure is detailed in the Supplementary Methods.

Cell cycle analysis

Control shRNA and PTEN shRNA expressing HK-2 cells were grown in serum containing
media supplemented with Puromycin for 2-3 days. Following harvest with trypsin, cells
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were incubated with soybean trypsin inhibitor, washed twice in PBS and fixed in 95%
ethanol for 1 hour. Cultures were washed in PBS twice, incubated with RNaseA (20 pl/ml)
and propidium iodide (2.5 pg/ml) in PBS/Triton-X 100 for 2 hours in the dark. Cell cycle
distributions were measured using a FACS Calibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) and analyzed with FlowJo software.

Statistical Analysis

Results

Statistical differences were evaluated using ANOVA with Tukey post-hoc analysis and two-
tailed Student’s t-test. A p value of <0.05 considered significant and P values of <0.05,
<0.01 or <0.001 are presented in individual histograms as asterisks, double asterisks and
triple asterisks, respectively.

Loss of PTEN expression in several models of renal injury and fibrosis

We utilized UUO-, AAN- and STZ-mediated renal damage as mouse models to investigate
potential involvement of PTEN in the progression of renal injury and fibrosis. UUQ is a
widely used mouse model to mimic obstructive uropathy, which is a common cause of CKD
in children (30). AAN is a form of renal failure due to consumption of herbals containing
aristolochic acid (AA) in China (31). STZ-treatment in mice leads to diabetic nephropathy,
which accounts for nearly 50% of CKD cases in the US (1-3).

Western blot analysis of the sham (Sham), contralateral (Contra) and obstructed mouse
(UUQ; day 14) kidneys revealed a dramatic loss in PTEN expression (Fig. 1A&B; P<0.01
vs contra or sham) while PAI-1 (Fig. 1A&C; P<0.01 vs contra or sham), pPSMAD3 (Fig.
1A&D; p <0.01 vs contra or sham), a-SMA (Fig. 1A&E; P<0.01 vs contra or sham) and p-
p535€r15 (Fig. 1A&F; P<0.01 vs contra or sham) levels were dramatically increased in the
ligated kidney relative to the sham or contralateral controls consistent with the loss of PTEN
expression in renal fibrosis. Immunostaining using two specific antibodies against PTEN
[rabbit-anti PTEN antibody (Fig. SLA&B; P<0.001)] and [mouse anti-PTEN antibody (Fig.
S1C&D; P<0.001)] further confirmed a decrease in immunoreactive PTEN while pAKT
(Fig. S1E) and total p53 levels (Fig. SIF&G; P<0.001) are increased in the fibrotic kidney
in both the tubular and interstitial regions compared to contralateral counterparts.
Interestingly, PTEN mRNA abundance between contralateral and UUO kidneys remained
statistically insignificant, suggesting that PTEN loss is likely to occur at post-transcriptional/
translational levels (Fig. S1H).

In AA- and STZ-treated mice, there is also a dramatic decline (90% and 70%, respectively)
in PTEN levels in the tubulo-interstitial region relative to vehicle-treated control kidneys,
which are NaCl for the AAN model (Fig. 2A&B; P<0.001) and sodium citrate for the STZ
model (Fig. 2C&D; P<0.001). Loss of PTEN expression, moreover, correlated with
increased expression of fibrosis marker fibronectin in both injury models (Fig. 2E for AAN
and Fig. 2F for STZ), suggestive of a broader role for PTEN deregulation in renal tissue
injury and maladaptive repair.
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Targeted knockdown or inhibition of PTEN in HK-2 renal epithelial cells promotes cell
cycle arrest, dedifferentiation and profibrotic gene expression

Stable gene silencing was utilized to investigate the phenotypic consequences of PTEN loss
in HK-2 tubular epithelial cells and to mimic the loss of PTEN expression in damaged renal
tubules in several kidney injury models (Figs. 1-2 & Fig. S1). PTEN gene depletion resulted
in pAkt activation as expected while total Akt levels were unaffected (Fig. 3A). There is a
substantial decrease (>37%; p <0.01) in population density in HK-2 cells with PTEN stable
silencing compared to control shRNA-expressing cultures at day 3-5 (Fig. 3B&C). Flow
cytometry reflected an accompanying increase in G1 and a decline in S phases of the cell
cycle in PTEN shRNA transductants relative to control ShRNA-expressing cells, suggesting
arole for PTEN in epithelial cell growth arrest (Fig. 3D). PTEN depletion in HK-2 cultures
also promotes a 4-fold increase (black bars; P<0.001) in cells with an elongated morphology
with a parallel decrease in the cuboidal phenotype (grey bars; P<0.001) compared to the
control ShRNA population (Fig. 3E). PTEN shRNA expressing HK-2 cultures maintained in
low serum (0.1% FBS) for 3-5 days upregulated CTGF (Fig. 3F&G; 12-fold; P<0.01),
PAI-1 (Fig. 3F&H; 4-fold; P<0.05), fibronectin (Fig 3F&I; p <0.05), a-SMA, vimentin, p21
and TGF-B1 receptor Il (RII) (Fig. 3F) expression compared to control sShRNA cultures,
confirming a role for PTEN deficiency in the induction of fibrotic genes and epithelial
dedifferentiation. Similarly, inhibition of PTEN with VO induced an elongated morphology
and a reduction in cell number ((Fig. 3J&K) compared to DMSO treated control cultures,
which retained epithelial morphology. VO treatment, indeed, promotes AKT
phosphorylation, consistent with PTEN inactivation (Fig. 3L). Preincubation of HK-2 cells
with the Akt inhibitor, MK-2206 prior to VO stimulation not only suppressed pAKT
activation (Fig. 3L) but also eliminated the VO-mediated decrease in cell number and
induction of fibroblast morphology (Fig. 3J&K), suggestive of Akt function downstream of
PTEN in modulating phenotypic changes.

SMADS3 activation downstream of PTEN absence promotes epithelial dysfunction

Given the involvement of the SMAD pathway in mediating growth suppressive effects in
cancer (23) and renal fibrotic properties in response to TGF-p1 and angiotensin Il (4-9,21),
the role of SMAD3 downstream of PTEN loss was evaluated with regard to fibrosis marker
expression, epithelial dedifferentiation and proliferative arrest. Stable silencing of PTEN in
HK-2 cells, indeed, promoted a >5-fold increase in SMAD3 phosphorylation compared to
mock transduced cultures (con shRNA) (Fig. 4A&B; P<0.01). To evaluate the SMAD3
pathway downstream of PTEN loss, cells with PTEN stable silencing were re-infected with
SMAD3 shRNA [i.e., (PTEN+SMAD3) shRNA] or control shRNA [termed (PTEN+con)
shRNA] lentiviral vectors (Fig. 4C). Expression of fibronectin, vimentin and PAI-1 (Fig.
4C&D), readily evident in (PTEN+con) shRNA cultures, are significantly diminished in
dual PTEN and SMAD3 depleted cells [PTEN+SMAD3) shRNA] (Fig 4C), suggestive of
SMADZ3 effector function downstream of PTEN in orchestrating fibrotic gene changes.
Elongated morphology evident in (PTEN+Con) shRNA HK-2 cells is also significantly
decreased (>65%) in PTEN+SMAD3 knockdown cells (Fig. 4E; P<0.05) suggesting that
epithelial dedifferentiation driven by loss of PTEN is SMAD3 dependent. These data are
consistent with diminished expression of vimentin in (PFTEN+SMAD3) shRNA cells relative

J Pathol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samarakoon et al.

Page 7

to (PTEN+con) shRNA cultures (Fig. 4C). HK-2 cells with dual PTEN and SMAD3
silencing are more proliferative both at day 3 and day 5 compared to (PTEN+con) sShRNA
cells (Fig. 4F; P<0.05 and P<0.01 respectively) confirming that PTEN-loss induced
epithelial growth inhibition is orchestrated, at least in part, by SMAD3. Furthermore,
elongated morphology and proliferative arrest characteristic of the PTEN inhibitor VO-
treated HK-2 cells is effectively blocked by preincubation with the SMAD3 inhibitor, SIS3
(Fig. 4G) further placing SMAD3 downstream of PTEN inhibition in promoting phenotypic
transitions in renal epithelial cells. pAkt, pPSMAD3 and fibronectin expression evident in
PTEN shRNA expressing cells were significantly diminished by the pre-incubation of an
Akt inhibitor, MK-2206 (Fig. 4H). Similarly, growth inhibition observed in PTEN depleted
HK-2 cells is also relieved by MK-2206 treatment (Fig 41), suggestive of an upstream role
of PTEN loss mediated Akt activation in pPSMAD3 dependent fibrotic responses.

Involvement of p53 in PTEN-mediated fibrotic responses

p53, an established regulator of cell cycle arrest, mediates the progression of kidney injury
to fibrosis (24,26). PTEN loss correlated with increased p53 activation and expression
suggestive of a functional involvement between PTEN and p53 in renal disease progression
(Fig. 1 & Fig. S1). PTEN depletion in HK-2 renal epithelial cells resulted in > 4-fold
increase in p53%€"15 phosphorylation compared to control sShRNA cells (Fig. 5A&B;
P<0.05). p53 and SMAD3 interactions and complex formation were previously implicated
as critical for TGF—B1 mediated PAI-1 promoter activation (28). Immuno-precipitation
analysis demonstrated increased interactions between endogenous pPSMAD?2/3 and p53 (Fig.
5C; left panel) and simultaneous activation of both p53 and pSMAD2/3 was evident in input
lysates (Fig. 5C; right panel) in PTEN-depleted epithelial cells relative to con shRNA cells.
To evaluate p53 as a downstream effector of PTEN, early passage PTEN stably silenced
HK-2 cells were virally transduced with p53 or control ShRNA expression constructs.
Immuno-blot analysis confirmed silencing of both PTEN and p53 expression [termed
(PTEN+p53) shRNA cells] while PTEN shRNA cells transduced with control vector
[(PTEN+con) shRNA] retained p53 expression (Fig. 5D). Cell density evaluations of (PTEN
+con) and (PTEN+p53) shRNA cells confirmed the role of p53 activation in epithelial
proliferative arrest imposed by PTEN absence as HK-2 cells with dual silencing of PTEN
and p53 cells reached significantly higher cell numbers compared to (PTEN+con) shRNA
cultures (Fig. 5E; P<0.001). Moreover, the VO-mediated decrease in cell number in HK-2
cells can be blocked by pre-incubation with the p53 inhibitor Pifithrin-a prior to adding VO,
as assessed by Crystal Violet staining (Fig. 5F) and cell count analysis (Fig 5G), further
suggesting that p53 is a downstream target of PTEN loss or inactivation.

PAI-1 induction is causatively linked to epithelial growth inhibition orchestrated by PTEN

loss

Elevated PAI-1 levels contribute to kidney disease progression as mice with PAI-1
deficiency are largely protected from injury induced (e.g., UUO) renal fibrosis (19,27). Loss
of PTEN expression correlated with increased PAI-1 levels in the obstructed kidney (Fig. 1)
and PTEN knockdown in HK-2 cells promoted PAI-1 expression (Fig. 3). The role of PAI-1
in the context of PTEN loss initiated epithelial dysfunction (i.e., growth arrest, fibrotic factor
secretion), however, is unknown. Silencing of PAI-1 expression in HK-2 cultures by PTEN
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gene knockdown [termed (PTEN+PAI-1) shRNA] exhibited higher population densities
relative to PTEN-deficient cells infected with the control vector [(PTEN+con) shRNA] as
assessed by Crystal Violet staining (Fig. S2A) and cell count after 3 days (Fig. S2B; P <
0.05). Increased density evident in (PTEN+PAI-1) shRNA cultures is comparable to that of
cells with stable silencing of both p53 and PTEN expression (Fig. S2A & Fig. 5E).
Furthermore, PCNA expression is significantly higher in both (PTEN+PAI-1) shRNA and
(PTEN+p53) shRNA-expressing HK-2 cells compared with equally seeded (PTEN+con)
shRNA cultures while the growth arrest marker p21 expression showed the opposite pattern
(Fig. S2C), demonstrating that depletion of p53 or PAI-1 levels leads to a by-pass of cell
growth inhibition triggered by PTEN loss in HK-2 cells. Elevated PAI-1 expression evident
in (PTEN+con) shRNA cultures is decreased (>50%) in (PTEN+p53) shRNA cultures
suggesting a role for p53 in mediating fibrotic gene induction (Fig. S2C&D; P<0.05).
Moreover, (FTEN+Con) shRNA cells are more susceptible to cell death due to nutrient
deprivation (induced by serum withdrawal at high confluence) than (PTEN+p53) shRNA
(Fig. S2E) and (PTEN+PAI-1) shRNA (Fig. S2F) cells, suggesting that p53 and PAI-1
activation downstream of PTEN orchestrates the epithelial injury response to cellular stress.

PTEN loss cooperates with TGF-B1 in promoting fibrotic gene expression and epithelial
cell apoptosis

Concurrent loss of tubulo-interstitial PTEN expression and elevated pSMAD3 signaling in
the obstructed kidney necessitated an investigation of potential cross-talk between the TGF-
B1 pathway and PTEN in renal epithelial cells and fibroblasts (Fig. 1). Indeed, TGF-$1-
induced fibronectin (Fig. S3A&B; P<0.01), PAI-1 (Fig. S3A&C; P<0.05) synthesis and
pSMAD3 phosphorylation (Fig. S3A&D; p <0.05), CTGF and vimentin (Fig. S3A) in mock-
transduced (con shRNA) cultures is further enhanced in HK-2 cells with stable PTEN
knockdown. Similarly, PTEN inactivation by VO pretreatment prior to TGF-B1 stimulation
further enhanced PAI-1 and a-SMA expression relative to TGF-B1 treated NRK-49F renal
fibroblasts (Fig. S3E). Since TGF-B1 induced PAI-1 expression is dependent on
transcription (28), we determined whether PTEN and TGF-f31 cross-talk occurs at the level
of PAI-1 transcription as well. Mv1Lu cells stably expressing an 800 bp PAI-1 promoter
linked to a luciferase reporter (Mv1Lu-800bp-Luc cells) were pretreated with VO to
inactivate PTEN prior to TGF-B1 addition. TGF-B1-mediated luciferase reporter activation
was further enhanced by PTEN inactivation (Fig. S3F; P<0.001). Moreover, modest
overexpression of PTEN (~2.5-fold) by viral transduction significantly suppressed TGF-f1
induced PAI-1 expression and SMAD3 activation compared to HK-2 cells expressing the
control vector (Fig. S3G), suggesting that PTEN could negatively impact TGF-31/SMAD3
driven target gene expression.

Tubular cell death and growth arrest are hallmarks of renal injury and significant
contributors to disease progression (4-6). TGF-B1, a potent growth inhibitor in certain
circumstances, could also promote apoptosis although the associated molecular mechanisms
in renal pathology are not well understood. TGF-B1 also potentiates cell death induced by
staurosporine in renal epithelial cells (32). To evaluate long-term effects of TGF-1
stimulation in PTEN-deficient epithelial cells, confluent PTEN- or con sShRNA-expressing
HK-2 cells were maintained with or without TGF-p1 stimulation for 5-7 days. TGF-1
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treatment or PTEN loss resulted in modest cell death or a reduction in attached cells at days
5-7 (Fig. S4A-C). TGF-p1-treated PTEN shRNA cultures, in sharp contrast, underwent
massive cell death with complete lifting of the cell monolayer at day 7 (Supplementary Fig.
S4A&B; P<0.001); phase contrast microscopy at day 5 confirms higher cell death rates
readily evident in these cultures (Fig. S4C) as well as increased cleaved caspase 3
expression (Fig. S4D), suggesting cooperativity between TGF-f31 treatment and PTEN loss
in promoting apoptosis. Comparison of similarly confluent HK-2 cells with dual PTEN+p53
depletion to (PTEN+con) shRNA cultures stimulated with TGF-f1 suggests that PTEN
+TGF-B1-initiated cell death is mediated, at least in part, by p53 as (PTEN+p53) shRNA
cultures are protected from apoptosis, unlike (PTEN+con) shRNA cultures which underwent
cell death in response to cytokine stimulation (Fig. SAE&F).

Discussion

Using UUO-, AAN- and STZ-induced kidney injury as mouse models, this study
demonstrates that tubulo-interstitial expression of PTEN is dramatically decreased in the
diseased kidney relative to the respective control kidneys. Normal kidneys exhibit
significant tubular expression of PTEN supporting the contention that PTEN is a marker of
epithelial integrity and differentiation. Stable silencing of PTEN in renal tubular epithelial
cells promotes not only cellular dedifferentiation (marked by the acquisition of a
fibroblastoid appearance and the induction of mesenchymal genes including vimentin and
a—SMA) but also results in G1 cell cycle arrest and induction of fibrosis-causative factors
(e.g., CTGF, fibronectin and PAI-1), leading to maladaptive tubular repair. Accordingly,
loss of PTEN expression in the damaged tubules correlated with increased fibrosis in the
obstructed kidney.

The present study identified novel causative roles for SMAD3 and p53 activation (in
addition to Akt involvement) downstream of PTEN in promoting tubular dysfunction via
SMAD3/p53-dependent secretion of fibrotic factors and the induction of epithelial
proliferative arrest as well as SMAD3-dependent epithelial dedifferentiation. The loss of
PTEN expression, in fact, correlated with increased p-p535€r> and pPSMAD3 levels in the
fibrotic UUO kidney. These observations have certain parallels to the molecular events of
prostate cancer development where cancer initiation by PTEN ablation in mouse prostate is
associated with SMADZ2/3 activation and increased p53 expression with subsequent
establishment of a senescence barrier against tumourigenesis (33,34). PTEN loss in other
neoplasms, however, promotes AKT-mediated cancer growth suggesting that downstream
effectors such p53 activation critically regulates eventual cell growth/inhibitory and fibrotic
phenotype.

Our study also demonstrates that PAI-1 induction by PTEN depletion is linked to
proliferative arrest in HK-2 cells highlighting a novel role for this serine protease inhibitor
in renal tubular growth restriction. Expression of PAI-1 in this scenario is mediated by
SMAD3/ p53-driven mechanisms, confirming the upstream role of these factors in
promoting PAI-1-dependent proliferative arrest. These findings are in agreement with prior
reports that (a) PAI-1 mediates TGF-B1-driven proliferative arrest in human keratinocytes
(35), (b) SMAD3 and p53 are required for PAI-1 transcription by TGF-B1 in renal epithelial
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cells (28), (c) there is extensive tubular co-localization of PAI-1, SMAD3 and p53
expression in the damaged UUO kidneys (27) and (d) mice with transgenic PAI-1
overexpression subjected to UUO have exacerbated tubular/renal injury and fibrosis
compared to normal mice (36). The precise mechanism by which PAI-1 regulates cell cycle
progression is currently under investigation.

PTEN loss, moreover, leads to hyper-induced expression of certain TGF-B1 target genes,
including fibronectin, CTGF, PAI-1 and vimentin in HK-2 cells. Cooperation between TGF-
1 and PTEN is also evident in tubular epithelial apoptosis. PTEN-depleted HK-2 cells, but
not mock-transduced control cultures, subjected to prolonged TGF-B1 exposure underwent
extensive cell death via p53-associated mechanisms. This suggests that loss of tubular PTEN
expression in the context of elevated TGF-p1/SMAD signaling, as evident during kidney
fibrosis (Fig. 1) could be causatively linked to nephron loss and excess extracellular matrix
remodeling (Fig. 6).

The precise mechanisms of loss of PTEN expression during renal injury are not clear
although TGF-B1-induced micro-RNAs including mir-192 suppressed PTEN levels during
diabetic renal injury leading to podocyte hypertrophy (16) while mir-21-targeted PTEN
expression promoted plasticity in epithelial cells (37). These findings are consistent with our
observations that PTEN deregulation occurs at the level of post-transcription/translation as
PTEN transcript levels between contralateral and UUO kidneys are statistically insignificant
(Fig. S1).

Collectively, this study shows that PTEN loss in tubular cells initiated a series of events
resulting in epithelial dedifferentiation, expression of a subset of fibrotic factors and growth
arrest while PTEN inactivation promotes a proliferative phenotype in renal fibroblasts.
These findings also suggest that simultaneous targeting of the p53 and SMAD3 pathway
may be an attractive strategy to restrict the development of PTEN loss-initiated tubular
dysfunction and progression of renal fibrotic lesions.
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TGF-B1 transforming growth factor-f1
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Figure 1. Correlation of loss of PTEN expression with renal fibrosis induced by ureteral ligation
Western blot analysis for PTEN (A&B), PAI-1 (A&C) pSMAD3 (A&D), a-SMA (A&E),

p-p535¢r15 (A&F) SMAD3 and GAPDH (a loading marker) expression levels in sham,
contralateral (Contra) and obstructed (UUQ) mouse kidneys at day 14 (n=3-5 for each
condition). Histograms (meanzs.d) (B—F) depict relative expression of the markers
indicated. P-values: *P < 0.05 and **P < 0.01 as indicated between UUO and contralateral

or sham controls.
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Figure 2. Tubulo-interstitial loss of PTEN in aristolochic acid nephopathy (AAN) and
streptozotocin-induced nephropathy (STZ)

Immunostaining of kidneys from mice treated with aristolochic acid (AA; 5 mg/kg for 25
days) or NaCl vehicle (A) and renal sections from mice injected with STZ or control Na
citrate buffer with anti-rabbit antibodies to PTEN (C). Histograms illustrate relative DAB
staining indicative of PTEN levels in the AAN and STZ kidneys (meanzs.d) in B and D,
respectively; DAB intensities for respective vehicle-treated kidneys (controls) were set as 1.
***P < (0.001 versus NaCl vehicle (for AAN), ***P < 0.001 versus Na citrate buffer (for
STZ). IHC was repeated multiple times in different mice and representative images were
shown. Scale bar= 90uM. Relative assessments NaCl vehicle and AAN-treated and Na
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citrate vehicle and STZ-treated kidney lysates for of fibronectin and GAPDH expression in
shown in E & F respectively. N=3 animals for AAN as well as for STZ experiments.
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Figure 3. Gene silencing and inhibition of PTEN expression in HK-2 tubular epithelial cells
promotes G1 arrest, morphological transition and profibrotic gene expression

PTEN and control (Con) sShRNA expressing cultures were assessed for PTEN, pAkt and
total Akt expression levels by western analysis (A). Crystal Violet staining of equally-
seeded HK-2 cells with stable PTEN knockdown or control ShRNA in complete media for
3-5 days (B). Cell number for each experimental condition was determined in triplicate
(meanzs.d) and is shown in (C), setting control shRNA as 1. **P < 0.01. Propidium iodide
staining followed by flow analysis of PTEN and Con shRNA expressing cells grown in
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complete media for 2-3 days was utilized to assess cell cycle distribution (D). Insets in each
histogram highlight the percentages of G1, S, and G2/M phase cells for Con shRNA or
PTEN-knockdown cultures. The histogram illustrates the relative changes in morphology
(e.g., elongated [i.e., fibroblastoid], cuboidal or neither) in PTEN or control (Con) sShRNA
expressing cells after 3-5 days as a percentage of total population (means.d) (E). ***P <
0.001 for both elongated and cuboidal morphology changes. Sub-confluent Con and PTEN
shRNA expressing cell cultures were maintained in low serum (0.1%) for 3-5 days and
extracted lysates analysed by western blotting with antibodies to CTGF (F&G), PAI-1
(F&H), fibronectin (F&I), a—SMA, vimentin, p21, TGF-f1 Rl and RIl and GAPDH (a
loading control) (F). The histogram (meanzs.d) depicts a summary of three independent
assessments of the relative expression of CTGF (F), PAI-1 (H) and fibronectin (1) in PTEN
depleted cells setting the levels of control shRNA cells as 1. *P < 0.05, **P < 0.01. VO-
OHpic trihydrate (VO) treatment was utilized to inhibit PTEN expression in HK-2 cells.
Crystal Violet staining of VO-treated (1uM for 48 hours) or DMSO control HK-2 cells with
or without Akt inhibitor pretreatment (J). Scale= 200uM. Cell count analysis for each
experimental condition in triplicate (means.d) is shown in (K) setting DMSO control as 1.
*P < 0.05, **P < 0.01, as indicated between groups. Western analysis of DMSO/control,
Akt inhibitor-MK-2206 (1nM)-, VO- and MK-2206+VO-treated cultures for pAKT and
actin expression is presented in (L). MK=MK-2206.
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Figure 4. SMAD3 activation in response to PTEN loss in tubular cells promotes growth
inhibition and fibrotic markers

Control and PTEN shRNA expressing cells were serum deprived for 2-3 days and lysate
extracts subjected to western analysis with PTEN, pPSMAD3 and total SMAD3 antibodies
(A). A summary of 3 independent experiments (meanzs.d) for relative pPSMAD3 levels in
PTEN-depleted cultures relative to control ShRNA (set as 1) is presented in the graph (B).
**P < 0.01. Early passage PTEN- depleted HK-2 cultures stably expressing SMAD3 shRNA
[(PTEN+SMAD3) shRNA)] or control sShRNA [(PTEN+Con) shRNA)] were serum-
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deprived for 3 days. Extracts of (FTEN+Con) shRNA or (FTEN+SMAD3) shRNA cells
were western blotted with antibodies to SMAD3, fibronectin, PAI-1 (C&D), vimentin or
GAPDH (C). The histogram (E) depicts percentage of cells (meanzs.d) with fibroblast/
elongated morphology for (PTEN+ Con) shRNA and (PTEN+SMAD3) shRNA cultures as
determined by triplicate assessments for each group. *P < 0.05. Equally seeded (20,000
cells) (FTEN+Con) shRNA or (PTEN+SMAD3) shRNA expressing cultures were grown for
3-5 days; the histogram is a plot of triplicate cell counts (meanzs.d) for each condition (F).
*P < 0.05 versus control ShRNA at day 3, **P < 0.01 versus control sShRNA at day 5. Inset
in (F) is the Crystal Violet images of indicated cultures. Semi-confluent (80%) HK-2 cells
were treated with the PTEN inhibitor VO (1 pM; 24-48hrs) or DMSO control with or
without preincubation with the SMAD3 inhibitor SIS3 (5uM) and stained with Crystal
Violet (G). Lysate extracts of semi-confluent PTEN shRNA expressing cells treated with
MK-2206 or vehicle for 3 days were immuno-blotted for pAkt, pSMAD3, fibronectin and
GAPDH expression (H). Crystal violet images of similarly confluent PTEN depleted cells
treated with DMSO vehicle or MK-2206 cells for 3 days (1). Scale=1000pM.
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Figure 5. p53 activation upon loss of PTEN contributes to defective epithelial growth and fibrotic

properties

Confluent PTEN or Con shRNA stably expressing cells were serum-deprived for 2-3 days
and lysates immuno-blotted with PTEN, p-p535¢'15 p53 and GAPDH antibodies (A). The
histogram (meanzs.d) in (B) is a summary of 3 independent experiments to assess p-
p535€r15 Jevels in PTEN depleted cells relative to control (Con) shRNA cultures (set as 1).
*P < 0.05. Equal lysate fractions derived from an identical set of control and PTEN shRNA
cultures were immuno-precipitated with a mouse anti-p53 antibody (2 ug) followed by
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western analysis with rabbit anti-pSMAD2/3 or rabbit anti-p53 antibodies (C). Input lysates
were western blotted for PTEN, pSMAD?2/3, p-p53€™5, p53 or GAPDH (a loading marker)
(C). Early passage PTEN shRNA cells were re-infected with p53 shRNA (termed PTEN
+p53 shRNA) or control shRNA (termed PTEN+Con shRNA) constructs. (PTEN+Con)
SshRNA or (PTEN+p53) shRNA stably-expressing cells were serum deprived for 3 days and
immuno-blotted for p53 or ERK2 (a loading marker) expression (D). Growth assessments
for equally seeded (20,000 cells) (PTEN+Con) shRNA- or (FTEN+p53) shRNA cultures
after 3 days; plot illustrates cell counts in triplicate cultures (meanzs.d) (E). ***P < 0.001
versus (PTEN+con) shRNA. Crystal Violet staining of confluent HK-2 cells pretreated with
the p53 inhibitor Pifithrin-a (10 uM; 18 hrs) prior to stimulating with VO (1 uM) for 24-48
hours is shown in (F). Triplicate cell count analysis for each experimental condition (mean
+s.d) relative to control (set as 1) is expressed in the plot (G). *P < 0.05, **P < 0.01.
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Figure 6. Model for PTEN and TGF-B1 Mediated Cross-talk in Renal Fibrosis
PTEN loss initiates Akt, SMAD2/3 and p53 signaling impacting fibrotic gene expression,

epithelial plasticity, epithelial cell growth arrest/death leading to tubular dysfunction and

nephron loss and myofibroblast accumulation, which are common elements of fibrotic
scarring and chronic kidney disease. In concert with TGF-B1, PTEN deficiency further

promotes fibrotic factor induction and epithelial cell death.
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