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The transient receptor potential channel C6 (TRPC6)
is a slit diaphragm-associated protein in podocytes
involved in regulating glomerular filter function.
Gain-of-function mutations in TRPC6 cause heredi-
tary focal segmental glomerulosclerosis (FSGS), and
several human acquired proteinuric diseases show
increased glomerular TRPC6 expression. Angiotensin
II (AnglD is a key contributor to glomerular disease
and may regulate TRPCG6 expression in nonrenal cells.
We demonstrate that Angll regulates TRPC6 mRNA
and protein levels in cultured podocytes and that An-
gll infusion enhances glomerular TRPC6 expression
in vivo. In animal models for human FSGS (doxoru-
bicin nephropathy) and increased renin-angiotensin
system activity (Ren2 transgenic rats), glomerular
TRPCG6 expression was increased in an Angll-depen-
dent manner. TRPC6 expression correlated with glo-
merular damage markers and glomerulosclerosis. We
show that the regulation of TRPC6 expression by An-
gll and doxorubicin requires TRPC6-mediated Ca®**
influx and the activation of the Ca®**-dependent pro-
tein phosphatase calcineurin and its substrate nuclear
factor of activated T cells (NFAT). Accordingly, cal-

cineurin inhibition by cyclosporine decreased TRPC6
expression and reduced proteinuria in doxorubicin
nephropathy, whereas podocyte-specific inducible
expression of a constitutively active NFAT mutant in-
creased TRPCG6 expression and induced severe pro-
teinuria. Our findings demonstrate that the deleteri-
ous effects of AnglIl on podocytes and its pathogenic
role in glomerular disease involve enhanced TRPCG6
expression via a calcineurin/NFAT positive feedback
signaling pathway. (4m J Patbol 2011, 179:1719-1732;
DOI: 10.1016/j.ajpath.2011.06.033)

The glomerular capillary filtration barrier consists of en-
dothelial cells, glomerular basement membrane (GBM),
and visceral epithelial cells or podocytes linked by the slit
diaphragm. The slit diaphragm is a complex of intercon-
nected proteins that connect podocyte foot processes,
which provides both physical linkage and a signaling unit
that regulates podocyte behavior.! Damage to the glo-
merular capillary filter, in particular at the level of the
podocyte and the slit diaphragm, is of crucial importance
in the pathophysiology of proteinuria.” Previously, the
transient receptor potential channel C6 (TRPC6) has
been identified as a novel slit diaphragm-associated pro-
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tein in podocytes.? Gain-of-function mutations in TRPC6
have been shown to cause autosomal dominant focal
segmental glomerulosclerosis (FSGS), and enhanced
podocyte expression of wild-type and mutant TRPC6
leads to glomerular damage.®®

TRP channels are involved in several renal processes
and diseases, ranging from tubular Ca®* and Mg®™" re-
absorption, through osmoregulation, to polycystic kidney
disease.®™® Podocytes express TRPCG, and co-immuno-
precipitation studies demonstrate that TRPC6 is associ-
ated with the slit diaphragm proteins nephrin and podo-
cin, suggesting that TRPC6 is involved in signaling
events at the slit diaphragm.?'° The slit diaphragm com-
plex is mechanically and functionally linked to the actin
cytoskeleton. Cytoskeletal rearrangement has been sug-
gested to underlie foot process effacement, which is a cru-
cial early event in the pathophysiology of proteinuria.* Sev-
eral gain-of-function TRPC6 mutations have been identified
in the TRPC6 encoding gene.® *'"'2 In addition, glomeru-
lar TRPC6 expression is increased in acquired human pro-
teinuric diseases, including nonfamilial FSGS and membra-
nous glomerulopathy.* Taken together, it is likely that
enhanced Ca®* influx due to an increased number of func-
tional TRPC6 channels at the cell surface and/or enhanced
channel activity compromises the structural integrity of the
podocyte, leading to proteinuria.

TRPCG6 is a receptor-operated cation channel, which
can be activated by angiotensin Il (Angll) through stim-
ulation of the angiotensin type 1 receptor (AT1R) and
secondary generation of diacylglycerol.>'3' Angll is a
key contributor to the pathogenesis of glomerular dis-
ease, and the antiproteinuric effects of angiotensin-con-
verting enzyme (ACE) inhibition and AT1R blockade are
undisputed.’®'® In nonrenal cells, Angll activates TRPC6
currents and enhances TRPC6 transcription.™ 178 |n
cardiomyocytes, Angll induces a TRPC6 and Ca®*-de-
pendent calcineurin/nuclear factor of activated T cells
(NFAT) positive feedback loop, leading to increased
TRPC6 transcription, driving cardiac hypertrophy.'*®
Podocytes also express both AT1R and AT2R, and Angll
has detrimental effects in podocytes.'® 161920 Angll in-
creases intracellular Ca®* levels and induces changes in
the actin cytoskeleton.?’™® When the AT1R is overex-
pressed in podocytes, transgenic rats develop podocyte
damage and glomerulosclerosis.?* Furthermore, the over-
expression of renin in mice induces podocyte damage and
proteinuria, pathological effects that can be ameliorated by
treating these transgenic animals with angiotensin receptor
blockers (ARBs).?® In analogy to cardiomyocytes, Angll-
induced Ca®"-calcineurin-NFAT-mediated transcription of
TRPC6 could also occur in podocytes; therefore, Angll
could cause an up-regulation of TRPC6 expression, which
results in elevated intracellular Ca®* levels in podocytes in
acquired proteinuric disease.

The aims of this study were to determine whether Angl|
regulates TRPC6 expression in podocytes, to gain insight
into the downstream effectors of Angll/TRPC6-mediated
signaling, and to evaluate its in vivo significance in exper-
imental proteinuric glomerular disease.

Materials and Methods

Animal Studies

Unilateral doxorubicin nephropathy was induced in rats
by temporary clipping of the left renal artery and vein,
followed by injection of 1.5 mg/kg of doxorubicin (Sigma-
Aldrich, Zwijndrecht, the Netherlands) via the tail vein.
After 12 minutes, when doxorubicin was cleared from the
circulation, the clamp was removed. Bilateral doxorubicin
nephropathy was induced by injection of 5 mg/kg of
doxorubicin. Animals were treated with the ARB L158,809
(150 mg per liter of drinking water) from week 6 to 12 after
induction of doxorubicin nephropathy. Additional animals
received the ACE inhibitor (ACEi) lisinopril (75 mg per
liter of drinking water) from week 6 to 18 after induction of
doxorubicin nephropathy. Cyclosporine (20 mg/kg; dis-
solved in 0.5 mL of olive ail) or vehicle (0.5 mL of olive oil)
was administered by daily oral gavage from week 4 to 6
after doxorubicin injection. For the Angll infusion studies,
Wistar rats received a continuous Angll infusion (435 ng/kg/
min) by subcutaneous osmotic minipumps during 3 weeks.
Before termination, animals were housed in metabolic
cages for 24 hours. Male homozygous TGR(mRen2)27
(Ren2 transgenic) rats and age-matched Sprague-Dawley
rats were purchased from the Max Delbruck Center for
Molecular Medicine (Berlin-Buch, Berlin, Germany). Wild-
type and Ren2 transgenic rats were treated with a non-
hypotensive dose of the ARB candesartan (0.05 mg/kg/d)
with osmotic minipumps (Alzet model 2004) for 4 weeks.
The animal ethics committees of the Radboud University
Nijmegen and the University Medical Centre Groningen
approved all animal studies.

Generation of Inducible Transgenic Mice
Overexpressing Constitutive Active NFATc1 in
Podocytes

The transgenic TetO-HA-NFATc17“° mouse line was gen-
erated in the laboratory of Dr. Gerald Crabtree and pro-
vided by Dr. Seung K. Kim (both from Stanford University,
Stanford, California).?® In NFATc1""¢, the serine residues
that are dephosphorylated by calcineurin are substituted
with alanine residues, rendering it constitutively nuclear,
constitutively active, and insensitive to nuclear kinases.?’
These single transgenic mice were mated with podocin—
reverse tetracycline-controlled transactivator (rtTA) mice
to generate double transgenic doxycycline-inducible
podocin-rtTA/TetO-HA-NFATc1™¢ mice.?® Transgenic
mice were genotyped using specific primer sets. Podo-
cin-rtTA/TetO-HA-NFATc17“¢ F1 littermates were mated
to obtain F2 double transgenic mice for experimental
procedures. Transgene expression was induced in podo-
cytes by adding doxycycline (Sigma-Aldrich; 2 mg/mL in
7% sucrose, pH ~ 5) to the drinking water of 6- to
8-week-old double transgenic mice for 4 days. Simulta-
neously, the mice were fed a special diet chow contain-
ing doxycycline (2000 ppm). Control animals were either
single transgenic mice that also received doxycycline
or double transgenic mice that received no doxycy-
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Antigen Antibody Description Dilution Manufacturer or reference
TRPC6 ab62999 Rabbit anti-rat TRPC6 1:1000 Abcam Plc, Cambridge, England

ab12249 Rabbit anti-mouse TRPC6 1:25-300 Abcam Plc, Cambridge, England

ACC-017 Rabbit anti-mouse TRPC6 1:200 Alomone Laboratories, Jerusalem, Israel
Desmin D33 Mouse anti-desmin 1:400 Dako, Glostrup, Denmark
a-SMA 1A4 Mouse anti-a-SMA 1:4000 Sigma-Aldrich, Zwijndrecht, the Netherlands
HS JM403 Mouse anti-rat HS: N-unsubstituted 1:300 29

Glucosamine domain

Agrin MI-91 Guinea pig anti-rat agrin 1:800 30
B-actin AC-15 Mouse anti-B-actin 1:10,000 Sigma-Aldrich, Zwijndrecht, the Netherlands
GAPDH 6C5 Mouse anti-GAPDH 1:10,000 Calbiochem, EMD4Biosciences, San

Diego, CA

cline but normal chow and 7% sucrose in the drinking
water. Induction of NFATc1"“° expression in isolated
glomeruli was monitored by RT-PCR using DNase-
treated total RNA and NFATc1"“¢ specific primers.

Immunohistochemistry

Glomerular expression of TRPC6 and other proteins was
determined by semiquantitative scoring of immunofluo-
rescence staining in 2-um cryosections. We first verified
our immunofluorescence method detecting TRPC6 ex-
pression in the passive Heymann nephritis rat model, in
which enhanced glomerular TRPC6 expression was pre-
viously shown. TRPC6 was detected using two polyclonal
antibodies directed against different epitopes in TRPC6
(Table 1): a rabbit polyclonal antibody against the C-ter-
minal tail of rat TRPC6 and a rabbit polyclonal antibody
directed against a conserved epitope in the N-terminal
tail of mouse and rat TRPC6. Alexa-conjugated second-
ary antibodies were used subsequently. Both TRPC6 an-
tibodies detected low levels of TRPC6 in the glomerulus
of control animals, and TRPC6 expression was clearly
increased in passive Heymann nephritis. Similar distribu-
tion patterns were observed using both anti-TRPC6 anti-
bodies. When the primary antibody was omitted and only
the secondary antibody was applied, no immunolabeling
could be observed.

Glomerular TRPC6 expression was scored semiquan-
titatively from 0 to 5 based on the extent of TRPC6 immu-
nofluorescence staining in the glomerulus (negative = 0,
1% to 20% positive = 1, 21% to 40% positive = 2, 41% to
60% positive = 3, 61% to 80% positive = 4, and 81% to
100% positive = 5). Semiquantification of other proteins
was performed in a similar way. Scoring was performed
independently by two investigators, who scored 35 to 50
glomeruli per animal on blinded sections. Focal glomer-
ulosclerosis (FGS) was scored semiquantitatively on pe-
riodic acid-Schiff-stained paraffin sections in 50 glomer-
uli per kidney on a scale of 0 to 400. FGS lesions were
defined as glomerular areas with mesangial expansion
and adhesion formation simultaneously present in one
segment.

Cell Culture and Transfection

Conditionally immortalized mouse podocytes (MPC-5)
were cultured as described previously.®' Differentiated

podocytes were treated with doxorubicin (0.25 ug/mL)
or puromycin aminonucleoside (PAN; 100 ug/mL) for
24 hours. Depending on the exact experimental setup,
Angll (1 wmol/L), losartan (100 wmol/L), captopril (1
mmol/L), chymostatin (100 umol/L), LaCl; (50 wmol/L),
2-aminoethyldiphenylborane (2-APB) (10 umol/L),
and/or cyclosporine (csA) (1 umol/L) was added. A
podocyte cell line stably expressing TRPC6 silencing
short hairpin RNA (shRNA) was obtained after trans-
fecting a TRPC6 shRNA construct with Lipofectamine
2000 into undifferentiated MPC-5 podocytes cultured
at 33°C and subsequent selection in the presence of
G418. Single clones were tested for TRPC6 mRNA and
protein expression. Podocyte TRPC6 overexpression
was achieved by lentiviral transduction of differenti-
ated podocytes. FLAG-tagged wild-type mouse TRPC6
cDNA was cloned into the VVPW lentiviral expression
vector (kind gift of G. Luca Gusella, New York, NY).
Then 80% confluent HEK 293T cells were transfected
in antibiotic-free Dulbecco’s modified Eagle’s medium,
10% fetal bovine serum with the VVPW plasmid, and
the two helper plasmids psPAX2 and pCMV-VSVG
(both from Addgene, Cambridge, MA) in a ratio of 3:2:1
using FUGENE, according to the manufacturer’s proto-
col. Control virus was produced using empty VVPW
vector together with the same helper plasmids. After 16
hours, the medium was changed to Dulbecco’s modi-
fied Eagle’s medium and 10% fetal bovine serum, con-
taining penicillin and streptomycin. At 24 and 48 hours
thereafter, the virus-containing cell culture supernatant
was harvested and stored at 4°C, the 24- and 48-hour
collections were pooled and centrifuged (600 X g; 5
minutes), and the supernatant filtered through a 0.5 um
filter, aliquoted, and frozen at —80°C. Podocytes stably
transfected with the pGL4.30 reporter plasmid ex-
pressing the luc2P firefly luciferase gene under the
control of the NFAT response element (see below)
were transduced with lentivirus 10 days after induction
of differentiation in the presence of 4 ug/mL of hexadi-
methrine bromide for 16 hours, and NFAT activity was
measured 4 days later.

NFAT Reporter Assay

To assess NFAT activity in podocytes, a reporter podo-
cyte cell line was generated that stably expresses the
pGL4.30 reporter plasmid (Promega, Madison, WI).
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pGL4.30 includes the luc2P firefly luciferase gene un-
der the control of the NFAT response element. Stably
transfected clones were selected in the presence of
hygromycin (300 ng/mL). Cells were differentiated for
10 days before lentiviral transduction and for 14 days
before drug treatment. Stable cell lines were probed
with Bright-Glo Luciferase Assay System (Promega),
and luminescence was measured on a SpectraMax L
luminescence microplate reader (Molecular Devices,
Sunnyvale, CA).

To assess NFAT activity in TRPC6 knockdown cells,
undifferentiated wild-type and TRPC6 stable knockdown
podocytes were transiently transfected with the pGL4.30
reporter plasmid-expressing the luc2P firefly luciferase
gene under the control of the NFAT response element
and the pGL4.74 plasmid-expressing hRIuc Renilla lucif-
erase as an internal control to correct for transfection
efficiency (Promega). Transiently transfected cells were
assayed with Dual-Glo Luciferase Assay System (Pro-
mega).

Real-Time Quantitative RT-PCR Analysis

Total RNA was isolated from cultured podocytes and
RNA was reverse transcribed (Transcriptor Kit; Roche
Diagnostics, Mannheim, Germany). Real-time quantita-
tive PCR was performed using SYBR Green Supermix
(Roche Diagnostics) on a MyiQ Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, CA).
TRPC6 expression was quantified by the delta-delta C
method using glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) as the housekeeping gene. Sample
sizes of 5 to 8 separate mouse podocyte cultures were
used per experimental condition per experiment. Re-
sults were confirmed in at least two distinct experi-
ments.

Immunocytochemistry

Podocytes grown on collagen A-coated plastic SlideFlasks
(NUNC, Roskilde, Denmark) were fixed and incubated with
a rabbit polyclonal anti-mouse TRPC6 antibody (Table 1).
Alexa-conjugated secondary antibodies were applied,
cells were embedded, and images were collected as
described above.

Immunoblotting

Podocytes or isolated glomeruli were lysed in a 20
mmol/L Tris pH 8 buffer containing 500 mmol/L NaCl,
0.5% (wt/vol) 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS), 1% (vol/vol) Triton X-100, 2
pg of pepstatin, and the Complete Mini cocktail of pro-
tease inhibitors (Roche Diagnostics). Protein concentra-
tion was determined and samples containing equal
amounts of protein were resolved on a 10% (wt/vol) SDS-
PAGE gel and blotted to polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories). Blots were incubated with
rabbit polyclonal anti-mouse TRPC6 antibody, mouse an-
ti-B-actin antibody, or mouse anti-GAPDH antibody (Ta-
ble 1) and subsequently with peroxidase-labeled sec-

ondary antibodies. Proteins were visualized using
chemiluminescence, and signal intensity was determined
digitally.

Ca®* Imaging Studies

Imaging of intracellular Ca®* concentration ([Ca®*],)
with Fura-2 was performed in selected populations of
cells with an inverted fluorescence microscope setup.
In brief, conditionally immortalized mouse podocytes
expressing either a control shRNA or TRPC6 shRNA
construct were incubated with 5 umol/L Fura-2-AM
(Sigma-Aldrich) for 45 minutes at room temperature.
Cells were treated with 100 umol/L 1-oleoyl-2-acetyl-
sn-glycerolin (OAG) in the presence or absence of
2-APB, and [Ca®"], was measured. After stimulation,
the extracellular buffer was exchanged with 2 mmol/L
Ca®* to distinguish membrane-associated channel-de-
pendent changes in [Ca®"].. Fluorescence data are
presented as a 340/380-nm ratio. Data from selected
cell populations were averaged, and statistical analy-
sis was performed on multiple experiments.

Statistical Analysis

Data are expressed as mean = SEM. Statistical compar-
isons were analyzed by one-way analysis of variance and
Fisher's multiple comparison. P < 0.05 was considered
significant.

Results

Glomerular TRPC6 Expression Correlates with
Podocyte Injury in Doxorubicin Nephropathy

Unilateral doxorubicin nephropathy was induced and re-
sulted in a significant proteinuria (161 = 52 mg/24 h,
246 = 14 mg/24 h, and 388 + 28 mg/24 h at 6, 18, and
30 weeks, respectively, after doxorubicin injection). Glo-
merular TRPC6 protein expression was increased in
doxorubicin-exposed kidneys when compared with con-
trol kidneys (Figure 1, A and B). TRPC6 expression and
proteinuria increased over time (Figure 1B), and protein-
uria tended to increase with higher TRPC6 protein levels
(r® = 0.2029; P = 0.16) (Figure 1C). FGS as a direct
measure of glomerular injury was significantly increased
in doxorubicin-exposed kidneys (8 = 3 versus 1 = 1 at 6
weeks, 47 = 11 versus 12 = 4 at 18 weeks, and 89 * 24
versus 33 = 7 at 30 weeks). The FGS score correlated
with TRPC6 protein levels (r? = 0.8028; P < 0.0001)
(Figure 1D). TRPC6 expression was also enhanced in
bilateral doxorubicin nephropathy (Figure 1E), as were
cortical TRPC6 mRNA levels (Figure 1F), suggesting
that doxorubicin nephropathy alters transcription of
TRPC6. In glomeruli from doxorubicin nephropathy
rats, TRPC6 co-localized with desmin, which is a
marker for injured podocytes, whereas in control kid-
neys desmin and TRPC6 expression levels were low
(Figure 1G). No co-localization was found for TRPC6
and glomerular a-smooth muscle actin («-SMA), which
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Figure 1. Glomerular TRPC6 expression in the doxorubicin nephropathy (DN) rat model. Representative images of glomerular immunolabeling for TRPCG6 in
control rats (CTR) and rats with DN (A). TRPC6 expression was determined by semiquantitative analyses of immunofluorescence signals in doxorubicin
(DOXO)—exposed and contralateral control (CTR) kidneys, 6, 18, and 30 weeks after treatment (B). Correlation between glomerular TRPC6 expression in the
DOXO-exposed kidney and proteinuria in the unilateral DN model (C). Correlation between semiquantitative scoring for TRPC6 protein level and the FGS score
in DOXO-exposed (closed dots) and contralateral control (open dots) kidneys (D). TRPCG protein (E) and mRNA levels (F) in bilateral DN. Co-localization studies
for TRPC6 with the marker for injured podocytes desmin (G), the mesangial injury marker a-SMA (H), or HS in the GBM (D). *P < 0.05.

synaptopodin

is a mesangial injury marker (Figure 1H). However,
a-SMA and TRPC6 were expressed in similar glomer-
ular segments in doxorubicin nephropathy, whereas
a-SMA expression was negative in control kidneys.
Because controls show, as expected, no a-SMA ex-
pression and low TRPC6 expression, we included
co-staining of synaptopodin with @-SMA instead as a
control. To further study the relationship between glo-
merular damage and TRPC6 expression, we performed
co-stainings of TRPC6 with the heparan sulfate (HS)
antibody JM403, which recognizes N-unsubstituted HS
moieties present in the GBM. Immunostaining for HS in
the GBM was linear in control animals, but in glomer-
ular areas with high TRPC6 expression in doxorubicin
nephropathy, HS staining was reduced and aberrantly
distributed (Figure 11).
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ARBs Prevent the Increase of TRPC6
Expression During Podocyte Injury in Vivo and
in Vitro

Because of the proposed role for Angll in doxorubicin-
induced glomerular injury, we evaluated the effect of
ARBs on TRPC6 expression in glomeruli. When rats
with bilateral doxorubicin nephropathy were treated
with an ARB, glomerular TRPCG6 levels were reversed to
levels of untreated control animals (Figure 2, A and B).
Doxorubicin exposure did not alter blood pressure,
whereas ARB treatment significantly reduced blood
pressure (Figure 2C) and ameliorated proteinuria
(245 = 43 mg/24 h versus 697 + 94 mg/24 h). ARBs
reduced glomerular injury as indicated by the FGS
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Figure 2. Effect of angiotensin receptor block-
ade on glomerular TRPC6 expression in bilateral
doxorubicin nephropathy. Glomerular TRPC6
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© > < control animals (CTR), vehicle-treated doxorubi-

cin nephropathy rats (VEH), and L158,809-
treated doxorubicin nephropathy rats (ARB) (A
and B). In addition, blood pressure (C), the FGS
score (D), expression of the podocyte injury
marker desmin (E), and the mesangial injury
marker a-SMA (F) were determined in the re-
spective groups. DOXO, doxorubicin. *P < 0.05.
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score (Figure 2D), as well as glomerular desmin (Fig-
ure 2E) and a-SMA protein levels (Figure 2F). We also
studied TRPC6 expression in PAN- and doxorubicin-
induced podocyte injury in vitro. Enhanced TRPC6 ex-
pression has been previously demonstrated in PAN-
treated cultures podocytes.?'° Indeed, PAN treatment
of immortalized mouse podocytes significantly in-
creased TRPC6 mRNA levels, which was ameliorated
by co-incubation with the ARB losartan (Figure 3A). In
addition to the evaluation of glomerular TRPCS6 levels in
the in vivo doxorubicin nephropathy rat model, we also
studied TRPC6 expression in doxorubicin-treated
podocytes in vitro. Doxorubicin also increased TRPC6
mRNA levels in cultured podocytes, which was partially
prevented by ARB co-incubation (Figure 3B). To as-
certain whether these transcriptional changes resulted
in alterations of TRPC6 protein levels, we performed
immunocytochemistry (Figure 3C) and immunoblot
analyses (Figure 3D). Quantitative analyses of immu-
noblots showed that doxorubicin increased TRPC6
protein expression in podocytes, which was inhibited
by ARB co-incubation (Figure 3E). Furthermore, ARB
preincubation in addition to co-incubation completely

prevented the doxorubicin-induced TRPC6 up-regula-
tion (Figure 3F).

Elevated Angll Levels Increase TRPC6
Expression in Vitro and in Vivo

Because the data described above suggest that Angll
could be an important mediator of TRPC6 expression in
the podocyte, we evaluated whether in vivo and in vitro
Angll application affected TRPC6 expression. When rats
were infused with Angll during 21 days, semiquantita-
tive immunohistochemistry demonstrated significantly
enhanced glomerular TRPC6 expression (Figure 4A),
accompanied by a mild proteinuria (110 = 27 mg/24 h
versus 15 = 1 mg/24 h in controls). Similarly, when
podocytes were cultured in the presence of Angll,
TRPC6 mRNA levels were increased (Figure 4B). Sub-
sequently, we studied glomerular TRPC6 expression in
Ren2 transgenic rats, an animal model for Angll-medi-
ated glomerular and tubulointerstitial injury.®® Glomer-
ular TRPC6 expression was significantly increased in
Ren2 transgenic rats, whereas treatment with the ARB
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Figure 3. Effect of angiotensin receptor blockade on TRPC6 mRNA and
protein levels in in vitro podocyte injury. TRPC6 mRNA levels were deter-
mined in untreated cultured podocytes (CTR) and podocytes incubated for
24 hours with PAN or co-incubated with losartan (PAN + ARB) (n = 5-6
separate podocyte cultures per experimental condition) (A). The effect of
doxorubicin (DOXO) and co-incubation with DOXO and losartan (DOXO +
ARB) on TRPC6 mRNA levels (B). TRPC6 protein expression visualized by
immunocytochemistry of cultured podocytes (C). Immunoblot analysis of
cell lysates derived from DOXO- and/or losartan-treated podocytes for
TRPC6 and B-actin. Molecular weights indicated in kiloDaltons.(D). Intensity
of TRPC6 immunoblot signals was quantified by densitometry and TRPC6
protein levels were normalized to B-actin (E). Effect of preincubation with
ARB 1 hour before DOXO application (ARB + DOXO) on TRPC6 mRNA
levels (F). *P < 0.05.

candesartan in a nonhypotensive dose significantly re-
duced this effect (Figure 4C). This finding suggests
that increased TRPC6 expression in Ren2 transgenic
rats is Angll dependent. Alternatively, a direct effect of
renin on TRPC6 expression via the (pro)renin receptor
that is expressed by podocytes could cause this find-
ing.3® However, renin application to differentiated cul-
tured podocytes did not induce TRPC6 expression
(Figure 4D). Because our results suggest that Angll
regulates TRPC6 expression in podocyte injury, we
evaluated the effect of lowering Angll levels in bilateral
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doxorubicin nephropathy. The ACEi lisinopril signifi-
cantly decreased glomerular TRPC6 expression (Fig-
ure 4E). ACEi also decreased blood pressure (Figure
4F), proteinuria (289 + 77 mg/24 h vs 641 = 91 mg/24
h), and the FGS score (Figure 4G). Podocytes also
harbor a local renin-angiotensin-aldosterone system
(RAAS), whose components are synthesized on podo-
cyte injury.®*35 However, high concentrations of the
ACEi captopril and/or chymostatin, an inhibitor of non—
ACE-mediated Angll production, did not affect doxo-
rubicin-induced TRPC6 expression in cultured podo-
cytes (Figure 4H), suggesting that injury-induced Angl|
production by the podocyte itself is not involved.

Angll and Doxorubicin-Induced Increase of
TRPC6 Expression Involves Calcineurin/NFAT
Signaling

Next we evaluated whether the downstream signaling
events of Angll-induced AT1R activation in podocytes
involve the Ca®*-dependent calcineurin/NFAT pathway,
as it does in other cell types.'*'® We demonstrated that
calcineurin inhibition through application of cyclosporine
prevented both doxorubicin- (Figure 5A) and Angll-in-
duced (Figure 5B) TRPC6 expression. In other cell types
it is well established that activated calcineurin dephos-
phorylates the transcription factor NFAT, thereby enhanc-
ing transcription of NFAT-responsive genes, including
TRPC6.'*3¢ To analyze NFAT activity in podocytes, we
used a reporter system driving luciferase expression un-
der the control of an NFAT-responsive element. PAN ad-
ministration, which increased TRPC6 expression, en-
hanced NFAT activation, whereas this effect was
attenuated by the calcineurin inhibitors cyclosporine and
tacrolimus (Figure 5C). Similarly, doxorubicin administra-
tion significantly enhanced NFAT activation, whereas cy-
closporine or ARB treatment attenuated the doxorubicin-
induced NFAT-controlled luciferase expression (Figure
5D). Angll treatment also enhanced NFAT-controlled
luciferase expression in podocytes, and, again, both
cyclosporine and ARB treatment were able to block
this effect (Figure 5E). In cardiomyocytes, Ca®* influx
through TRPCS6 itself induces NFAT-mediated TRPC6
transcription.’® We demonstrate that in the podocyte,
enhancing TRPC6 expression through lentiviral infec-
tion with a TRPC6-FLAG construct (Figure 5F) resulted
in enhanced NFAT activation (Figure 5G). In line with
our hypothesis, cyclosporine administration blocked
the NFAT activation secondary to exogenous TRPC6
overexpression (Figure 5@G). Substantiating the in vivo
significance of these in vitro findings, cyclosporine also
significantly decreased doxorubicin-induced glomeru-
lar TRPC6 expression (Figure 5H) and albuminuria in
rats (178 = 58 mg/24 h versus 311 = 46 mg/24 h).
To study the Ca®" influx dependency of this mechanism,
we demonstrated that when doxorubicin-challenged podo-
cytes were treated with LaCl,, which is a general blocker of
Ca?" influx across cell membranes, TRPC6 mRNA levels
were significantly decreased (Figure 6A). Furthermore,
the TRPC channel blocker 2-APB inhibited doxorubicin-
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Figure 4. Effects of Angll, ARBs, ACEis, and renin on TRPC6 expression in podocytes in vitro and in vivo. Glomerular TRPC6 expression was determined by
semiquantitative analyses of immunofluorescence signals in vehicle-treated (VEH) and Angll-treated rats (A). TRPC6 mRNA levels in untreated differentiated
cultured podocytes (CTR) and podocytes incubated with Angll (B). Glomerular TRPC6 expression was determined semiquantitatively by immunohistochemistry
in Ren2 overexpressing transgenic (Ren2 Tg) rats and wild-type (WT) controls, which were treated with VEH or candesartan (ARB) (C). TRPC6 mRNA levels in
CTR, podocytes incubated with doxorubicin (DOXO), and increasing concentrations of renin (REN) and losartan (ARB) (D). Glomerular TRPC6 expression in VEH
and lisinopril-treated (ACEi) doxorubicin nephropathy rats (E). Systolic blood pressure (F) and the FGS score (G) in VEH and lisinopril-treated doxorubicin
nephropathy rats. TRPC6 mRNA levels in CTR, podocytes incubated with DOXO, and DOXO-treated podocytes in the presence or absence of captopril (ACEi)
and/or chymostatin as a blocker of non-ACE, chymase-mediated Angll production (non-ACEi) (H). 7 = 5 to 6 separate podocyte cultures per experimental

condition. *P < 0.05.

(Figure 6B) and Angll-induced TRPC6 expression (Figure
6C). Because there are no TRPC6-specific blockers
available to date, we used a TRPC6 knockdown tech-
nique using TRPC6 shRNA (Figure 6D) to evaluate the
effect of reduced TRPC6 expression levels on Angll-
induced NFAT activation. Indeed, TRPC6 knockdown de-
creased Angll-induced NFAT activation in podocytes
compared with control cells (Figure 6E). This indicated
that TRPC®, at least in part, mediates the effect of Angll
on NFAT activation. To confirm that the TRPC channel
blocker 2-APB and the TRPC6 knockdown approach in-
deed affected receptor-mediated Ca®™ influx, we evalu-
ated Fura-2 ratiometry secondary to stimulation by the
diacylglycerol analog OAG in podocytes. Indeed, TRPC6
knockdown in podocytes resulted in reduced OAG-stim-
ulated Ca®" influx compared with nontransfected podo-
cytes or cells transfected with control shRNA (Figure 6F).
Furthermore, 2-APB application significantly reduced
OAG-stimulated Ca®* influx (Figure 6F). Importantly,
2-APB did so in untransfected podocytes and cells trans-

fected with control shRNA but to a much lesser degree in
the TRPC6 knockdown situation (Figure 6G), strongly
suggesting that TRPC6 is the major TRPC channel medi-
ating the 2-APB-sensitive Ca®" influx in cultured podo-
cytes.

Podocyte-Specific Overexpression of Activated
NFAT in Mice Increases TRPC6 Expression and
Induces Proteinuria

Our findings suggest that in podocytes TRPC6-mediated
activation of NFAT enhances TRPC6 transcription and is
eventually detrimental to the glomerular filter, causing
proteinuria. Because doxorubicin and Angll, two induc-
ers of podocyte damage and proteinuria in animal mod-
els, activate this pathway and TRPC6 gain-of-function
mutations and overexpression underlie human glomeru-
lar disease, it is possible that NFAT activation per se
induces podocyte damage. To test this hypothesis, we
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induced overexpression of a constitutively active NFATc1
variant (NFATc1"“?) in podocytes of adult transgenic
mice. In NFATc17¢, the serine residues that are dephos-
phorylated by calcineurin are mutated to alanines, ren-
dering this NFATc1 mutant form constitutively nuclear
and insensitive to nuclear kinases.?” We crossed an in-
ducible transgenic mouse line expressing NFATc 1™ un-
der the control of a tetracycline-responsive element with
podocin-rtTA mice, which express the rtTA, specifically in
podocytes.?®2® The resulting double transgenic offspring
were administered doxycycline for 4 days, and transgene
expression in isolated glomeruli was monitored by RT-
PCR. Only doxycycline-treated double transgenic mice
expressed the NFATc1™“¢ transgene, whereas vehicle-
treated double transgenic mice (data not shown) or doxy-
cycline-treated single transgenic mice, both used as
negative controls, did not (Figure 7A). Importantly, mice
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Figure 5. Effect of calcineurin inhibition on
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= < <8 I8 TRPCO transcription and NFAT activation. TRPC6O
© .o e 3 e mRNA levels in untreated cultured podocytes

(CTR) and podocytes incubated with DOXO, as
well as podocytes (co)-incubated with DOXO
* and the calcineurin inhibitor cyclosporine (CsA)
(A). The effect of CsA on TRPC6 mRNA levels in
Angll-exposed podocytes (B). The induction of
NFAT activation in response to PAN was deter-
mined using a nuclear NFAT-responsive lucifer-
ase reporter construct; thereafter, the effects of
the calcineurin inhibitors CsA and tacrolimus
(Tac) were studied (C). The effect of DOXO (D)
and AnglI (E) treatment on NFAT-controlled lu-
ciferase expression was determined, as well as
after co-treatment with CsA and losartan (ARB).
Western blot analysis of total lysates of cultured
podocytes infected with a TRPC6-FLAG con-
struct or empty vector (CTR) for FLAG and
TRPC6 (F). The GAPDH blot shows equal pro-
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expressing the NFATc1"“¢ transgene developed signifi-
cant proteinuria (Figure 7, B and C) and showed signifi-
cantly elevated TRPCG6 protein levels in isolated glomeruli
when compared with control animals (Figure 7, D and E).
This experiment shows that NFAT activation in podocytes
per se is sufficient to induce proteinuria in mice and that
NFAT regulates TRPC6 expression in podocytes in vivo.

Discussion

In the present study we demonstrate that a deleterious
positive feedback mechanism, in which TRPC6-mediated
Ca®* influx stimulates NFAT-dependent TRPC6 expres-
sion, is involved in Angll-associated podocyte injury. We
show in different in vitro and in vivo models that Angll, a
key contributor to the pathogenesis of glomerular dis-
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ease, increases TRPC6 expression in podocytes. Glo-
merular TRPC6 expression was up-regulated by Angll
infusion and in the Ren2 transgenic rat model for Angll-
associated renal damage, an effect that was ameliorated
by ARB treatment. TRPCG6 expression was also enhanced
in the doxorubicin nephropathy model for acquired pro-
gressive glomerular damage and proteinuric disease and
positively correlated with markers for podocyte and glo-
merular damage. Blocking the effect of Angll in doxoru-
bicin-induced in vitro podocyte injury and in vivo glomer-
ular disease down-regulated TRPC6 expression and
ameliorated glomerular damage and proteinuria. Thus,
doxorubicin-induced TRPC6 expression in podocytes
is mediated through Angll/AT1R signaling. Doxorubi-
cin-induced and Angll-mediated TRPC6 transcription

appears to be controlled by the Ca®*-dependent cal-
cineurin/NFAT pathway, involving Ca®" influx through
TRPC6 itself. Indeed, we demonstrate in a novel trans-
genic mouse model that podocyte-specific NFAT acti-
vation induces glomerular TRPC6 expression and se-
vere proteinuria.

Doxorubicin induces glomerular injury in rats, giving
rise to progressive proteinuria and loss of renal func-
tion.®” Glomerular TRPC6 expression was enhanced in
the unilateral and bilateral doxorubicin nephropathy mod-
els for acquired glomerular disease. Because doxorubi-
cin also increased TRPC6 mRNA and protein expression
in cultured podocytes, we conclude that the increased
TRPCB6 expression is a direct result of doxorubicin acting
on the podocyte. TRPC6 was detectable in healthy
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control animals but maximally enhanced in segmental
glomerular lesions in doxorubicin nephropathy. These
glomerular segments showed evidence of injury, where
TRPC6 co-localizes with desmin as a marker for podo-
cyte injury. Accordingly, glomerular TRPC6 expression
showed a significant correlation with the extent of glo-
merulosclerosis. Because highly sclerotic glomeruli
lacked TRPCG6 expression, this correlation may be lost
with advanced FGS when podocyte depletion occurs.
The pathological characteristics of long-term doxoru-
bicin nephropathy, including segmental glomerulo-
sclerosis, closely resemble those seen in human
FSGS.3” Thus, increased TRPC6 expression appears
crucially involved in the pathogenesis of podocyte and
glomerular damage, leading to glomerulosclerosis and
proteinuria in FSGS. These findings are in line with
increased TRPC6 expression in human acquired FSGS
and TRPC6 gain-of-function mutations leading to he-
reditary FSGS.>*

We demonstrate that Angll infusion enhances glomer-
ular TRPC6 expression in rats and that Angll application
directly regulates TRPC6 expression in podocytes. Fur-
thermore, this study is the first to demonstrate that ARBs
and ACEis, counteracting the effects of Angll, decrease
TRPC6 overexpression in experimental glomerular dis-
ease. Because TRPC6 expression is enhanced in ac-
quired human glomerular disease, and in the absence of
specific TRPC6 blockers for clinical use, our data sug-
gest that treatment with ARBs and ACEis are a potential
way to reduce TRPC6 expression. ARBs and ACEis are
known to reduce glomerular injury, decrease proteinuria,
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Figure 7. In vivo effect of NFAT activation in podocytes on TRPC6O
expression and proteinuria. RT-PCR analysis of NFATc1"™ trans-
gene expression in glomeruli of podocin-rtTA/tetO-HA-NFATc 1™
mice (A). Double transgenic mice (dTg) were treated with doxycy-
cline (Dox) for 4 days. Single-transgenic tTA mice (sTg) on Dox
served as negative control. Per group glomeruli from three mice
were pooled, and half of the RNA sample was not reverse tran-
scribed before PCR and thereby served as no RT control (RT-).
Detection of albumin in urine samples from podocin-itTA/tetO-HA-
NFATcI™ mice by SDS-PAGE and Coomassie staining (B). As
controls urine samples from two vehicle-treated dTg mice and two
Dox-treated sTg rtTA mice were used. A bovine serum albumin
(BSA) gradient (0.25 to 5.0 ug) was run on the same gel to quantify
urine albumin signals. Dox-treated dTg mice and control (CTR) mice
were analyzed, creating a pool of Dox-treated sTg rtTA mice and
vehicle-treated dTg mice (12 = 6) as summarized in panel C. TRPC6
and GAPDH protein expression in glomeruli as determined using

o X Western blot analysis (D). As control, Dox-treated sTg rtTA mice
|_E Qo were used. Intensity of immunoblot signals was quantified by den-
+ sitometry and TRPCG protein levels are depicted relative to GAPDH

levels (E). *P < 0.05.

and ameliorate renal function decline in chronic renal
disease, which is partly independent of their antihyper-
tensive action.®® We and others have previously shown
that the RAAS is involved in doxorubicin nephropathy,
and the key pathological involvement of Angll in glomer-
ular disease is widely accepted.'®394° Accordingly, we
now demonstrate that doxorubicin-induced TRPC6 ex-
pression in podocytes is Angll-mediated. In doxorubicin
nephropathy, ACEis down-regulated TRPC6 expression
by its effect on the systemic but not the local podocyte
RAAS. Furthermore, in the Ren2 transgenic model of
Angll-mediated renal injury, TRPC6 levels were signifi-
cantly enhanced, which appeared to be a direct effect of
Angll exemplified by the partial normalization of its ex-
pression after short-term ARB treatment. Several lines of
evidence support that Angll is injurious to podocytes. For
example, transgenic rats overexpressing the AT1R on
their podocytes show structural podocyte damage and
proteinuria, progressing to FSGS.?* Angll infusion re-
duces nephrin expression and provokes podocyte injury
in experimental glomerulopathies, which is inhibited by
RAAS blockade.??*=%5 Interestingly, adverse effects of
Angll-mediated stimulation of TRPC6 have also been
shown in nonrenal cells.'*'® Stimulation of TRPC6 by
Angll plays an important role in vascular smooth muscle
cell contraction, and TRPC6 expression in pulmonary
vascular smooth muscle cell is increased in idiopathic
pulmonary arterial hypertension.'” 4% Importantly, An-
gll-induced Ca®* influx through TRPC6 was shown to
activate the calcineurin/NFAT signaling pathway and in-
crease TRPCG6 expression in cardiomyocytes, resulting in
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cardiomyocyte hypertrophy.’*® A recent study by Eckel
et al*® showed that Angll-induced albuminuria was not
prevented but was significantly ameliorated in TRPC6
knockout compared with wild-type mice. Altogether, this
demonstrates that Angll-induced and calcineurin/NFAT-
mediated TRPC6 expression in the podocyte is an impor-
tant mediator in the pathogenesis of podocyte injury and
glomerular disease.

Thus, we hypothesized that the Ca®* influx-stimulated
calcineurin/NFAT pathway is involved in downstream sig-
naling activated by Angll in the podocyte (proposed
model depicted in Figure 8). The inhibitor of TRPC chan-
nel activity 2-APB reduced receptor-mediated Ca®* in-
flux into cultured podocytes, as well as doxorubicin-in-
duced and Angll-mediated TRPC6 up-regulation. This
demonstrates that TRPC6 expression is Ca®*-dependent
and that Ca®" influx through TRPC channels could be
involved. It was previously shown that Angll induces el-
evation of [Ca®"]; in the podocyte by influx from the
extracellular compartment, which can be blocked by
ARBs.2""2® Among other downstream targets, Ca®* influx
activates the serine-threonine phosphatase calcineurin,
which dephosphorylates the NFAT family of transcription
factors, leading to the transcription of NFAT-responsive
genes.*® We demonstrated that Angll activates NFAT in
podocytes and that calcineurin inhibition and blocking of
the AT1R inhibit doxorubicin-induced and Angll-medi-
ated NFAT activation and TRPC6 expression. The TRPC6
promoter harbors two conserved NFAT-responsive sites,
required for TRPC6 transcription in response to Ca®"-
dependent calcineurin/NFAT signaling in cardiomyo-
cytes. ' Schlondorff et al®*® have shown that introduction
of a gain-of-function TRPC6 mutant in podocytes en-
hances NFAT activation in vitro. Furthermore, they re-

Figure 8. Proposed signaling pathway that reg-
ulates the in Angll-dependent TRPC6 expression
in podocytes. Results from our study together
with previously published data®” suggest the ex-
istence of the following signaling pathways in
podocytes mediating Angll-induced TRPC6 ex-
pression and podocyte injury. AT1R stimulation
by Angll results in Ca** influx at least in part
mediated by TRPC6. Ca**-dependent calcineu-
rin activation leads to activation and nuclear
translocation of NFAT, which enhances tran-
scription of NFAT-responsive genes such as
TRPC6. A consequent increase in TRPC6 protein
expression at the cell membrane could result in
a positive feedback regulatory circuit, because
Ca®" influx through TRPCG itself appears to be
involved in the signaling pathway leading to
increased TRPC6 expression. Our studies show
that NFAT activation per se is sufficient to induce
TRPCG transcription and proteinuria. Hypothet-
ically, the proposed feedback mechanism could
also result in a persistent calcineurin activation,
which was previously demonstrated to lead to
the dephosphorylation and degradation of the
actin-binding protein synaptopodin (dashed
box).>” The latter was shown to result in cyto-
skeletal rearrangement and, eventually, protein-
uria. Possibly, the latter pathway is involved in
the generation of podocyte injury subsequent to
Angll-induced TRPC6 expression.

ported that cyclosporine, without directly affecting
TRPC6 channel activity, inhibits TRPC6-mediated NFAT
signaling.®® Thus, Ca®* influx through TRPCS itself could
play a role in an AT1R-stimulated calcineurin/NFAT sig-
naling cascade. This hypothesis is supported by our data
showing that lentiviral TRPC6 overexpression in podo-
cytes activates NFAT in an AT1R- and calcineurin-depen-
dent manner. Importantly, we also demonstrated that
TRPC6 knockdown decreases Ca®™" influx and inhibits
Angll-induced NFAT activation in podocytes. In line with
these data, it was recently shown that in podocytes iso-
lated from TRPC6 knockout and wild-type mice the re-
sponse to Angll significantly differs, showing a reduced
Ca®" current in the TRPC6 knockout podocytes.*® In a
similar TRPC6 shRNA approach, Greka and coworkers®®
recently showed that down-regulation of TRPC6 reduces
Angll-evoked Ca®* transients in podocytes, along with
effects on the podocyte cytoskeleton. The residual NFAT
activation in our experiments might be related to remain-
ing TRPCB6 expression but could also mean that the cas-
cade is not solely TRPC6 dependent and other (TRPC)
Ca®" channels or influx mechanisms are involved. Ex-
pression of other TRPC channels in the podocyte has
been shown, and TRP channels form heterotetramers in
which different TRP subunits combined form functional
channels.®'-%2

Altogether, our data are the first to demonstrate that
Angll induces a calcineurin/NFAT pathway in podocytes
that appears to be dependent on Ca®* influx through
TRPC6 and, in addition, leads to enhanced expression of
TRPCE itself, thus forming a potentially deleterious feed-
back loop. Zhang et al®* previously suggested that Angll-
induced TRPC6 expression might involve MAPK, ERK,
JNK, and NF-«B. In cardiomyocytes, those pathways



were also described, and receptor-activated TRPC6-me-
diated NFAT activation was shown to inhibit JNK and
ERK.5® To demonstrate that NFAT activation in podocytes
is independently capable of enhancing TRPC6 expres-
sion in vivo and inducing proteinuria, we generated a
transgenic mouse model in which a constitutively active
NFAT mutant could be induced in a podocyte-specific
manner. As originally hypothesized, we demonstrated
that induction of NFAT results in increased glomerular
TRPC6 expression and the development of severe pro-
teinuria. On submission of this work another article
appeared®® that also describes the effect of NFAT
overexpression and the subsequent development of
proteinuria; however, the involvement of TRPC6 was
not specifically studied in that article. Our data confirm
that the activation of NFAT in podocytes is sufficient to
induce proteinuria and substantiate that a positive
feedback loop involving NFAT-induced TRPC6 expres-
sion contributes to the induction and/or maintenance of
proteinuric disease.

The current findings add an additional downstream
pathway secondary to calcineurin signaling in podo-
cytes, in addition to the dephosphorylation of the actin-
binding protein synaptopodin by calcineurin as we pre-
viously reported.®” Synaptopodin is vitally important in
maintaining the podocyte actin cytoskeleton, and its
dephosphorylation results in subsequent cathepsin
L-mediated degradation, cytoskeletal disorganization,
and proteinuria.®”°® Thus, our data contribute to a
hypothetical mechanism by which Angll-induced and
NFAT-mediated TRPC6 overexpression, as addressed
in our experiments, fuel persistent calcineurin activa-
tion, leading to synaptopodin degradation as de-
scribed previously, eventually perpetuating podocyte
injury (Figure 8). For this hypothesis to be proven, it
remains to be established whether Ca®* influx through
TRPCS6 directly induces calcineurin-mediated dephos-
phorylation of synaptopodin.

In conclusion, we have demonstrated an Angll-in-
duced, TRPC6-dependent, NFAT-mediated feedback
mechanism driving TRPC6 transcription in podocytes.
This finding underlines the crucial role of TRPC6 in the
pathogenesis of podocyte injury and proteinuria.
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