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Abstract

The soluble urokinase receptor (SUPAR) has been implicated in the pathogenesis of chronic kidney
diseases (CKD) and may function as a circulating “permeability factor” driving primary focal and
segmental glomerulosclerosis (FSGS). Here we examined the mechanisms whereby SUPAR causes
mobilization and increased activation of Ca2*-permeable TRPC6 channels, which are also
implicated in FSGS. Treatment of immortalized mouse podocytes with recombinant suPAR for 24
hr caused a marked increase in cytosolic reactive oxygen species (ROS) that required signaling
through integrins. This effect was associated with increased assembly of active cell surface
NADPH oxidase 2 (Nox2) complexes and was blocked by the Nox2 inhibitor apoycynin.
Treatment with SUPAR also evoked a functionally measurable increase in TRPC6 channels that
was blocked by concurrent treatment with the ROS-quencher TEMPOL as well as by inhibition of
Rac1, an essential component of active Nox2 complexes. Elevated ROS evoked by exposing cells
to SUPAR or H,0, caused a marked increase in the abundance of tyrosine-phosphorylated proteins
including Src, and suPAR-evoked Src activation was blocked by TEMPOL. Moreover,
mobilization and increased activation of TRPC6 by suPAR or H,O, was blocked by concurrent
exposure to PP2, an inhibitor of Src family tyrosine kinases. These data suggest that SUPAR
induces oxidative stress in podocytes that in turn drives signaling through Src family kinases to
upregulate TRPCG6 channels. The combination of oxidative stress and altered Ca2* signaling may
contribute to loss of podocytes and progression of various forms of CKD.
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1. Introduction

The soluble urokinase and plasminogen activator receptor (SUPAR) is the name of a class of
22-50 kD glycoproteins shed from many cell types by proteolytic cleavage or lysis of a
glycosylphosphatidylinositol-anchored glycoprotein [1]. The total concentration of
circulating sSUPAR variants is increased in a wide variety of disease states and can be
considered as a general marker of inflammatory processes that can occur in almost any
organ, including disorders arising from infections, immunity, and cancer [2]. SUPAR has
been extensively studied in the context of chronic kidney disease (CKD) [3].

Focal and segmental glomerulosclerosis (FSGS) describes a pattern of renal lesions that can
occur with multiple etiologies in patients of all age groups with CKD. A glucocorticoid-
resistant primary form of FSGS leads inexorable loss of renal function [4], and recurs in as
many as 40% of patients who have received a kidney transplant [5]. This has long suggested
that circulating factors drive the development and progression of primary FSGS by
triggering pathological changes in podocytes, a population of multipolar visceral epithelial
cells required for normal glomerular function. The natureof the circulating factors that evoke
primary and recurrent FSGS has been an area of active investigation for decades, and several
soluble molecules have been proposed to function as “glomerular permeability factors” in
primary FSGS [6,7].

The initial studies of sSUPAR in the context of CKD suggested a role as a circulating factor
driving primary and recurrent FSGS, and noted elevated serum suPAR concentrations in a
subset of patients with primary FSGS, which was more pronounced in patients whose
disease recurred after transplantation [8]. While subsequent studies questioned the
usefulness of serum suPAR concentration as a specific biomarker for primary FSGS [9,10]
several recent studies have shown that circulating and/or urinary SUPAR levels may have a
considerably more wide ranging clinical significance for CKD, as they can predict future
declines in renal function in the general population [11], in children [12], and in the presence
of other underlying conditions including cardiovascular diseases [13-15], HIV disease [16],
and diabetes [17-19]. Given the association between SUPAR and CKD, especially
glomerular diseases, there is strong rationale for examining the actions of SUPAR on
glomerular cells in more detail than has been presented so far.

SUPAR produces several direct effects on podocytes, including down-regulation of nephrin
[20] and podocin [21], which occur after activation of av@3-integrin, a known receptor or
co-receptor for SUPAR [22]. More recently we have shown that application of SUPAR
markedly increases the steady-state surface expression and membrane stretch-evoked
activation of TRPC6 channels in cultured podocytes [21]. This effect was mimicked by
several different serum and plasma samples from patients with recurrent forms of FSGS
taken during a relapse. Moreover, the effects of these blood samples could be reduced by
inhibition of avp3-integrin or by immunoabsorption of SUPAR [21]. In this regard, a wide
range of evidence implicates TRPCG in the pathogenesis of CKD. Thus, mutations of
TRPCS, especially mutations that lead to a gain of function, are seen in many autosomal
dominant forms of familial FSGS [23-26], and TRPC6 expression is increased in glomeruli
from patients with glomerular diseases including primary FSGS [27]. Moreover, genetic
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inactivation of TRPC6 reduces progression of glomerular diseases in various rodent models
[28] and protection from FSGS is especially robust in rats in which an essential exon in the
Trpc6 gene is deleted [29]. 7rpc6 knockout may also reduce the severity of glomerular
lesions in mouse models of diabetes [30].

In the present study we have provided additional details regarding the transduction pathway
whereby sSUPAR modulates podocyte function. We show that SUPAR acting through avp3-
integrin causes an increase in cytosolic reactive oxygen species (ROS) that is mediated by at
least in part by NADPH-oxidase 2 (Nox2). The increase in ROS triggers activation of Src-
tyrosine kinases, which results in upregulation of TRPC6 that can be seen in biochemical
assays of steady-state surface expression and in functional electrophysiological
measurements.

2. Materials and Methods

2.1 Podocyte cell culture.

An immortalized mouse podocyte cell line (MPC-5) was provided by Dr. Peter Mundel of
Harvard Medical School and propagated and maintained as described previously [21,31].

2.2 Measurement of reactive oxygen species (ROS).

The abundance of cytosolic ROS was estimated using the cell permeable probe 2°,7°-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Cell Biolabs Inc). This membrane-
permeable dye is trapped in the cytosol after cleavage of the acetyl moieties to yield non-
fluorescent 2°,7°-dichlorodihydrofluorescein (DCFH). In the presence of ROS, this molecule
is oxidized to form 2’,7’-dichlorofluorescein (DCF), which emits intense green fluorescence
at 530 nm upon stimulation at 480 nm, which was monitored from cultures on a microplate
reader.

2.3 Immunoblot analysis, co-immunoprecipitation, and cell surface biotinylation assays.

Methods used for immunoblot analysis from podocyte lysates have been described in detail
previously [32]. Filters were probed using primary antibodies, washed, incubated with
horseradish peroxidase-conjugated secondary antibodies, and visualized using
chemiluminescence. Methods for cell surface biotinylation assays [32] and
coimmunoprecipitation [31] were described previously.

2.4. Electrophysiology.

Methods for making whole-cell recordings from cultured podocytes, including the
composition of the recording electrode, and preparation of a control normosomotic bath (340
mOsm/liter), and 70% hypoosmotic bath solutions (238 mOsm/liter), were described
previously [21,31]. The bath was perfused at a constant flow rate (0.5 ml/min) and
outwardly rectifying currents were periodically evoked by ramp voltage commands (-80 to
+ 80 mV over 2.5 sec). The holding potential between ramps was —40 mV. After ensuring
that the baseline current was stable in normosmotic bath solution, cells were perfused with
70% hypoosomotic stretch solution, which causes reversible activation of TRPC6 channels
in podocytes. This is seen as an increase in outwardly rectifying current that reverses at 0
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mV and stabilizes in 2-3 min, and responses shown here were recorded within that time.
These currents are completely blocked by selective TRPC6 inhibitors [21,29].

2.5 Antibodies and inhibitors.

2.6.

Rabbit antibodies against TRPC6 (ACC-017) were obtained from Alomone Labs
(Jerusalem, Israel); antibodies against p3-integrin (sc-14009) were obtained from Santa Cruz
(Santa Cruz, CA); antibodies against gp91”7°X and Nox4 were from Abcam; Antibodies
against p47P9X and pan-phosphotyrosine were from MilliporeSigma; antibodies against Src
were from Abcam, and antibodies against Src-pY418 were from ThermoScientific. A
recombinant form of sUPAR containing domains 1, 2 and 3 was obtained from R&D
Systems. H,0,, TEMPOL, apocynin, and PP2 were obtained from Sigma Aldrich.
Cilengitide (CGT) and NSC23766 were obtained from Seleck Chem (Houston, TX, USA).

Racl Activation Assay.

Active Rac-1 was measured using the G-LISA Rac-1 Activation Assay Biochem™ Kit in the
colorimetric format (Cytoskeleton, Inc.) as instructed by the manufacturer. In brief, cells
were treated, washed with PBS, and resuspended in kit lysis buffer. The protein
concentration in each lysate was determined by the Precision Red™ Advanced Protein
Assay reagent in the kits. The G-LISA kits contain a Racl GTP-binding protein that is
immobilized on microplates. Bound active small GTPases were detected with a Racl
primary antibody. The signal was measured at 490 nm with a microplate reader. Results
were expressed as fold-increases in activity of stimulated in relation to non-stimulated
controls normalized to protein content.

2.7. Statistical analyses.

All experiments on immunablot or cell surface biotinylation assays were performed in
triplicate and analyzed by densitometry using Image J™ software (Bethesda, MD). Those
data are presented as fold changes in signal relative to the lowest single value observed in a
control group. Electrophysiological data are presented as fold increase in current relative to
basal current in the same cell measured at +80 mV (at the end of the ramp command). All
bar graphs denote mean + SD and were analyzed by Bonferroni #test with £< 0.05
considered significant.

3. Results

3.1 Role of ROS generated by NADPH oxidase in suPAR signaling in podocytes.

In a recent study we demonstrated that 24 hr exposure to 10 ng/ml of recombinant human
SUPAR increased the steady-state surface abundance of TRPC6 subunits of cultured mouse
podocytes, and that this effect was blocked by cilengitide, an inhibitor of signaling through
avp3-integrin [21]. In other studies we and others have shown that TRPC6 channels in
podocytes are upregulated by processes in which there is increased generation of ROS [32—
34]. Here we observed that treatment with sUPAR evoked an increase in cytosolic ROS
abundance that could be detected using 2’,7’-dichlorodihydrofluorescein fluorescence (Fig.
1a). This effect was blocked by concurrent exposure to 1 UM cilengitide (Fig. 1a) or 10 pM
apocynin (Fig. 1b), an inhibitor of Nox2. After 24 hr treatment of SUPAR, there was an
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increase in overall abundance of gp912/9%, the heme-containing primary catalytic subunit of
Nox2, whereas there was no comparable increase in the primary catalytic subunit for Nox4
(Fig. 1c). The electron transfers necessary for Nox2 activation require formation of a
membrane complex that includes the regulatory subunit p47°79X as well as other proteins
[35,36]. Using a cell-surface biotinylation assay, we observed that sUPAR treatment caused
an increase in steady-state abundance of p47P/19% at the cell surface, consistent with
activation of Nox2 (Fig. 1d). The mechanism whereby activation of av3-integrin causes
activation of Nox2 is not known. However we observed that both components of active
Nox2 complexes can co-immunoprecipitate with f3-integrin (Supplemental Data), which
might provide a basis for subsequent activation of this NADPH oxidase.

The ROS generated by suPAR exposure were entirely quenched by concurrent treatment
with 100 uM 1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL), a membrane-
permeable small molecule mimetic of superoxide dismutase (Fig. 2a). Concurrent exposure
to TEMPOL also prevented the increase in steady-state surface abundance of TRPC6 that is
normally evoked by suPAR treatment (Fig. 2b). Thus, mobilization of TRPC6 by suPAR,
which we described previously [21], requires generation of ROS, which occurs at least in
part through Nox2 activation in mouse podocytes. We have previously reported that 24-hr
exposure to SUPAR results in increased currents through TRPC6 channels evoked by
membrane stretch [21]. Here we note that this effect does not occur when cells are
concurrently exposed to TEMPOL along with suPAR (Fig. 2c, d). As with our previous
experiments, currents were monitored during 2.5-s ramp voltage commands (—-80 mV to +80
mV) in normal external saline and in a 70% hypoosmotic external solution [31].

Many forms of NADPH oxidase, including Nox2, include GTP-bound Racl as part of the
catalytically active complex [37]. Consistent with the results shown above, we noted that
SUPAR treatment resulted in activation of Racl, seen here as an increase in the total
abundance of GTP-bound Racl (Fig. 3a). Moreover, sSuPAR-evoked increases in total ROS
were abolished by concurrent exposure to 50 pM NSC23766, an inhibitor of Racl that acts
by preventing its interactions with guanine nucleotide exchange factors [38] (Fig. 3b).
NSC23766 also blocked increases in steady-state surface expression of TRPC6 evoked by
SUPAR (Fig. 3c) and also the effect of SUPAR to increase membrane stretch-evoked currents
through TRPC6 (Fig. 3d).

3.2. Role of Src kinases in suPAR signaling, downstream of ROS generation.

Studies in other cell types have shown that outside-in signaling through avp3-integrin is
mediated in part by Src family tyrosine kinases [38] and indeed that Src kinases can interact
with integrin B subunits [40]. This also occurs in mouse podocytes. In initial experiments we
observed that SUPAR treatment caused a very marked increase in the abundance of proteins
phosphorylated on tyrosine residues (Fig. 4a). SUPAR also increased the abundance of the
active phosphorylated form of Src at tyrosine 418 (SrcpY418) (Fig. 4b). A similar pattern
was evoked by simply treating podocytes with 1 mM H,0O, for 30 min in normal cell culture
medium. This resulted in a large increase in the abundance of proteins phosphorylated on
tyrosine residues (Fig. 4c), including a marked increase in Src-pY 418 relative to total Src
(Fig. 4d). Moreover, the ability of SUPAR to increase Src-pY418 (and hence activation) was
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blocked by concurrent exposure to TEMPOL (Fig. 4e). It bears noting that Src can cause
phosphorylation of glomerular TRPC6 channels in podocytes on multiple tyrosine residues,
including at Y284, a residue required for expression of TRPC6 on the cell surface [41].
Moreover, Src-family protein kinases including Fyn and Src interact directly with cytosolic
domains close to the carboxy and amino terminals of TRPC6 [41,42]. Here we observed
reciprocal co-immunoprecipitation from podocyte lysates using antibodies that recognize
TRPC6 and antibodies that recognize phosphorylated tyrosine residues. These signals
appeared more robust in cells treated with SUPAR, although we should note that these
immunoprecipitations are unlikely to yield quantitative data. We also note that we have
confirmed the critical role of Y284 for surface expression and activation of TRPC6
(Supplemental Data). More importantly, we observed that activation of Src-family kinases is
required for upregulation of TRPC6 by suPAR in podocytes. Thus suPAR-evoked increases
in steady-state surface abundance of podocyte TRPC6 were blocked by concurrent exposure
to PP2, an inhibitor of Src-family kinases (Fig. 5a). Concurrent exposure to PP2 also
blocked suPAR-evoked increases in membrane stretch-evoked activation of TRPC6 (Fig.
5b). PP2 also blocked increases in TRPC6 surface expression evoked by H,O, (Fig. 5¢),
which is consistent with models in which ROS is upstream of Src activation.

4. Discussion

The TRPC6 channel and suPAR have both been implicated in the progression of various
forms of CKD, and in a previous study we demonstrated that recombinant suPAR caused up-
regulation of podocyte TRPC6 channels, and contributed to similar activity in plasma of
some patients with recurrent forms of primary FSGS [21]. Under certain conditions, i.e. in
the presence of other pro-inflammatory factors, SUPAR could also induce surface expression
of TRPC5 [21], which has also been suggested to play a role in CKD [43] and also appears
to be a redox-sensitive channel [44]. In the present study we have elucidated some of the
mechanisms whereby suPAR upregulates functional TRPC6. We have observed that SUPAR,
by acting on a cilengitide-sensitive aV-containing integrin, evokes an increase in ROS
generation mediated by mobilization of an active Nox2 complex at the cell surface, which
requires activation of the small GTPase Racl. The increase in bulk cytosolic ROS in turn
causes an increase in protein tyrosine phosphorylation that requires Src-family protein
kinases, which are known to phosphorylate TRPC6 and modulate its expression on the cell
surface [41]. Src itself is among the proteins that is tyrosine phosphorylated in response to
SUPAR, and this effect also required ROS. A schematic summarizing these observations is
shown in Fig. 6.

Circulating suPAR is elevated in a wide range of conditions, and the serum levels of this
glycoprotein cannot be considered to be a specific biomarker for any particular kidney
disease. SUPAR is widely regarded as a marker for chronic systemic inflammation or
infection [2]. Notably, serum suPAR concentration can predict CKD from a variety of
causes, in some cases many years before clinical presentation [11-19]. Given this, there is
value in understanding its effects at a cellular level. In this study we have focused on
podocytes, a particularly vulnerable and essential renal cell type implicated in many renal
pathologies. However, it is possible that many of the effects noted here are conserved in
other cell types.
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The starting point of the cascade presented here is the generation of ROS in response to
SUPAR, which appears to be mediated by Nox2. To our knowledge, increased ROS
generation in response to SUPAR exposure has not been described in other cell types.
However, an increase in ROS generation in response to activation of B3-containing integrins
has been described previously in vascular smooth muscle, where it is thought to mediate
myogenic vasoconstriction [45], a process that entails activation of TRP channels including
TRPC6 [46] and other redox-sensitive TRP channels [44]. Integrin-dependent ROS
generation also occurs in podocytes in response to soluble syndecan 4 [47]. Other integrins
are reported to mediate activation of NADPH oxidases [48-51] including Nox2 [52].
Consistent with this, we observed that ROS generation and TRPC6 mobilization required
Rac1 activation, which was readily detected after SUPAR treatment. Note that Nox2 only
becomes catalytically active after GTP-bound Racl becomes part of the complex [35-37].

We also observed that the increase in bulk cytosolic ROS observed after SUPAR exposure, or
after exposing podocytes to H,O», drove an increase in Src activation and overall cell
tyrosine phosphorylation. The relationship between cellular redox status and Src regulation
has been extensively studied in a wide range of cell types [53]. There are a number of
members in the Src family of non-receptor tyrosine kinases subjected to this kind of
regulation. Src is regulated by phosphorylation of tyrosine 418 (in the rat variant) [54] and
can autophosphorylate at that residue [55]. Notably, the ability of Src to autophosphorylate
is enhanced after oxidation of cysteine residues within SH2 and kinase domains enhances
the catalytic activity of the enzyme towards other substrates [56]. The degree to which a
regulatory protein is phosphorylated reflects a balance between the activity of kinases and
phosphatases and it is notable that active sites of a host of tyrosine phosphatases are redox-
sensitive [57]. It is worth noting that the interaction between Src and NADPH oxidases may
be bidirectional. Thus, an earlier study has shown that Src can stimulate activation of
NADPH oxidases in vascular smooth muscle exposed to angiotensin 11 [58]. If similar
dynamics occur in podocytes it could set up a positive feedback loop in which activity of
both Src and Nox2 becomes sustained, which could contribute to ongoing disease processes.

We observed that the ability of SUPAR to upregulate functional TRPC6 was blocked by PP2,
an agent that inhibits Src family kinases. This drug also blocked TRPC6 upregulation by
H»0,, which strongly suggests that Src kinases lie downstream of ROS generation in this
pathway. It bears noting that TRPCS6 is phosphorylated by Src on at least two different
tyrosine residues [41] and that one of these (Y284) appears necessary for expression of
TRPC6 on the cell surface and activation [41], and observation that we have confirmed
[Supplemental Data]. We observed that TRPC6 channels in podocytes are phosphorylated on
tyrosine residues. This was easier to observe in sSuPAR-treated cells, especially when the
precipitation was carried out with anti-TRPC6.

In the present study we used membrane stretch to activate podocyte TRPC6 channels. It is
well established that TRPCG6 can be activated by this stimulus in multiple cell types
[31,46,59-63] although the mechanisms whereby this occurs are not understood and are
probably cell type-specific. In podocytes this mode of TRPC6 activation does not require
activation of any G protein [31], in marked contrast to TRPC6 activation by ATP or
angiotensin 11 [33,34]. Hypoosmotic stimuli are widely used in studies on mechanical
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activation of ionic channels because they are very reproducible and do not require any
specialized apparatus. In most cells, however, this is not a physiological stimulus. Podocytes
in situ are exposed to a variety of different mechanical stimuli, including pulsation of the
glomerular capillary [64], as well as fluid shear forces associated with hydrodynamic
movements over the cell surface [65], and possibly expansion of the sub-podocyte space that
would occur when single-nephron glomerular filtration rates are increased [66].
Consequently, a stimulus such as SUPAR that causes a sustained upregulation in TRPC6
activation by mechanical stimuli would presumably result in Ca2* overload in foot
processes, the cell body, or both. Within the foot process this could lead to changes in
cytoskeletal arrangements, whereas in the cell body this could lead to calcineurin- and
NFATc1-dependent changes in gene expression [67], including, in time, the upregulation of
TRPCS itself [68]. Similar chronic activation of TRPC6 explain why genetic ablation of
functional TRPCG6 channels is protective in animal models of acquired glomerular disease
[29]. In any case, it bears noting that TRPC6 channels may have a quite general role in
connecting cellular Ca2* dynamics to overall redox status.

5. Conclusions

We have shown that SUPAR acting though a.V-containing integrins causes functionally
significant mobilization of TRPC6 through a pathway that entails Nox2-dependent
generation of ROS. The accumulation of ROS subsequently increases activity of Src-family
tyrosine kinases which are required for increased mobilization and stretch-activation of
TRPC6 evoked by suPAR. These results suggest several potential therapeutic targets that
could conceivably reduce the loss of podocytes during CKD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Apo apocynin

CGT cilengitide

CKD chronic kidney disease

FSGS focal and segmental glomerulosclerosis
gp91Phox catalytic subunit of NADPH oxidase 2
Nox2 NADPH oxidase 2
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Nox4 NADPH oxidase 4

NSC23766 N6-[2-[[4-(Diethylamino)-1-methylbutyl]amino]-6-methyl-4-
pyrimidinyl]-2-methyl-4,6-quinolinediamine trihydrochloride

p47Phox regulatory subunit of NADPH oxidase 2

PP2 4-amino-5-(4-chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]
pyrimidine

ROS reactive oxygen species

SUPAR soluble urokinase receptor

TEMPOL 1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine

TRPC5 canonical transient receptor potential-5 channel

TRPC6 canonical transient receptor potential-6 channel
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Highlights

. SUPAR increases TRPC6 mobilization to the podocyte cell surface through
stimulation of integrins.

. The effect of SUPAR on TRPC6 requires reactive oxygen species produced by
NADPH oxidase 2

. Increases in reactive oxygen species lead to Src activation in podocytes,
which is required for TRPC6 upregulation by suPAR and by H,0o.

. TRPCE6 is phosphorylated on tyrosine residues in response to SUPAR and
H,0,.
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Figure 1.

Increased ROS generation in podocytes evoked by suPAR and Nox2 in mouse podocytes. ()
Fluorescence assay showing effects of recombinant suPAR (10 ng/ml for 24 hr) on cytosolic
ROS abundance in immortalized mouse podocytes. The effect of SUPAR was blocked by
concurrent exposure to 1 pM cilengitide (CGT), an inhibitor of signaling through a V3
integrin. Ordinate shows fold increase in signal over control. In this and all subsequent
panels, error bars denote SD. (b) The effects of SUPAR on ROS abundance were blocked by
concurrent exposure to 10 uM apocynin (Apo), an inhibitor of NADPH oxidase Nox2. (c)
Immunnoblots showing that exposure to sSUPAR increases abundance of heme-containing
catalytic subunits of Nox2 but not of Nox4. (d) Cell surface biotinylation assays showing
that SUPAR treatment increases abundance of Nox2 regulatory subunit p47270X at the cell
surface. Bar graphs in (c) and (d) show results of densitometric analyses.
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ROS are required for TRPC6 upregulation by suPAR in mouse podocytes. (a) Increases in
ROS evoked by suPAR are prevented in cells concurrently treated with 100 uM TEMPOL, a
membrane-permeable ROS quencher. (b) Concurrent exposure to 100 uM TEMPOL also
prevents increase in steady-state cell surface expression of TRPC6 evoked by SUPAR, as
measured by cell-surface biotinylation assay. (c) Examples of whole-cell recordings show

that membrane stretch-evoked cationic currents (previously shown to be mediated by

TRPCG6) are markedly increased in cells treated with SUPAR (10 ng/ml for 24 hr). However,
this did not occur in cells concurrently exposed to SUPAR and TEMPOL or in cells exposed
to TEMPOL alone for 24 hr. (d) Bar graphs showing mean fold increases in current

(measured at +80 mV) evoked by membrane stretch depending on previous 24 hr of

treatment.
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Figure 3.

Effects of SUPAR on TRPCS6 require activation of Racl in mouse podocytes. (a) Treatment of
SUPAR increases activation of Racl measured by ELISA assay from podocyte lysates. (b)
Increases in cytosolic ROS activation evoked by suPAR were prevented by concurrent
exposure to 50 pM NSC23766 (NSC), an agent that blocks interactions of Racl with
guanine nucleotide exchange factors, thereby preventing its activation. (c) Concurrent
exposure to NSC23766 also prevented increase in steady-state cell surface expression of
TRPC6 evoked by suPAR, assessed here by cell-surface biotinylation assay. (d) Increases in
stretch-activated cationic currents evoked by 24 hr exposure to SUPAR were prevented by
concurrent exposure to NSC23766. Examples of recordings are shown to the left, and a bar
graph summarizing results of this experiment are shown to the right.
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Exposure to suPAR increases abundance of proteins phosphorylated on tyrosine residues and
causes ROS-dependent activation of Src. (a) Immunoblot analysis showing increased
abundance of phosphotyrosine in podocytes treated with SUPAR for 24 hr. (b) Immunoblot
showing increased abundance of Src-pY418 relative to total Src in cells treated with SUPAR.
Exposing podocytes to medium containing 1 mM H,O, for 30 min increased abundance of
phosphortyrosine (c) and increased the abundance of Src-pY418 relative to total Src (d). (e)
suPAR-evoked increases in SrcpY418 relative to total Src were blocked by concurrent

exposure to TEMPOL.
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Figure 5.

Upregulation of TRPC6 by suPAR or by oxidative stress requires activation of Src family
kinases. (a) Cell surface biotinylation assays showing increased steady-state surface
expression of TRPC6 evoked by suPAR was blocked by concurrent exposure to 5 uM PP2,
an inhibitor of Src family tyrosine kinases. (b) Concurrent exposure PP2 also blocked
increases in stretch-evoked cationic currents that follow 24 hr exposure to suPAR. (c) PP2
also prevented mobilization of TRPC6 channels evoked by 1 mM H,0,.
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Figure 6.
Schematic diagram summarizing results of this study. Circulating SUPAR, which is increased

in some patients, including a subset of patients with primary or recurrent FSGS, causes
outside-in activation of a V3 integrins in podocytes. This results in Racl-dependent
activation of Nox2, which results in production of ROS. Those in turn lead to increased
surface expression of TRPC6, which can be seen as an increase in cationic currents evoked
by mechanical stimuli. The modulation of TRPC6 requires Src activation, which isin a
position to cause a variety of effects on other proteins in slit diaphragm domains.
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