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Abstract

Primary forms of focal and segmental glomeruloslerosis (FSGS) are driven by circulating factors 

that cause dysfunction or loss podocytes. Rare genetic forms of FSGS can be caused by mutations 

in TRPC6, which encodes a Ca2+-permeable cationic channel expressed in mesangial cells and 

podocytes; and NPHS2, which encodes podocin, a TRPC6-binding protein expressed in podocyte 

slit diaphragm domains. Here we observed that exposing immortalized mouse podocytes to serum 

or plasma from recurrent FSGS patients for 24 hr increased the steady-state cell-surface abundance 

of TRPC6, accompanied by an increase in currents through endogenous TRPC6 channels evoked 

by a hypoosmotic stretch stimulus. These effects were mimicked by the soluble urokinase receptor 

(suPAR) and by tumor necrosis factor (TNF), circulating factors implicated in nephrotic 

syndromes. Most but not all of the recurrent FSGS plasma samples that we examined also caused a 

loss of podocin over a period of several hours. The loss of podocin was also seen following 

exposure to suPAR but not TNF. However, TNF increased the effects of suPAR on TRPC6 and 

podocin, and TNF and suPAR are required for the full effects of one of the recurrent FSGS plasma 

samples. The actions of FSGS plasma, suPAR and TNF on surface abundance of TRPC6 were 

blocked by cilengitide, an inhibitor of αvβ3-integrin signaling. These data suggest that primary 

FSGS is a heterogeneous condition mediated by multiple circulating factors, and support TRPC6 

and αvβ3-integrin as potential therapeutic targets.
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1. Introduction

Focal and segmental glomerulosclerosis refers to lesions in which an accumulation of 

extracellular matrix obliterates varying portions of glomerular capillary tufts. While these 

lesions have several etiologies, many cases of histologically verified FSGS are primary and 

idiopathic. Primary FSGS patients who present with nephrotic levels of proteinuria and who 

do not respond to glucocorticoids have an especially high risk of progressing to renal failure. 

Moreover, a substantial portion of patients who receive a kidney allograft as a result of 

steroid-resistant primary FSGS will experience early recurrence of nephrotic range 

proteinuria and are at high risk for graft failure [1,2].

It is now generally accepted that recurrence of FSGS in an allograft recipient is caused by 

circulating factors that affect podocytes [3,4]. The identity of the circulating factor(s) that 

drive primary and recurrent FSGS has been elusive and controversial. One candidate is the 

soluble urokinase and plasminogen activator receptor (suPAR) [5], a term that encompasses 

a class of 22–50 kD glycoproteins shed from many cell types, including hematopoietic cells, 

endothelial cells, fibroblasts, and smooth muscle cells, as a result of proteolytic or 

phospholipase-mediated cleavage of a glycosylphosphatidylinositol-anchored glycoprotein 

[6]. It was originally reported that total plasma suPAR levels are elevated in a subset of 

patients with FSGS, especially patients with recurrent forms of FSGS [5], and this 

association was subsequently found to be stronger when urine levels of suPAR were 

measured [7–9]. Beyond the context of FSGS, large longitudinal studies have found that 

elevated blood suPAR levels in people with normal baseline renal function are associated 

with future chronic kidney disease and declines in estimated glomerular filtration rate 

[10,11]. Moreover, there is evidence that elevated serum suPAR levels predict future 

microalbuminuria in patients at risk for or with newly manifested type 2 diabetes mellitus 

[12]. In mice there is evidence that the circulating suPAR that drives kidney disease is 

derived from immature myeloid cells in bone marrow, and that transplantation of myeloid 

cells secreting high levels of suPAR can induce kidney disease in recipient mice [13].

Other factors have been proposed to mediate recurrent FSGS. A handful of case reports have 

documented remissions of recurrent FSGS following anti-TNF therapy in pediatric patients 

[14–16]. In addition, there are reports that circulating TNF is elevated in patients with 

primary nephrotic syndromes [17], and monocytes isolated from these patients secrete TNF 

at an order of magnitude greater rate than monocytes from healthy controls [18–20]. 

Moreover, changes in podocyte cytoskeletal organization evoked by plasma from patients 

with recurrent FSGS were blocked by inhibitors of TNF signaling [16]. Sustained TNF 

infusion induces glomerular pathology [21]. It has also been reported that TNF increases the 

albumin permeability of isolated glomeruli [22]. Other circulating factors, such as 

cardiotrophin-like cytokine 1, which activates transduction cascades that overlap those of 

TNF, may also drive recurrent FSGS [23]. It is possible that primary and recurrent FSGS 

may be driven by different patterns of circulating factors in different patients [24].

Genetic studies have identified a number of genes that are mutated in familial forms of 

FSGS. Two of these genes encode proteins that are the focus of the present study. Mutations 

in the NPHS2 gene encoding the hairpin loop protein podocin give rise to severe and 
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typically early-onset autosomal recessive nephrotic syndromes [25]. Most NPHS2 mutations 

result in non-functional proteins [26–28]. The TRPC6 gene encodes a Ca2+-permeable 

cation channel (TRPC6) expressed in many different cell types, including mesangial cells 

and podocytes. FSGS associated with TRPC6 mutations often presents with an adult onset, 

with an autosomal dominant mode of inheritance, and the mutant proteins frequently have a 

gain of function or increased surface expression when examined in heterologous expression 

systems [29–31]. It should be noted, however, that loss of activation by at least some gating 

modes has been seen with some TRPC6 mutations [32,33], including a dominant-negative 

mutation that resulted in complete loss of activation by G protein cascades and that occurred 

with an unusually early disease onset [33].

TRPC6 and podocin are expressed at the slit diaphragm domains of podocytes [30,34,35] 

and there are functionally significant biochemical interactions between these two proteins 

[30,35,36]. We have previously reported that podocin differentially regulates the sensitivity 

of podocyte TRPC6 channels to various activating stimuli [36]. Specifically, podocin 

enhances activation of TRPC6 induced by G protein signaling pathways or by diacylglycerol 

[36–38] or eicosanoids [39]. Conversely, podocin suppresses activation of podocyte TRPC6 

channels induced by membrane stretch, a process that occurs by poorly understood 

transduction mechanisms [36]. Therefore, processes that result in a loss in glomerular 

podocin expression would be expected to exert complex functional effects on TRPC6, but in 

particular should increase activation by membrane stretch or other mechanical stimuli.

It has been reported that patients with primary FSGS have elevated glomerular expression of 

TRPC6 [40] as well as reduced expression of podocin [41–43]. Moreover, a loss or 

internalization of podocin can be recapitulated in vitro by exposing cultured podocytes to 

serum from patients with recurrent FSGS [44–46]. Therefore, it is possible that dysfunction 

in one or both of these proteins could contribute to disease progression in “acquired” as 

opposed to genetic forms of kidney disease.

The primary purpose of the present study is to explore the effects of putative glomerular 

permeability factors, as well as serum and plasma from patients with recurrent forms of 

FSGS, on TRPC6 channels in a widely used immortalized podocyte cell line. Since podocin 

is a TRPC6-interacting protein that affects TRPC6 function, we have also examined this 

protein. The results support a model in which functionally significant changes in TRPC6 

surface expression and increases in its activation occur in response to circulating factors in 

FSGS patients, in many but not all cases accompanied by a loss of podocin. These data are 

also consistent with multiple circulating factor models of primary FSGS, in which suPAR, 

TNF, and probably several other circulating factors produce additive or synergistic effects 

that converge on podocytes. We will also present evidence that these circulating factors 

utilize integrin signaling pathways to increase the abundance of TRPC6 channels on the cell 

surface. If this multiple-factor model is correct, correlations between circulating levels of 

any one circulating factor and clinical status in primary FSGS (or other glomerular diseases) 

may not always be seen, even in cases when that factor contributes to the pathology. 

However, it is possible that downstream targets shared by these circulating factors, such as 

TRPC6 channels or integrins, might represent effective therapeutic strategies for acquired 

forms of FSGS.
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2. Material and methods

2.1 Podocyte cell culture and glomerular isolation

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 [36,47]. 

Podocyte differentiation and expression of podocyte markers was induced by removal of γ-

interferon and temperature switch to 37°C for 14 days. These cells robustly express a wide 

range of podocyte marker proteins after differentiation, including nephrin, synaptopodin, 

podocin, and podocalyxin. Some immortalized podocyte cell lines do not express these 

markers, and cell lines (including this one) lose the ability to express these markers after 

high passage numbers.

2.2 Immunoblot analysis and cell surface biotinylation assays

Methods used for immunoblot analysis from podocyte lysates have been described in detail 

previously [36,48]. Filters were probed using primary antibodies, washed, incubated with 

horseradish peroxidase-conjugated secondary antibodies, and visualized using 

chemiluminescence. Methods for cell surface biotinylation assays to measure steady-state 

surface abundance of TRPC6 channels were also described previously [37,39,47–49]. Rabbit 

antibodies against TRPC6 (ACC-017) and TRPC5 (ACC-020) were obtained from Alomone 

Labs (Jerusalem, Israel), antibodies against podocin (sc-21009) and β3-integrin (sc-14009) 

were obtained from Santa Cruz (Santa Cruz, CA).

2.3 Patient serum and plasma samples

Studies with serum and plasma samples were done following a protocol approved by the 

University of Houston Committee for the Protection of Human Subjects. Serum or plasma 

samples were taken from patients with FSGS that recurred after transplantation following 

ethical review by panels at the institutions where the patients were seen. Information on the 

patients is summarized in Table 1. Plasma samples from patients 101 and 356 were provided 

to us by Drs. Moin Saleem and Dan Henson at the University of Bristol, UK. The plasma 

samples were collected during relapse and after treatment by plasma exchange, with patient 

status based on measurements of urine protein/creatinine ratios and blood urea nitrogen 

(BUN). Patient 101 is an adult female, 44 years old at the time samples were collected. 

Patient 356 is a male child who was initially diagnosed with steroid-resistant FSGS at the 

age of 19 months, and who was 12 years old at the time the samples were taken. Samples 

were taken before and after plasma exchange therapy. Sera from patients 048 and 054 were 

collected from recurrent FSGS patients seen at the Johns Hopkins University at the time 

their disease recurred, and were provided by Drs. Sanja Sever and Nada Alachkar. We do not 

have additional clinical information on those patients. Sera from patients 004, DH, and 011 

were provided by Drs. Thomas Benzing and Henning Hagmann of the University of 

Cologne, Germany, along with information on blood urea nitrogen BUN levels at the time of 

sampling. The samples from patient DH were collected during relapse and after this patient 

achieved a temporary improvement as a result of intensive low density lipoprotein (LDL) 

apharesis therapy using a Miltenyi TheraSorb™ column (Miltenyi Biotec, Gladbach, 

Germany) with preasborbed sheep antibody against the B-100 component of LDL. The 

serum samples from patients 021 and 022 were from primary FSGS patients and were sent 
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to us by Dr. Jochen Reiser of Rush University Medical School. We do not have additional 

information on those patients. All of these plasma and serum samples were stored at −80° 

for varying periods of time before they were sent to us. Except where indicated, 

immortalized mouse podocytes were cultured with media containing plasma or serum at 

10% (replacing fetal bovine serum) for 24 hr. However, plasma from patient 101 was 

generally used at 2%. Controls in those cases consisted of sera from healthy humans 

replacing fetal bovine serum. Serum from healthy controls never produced changes 

compared to cells cultured in fetal bovine serum. Several of the samples were provided to us 

in such small volumes that only a small number of analyses could be performed. Cell surface 

biotinylation assays and electrophysiological analyses require substantial amounts of serum 

or plasma, which precluded carrying out these analyses for several of the samples.

2.4. Recombinant proteins, drugs and ELISA assays

Recombinant TNF was obtained from R&D Systems (Minneapolis, MN). A large 

recombinant form of suPAR containing domains 1, 2 and 3 was also obtained from R&D 

Systems. A smaller recombinant form of suPAR containing domains 2 and 3 provided by Dr. 

Sanja Sever of the Harvard Medical School (Boston, MA) was used in a few experiments. 

SKF-96365 was obtained from Sigma Aldrich (St. Louis, MO), and cilengitide was obtained 

from Seleck Chem (Houston, TX, USA). ELISA assay kits for quantifying serum TNF 

(DTA00C) and suPAR (DUP00) were obtained from R&D Systems. Antibodies used for 

neutralization of suPAR (AF-807) and TNF (AF-210-NA) in a nephrotic plasma sample 

were from R&D Systems.

2.5. Electrophysiology

Methods for making whole-cell recordings from podocytes, including the composition of the 

recording electrode, and preparation of control bath (340 mOsm/liter), and 70% 

hypoosmotic bath solutions (238 mOsm/liter), are described elsewhere [36]. The bath was 

perfused at a constant flow rate (0.3 ml/min) and outwardly rectifying currents were 

periodically evoked by ramp voltage commands (−80 to + 80 mV over 2.5 sec) starting from 

a holding potential of −40 mV [36,50]. After achieving a stable baseline in control 

(normosmotic) bath solution, perfusion of 70% hypoosomotic stretch solution causes 

reversible activation of TRPC6 channels in podocytes. This is seen as an increase in 

outwardly rectifying current that reverses at 0 mV and stabilizes in 2–3 min, and responses 

shown here were recorded within that time. In many experiments, bath solutions containing 

50 μM La3+ were applied in hypoosmotic saline immediately after the response to stretch 

stabilized. Micromolar La3+ is useful for the present experiments because it causes rapid 

blockade of TRPC6 but not TRPC5 [50,51]. We have previously shown that stretch-evoked 

cationic currents in podocytes are inhibited by TRPC6 knockdown [36] and we show in 

Supplemental Data Figure 3 that they are blocked by low nanomolar concentrations of 4-

(((1R,2R)-2-((R)-3-aminopiperidin-1-yl)-2,3-dihydro-1H-inden-1-yl)oxy)-3-

chlorobenzonitrile dihydrochloride (SAR7334), the most selective known inhibitor of 

TRPC6 [52], which we obtained from MedChem Express (Monmouth Junction, NJ). We 

note, however, that in some cells, more prolonged exposure to hypoosmotic solutions cause 

activation of unidentified La3+-resistant currents with current-voltage characteristics distinct 

from TRPC6. Currents were quantified at +80 mV and bar graphs show average fold-
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changes ± SEM compared to baseline current in normal external bath saline once stable 

whole-cell contact was made (prior to application of activating stimuli).

2.6. Statistical analyses

All experiments on immunoblot 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 relative to the lowest value observed in a control group 

(as mean ± SD). Data were analyzed by Bonferonni t-test with P < 0.05 considered 

significant. Electrophysiological data are presented as mean ± SEM and were analyzed by 

Student’s unpaired t-test or Bonferonni t-test, comparing cells cultured in normal media to 

cells cultured in presence of recombinant TNF or suPAR or plasma from patients with 

recurrent FSGS.

3. Results

3.1 Effects of sera and plasma from patients with recurrent FSGS on TRPC6 and podocin 
expression in cultured podocytes

The differentiated cells of an immortalized mouse podocyte cell line (MPC-5 cells) were 

cultured for 24 hr in the presence of plasma samples from a 44-year old female patient (101) 

with recurrent FSGS taken while she was in relapse (in September of 2007), and a sample 

taken after this patient had achieved a temporary remission after plasma exchange (in 

October of 2007) (Fig. 1a). The clinical status of the patient was assessed by clinicians in the 

UK based on measurements of serum albumin and urine protein:creatinine ratios. These 

plasma samples were added to our standard culture media at a concentration of 2% and cells 

were exposed to this plasma for 24 hr and then examined using various assays. The plasma 

sample taken while patient 101 was in relapse markedly reduced the abundance of podocin 

as measured by immunoblot, whereas a sample taken from the same patient after remission 

was achieved had almost no effect on podocin abundance compared to cells cultured in fetal 

bovine serum (Fig. 1a). The plasma sample taken during relapse also increased the steady-

state surface abundance of TRPC6 compared to the control, as measured by cell surface 

biotinylation assays, whereas the sample taken during remission produced a barely 

discernible effect (Fig. 1b). We have seen a similar pattern (increase in surface TRPC6 

accompanied by a loss of podocin) using serum or plasma samples from several other 

patients with active primary FSGS. Effects of serum samples from two these patients 

(denoted as 048 and 054) are shown in Fig. 1c. Note again the increase in steady-state 

surface expression of TRPC6 accompanied by a reduction in podocin abundance measured 

in total cellular lysates. Examples of data using samples from six other primary or recurrent 

FSGS patients are shown in Supplemental Figure 1a–c. We observed that plasma samples 

from two recurrent FSGS patients did not fully recapitulate this pattern. For example, 

plasma from patient 356 had no effect on podocin abundance but induced an increase in the 

surface abundance of TRPC6. The effect on surface TRPC6 appeared to be slightly greater 

with the sample taken during the disease relapse (Fig. 2). Serum from patient 011 from the 

University of Cologne cohort also had no effect on podocin (Supplemental Figure 1d), but 

we did not have sufficient material to test its effects on TRPC6. Note that the increase in 

surface abundance of TRPC6 is not an obligatory consequence of the loss of podocin, since 
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podocin knockdown in this cell line actually causes a decrease in steady-state surface levels 

of TRPC6 (Supplemental Fig. 2).

3.2 Effects of recombinant putative permeability factors on abundance of podocin and 
TRPC6

Circulating suPAR occurs in a variety of forms that vary in domain structure and the extent 

of glycosylation [6]. We have examined two different recombinant preparations of suPAR; a 

smaller form consisting of protein domains 2 and 3, and a larger commercially available 

form containing domains 1, 2 and 3. Both preparations of recombinant suPAR produced a 

similar effect on cultured podocytes at 10 ng/ml, and specifically caused a marked increase 

in steady-state surface expression of TRPC6 accompanied by a marked reduction in total 

podocin abundance (Fig. 3a). Treating podocytes with 10 ng/ml TNF for 24 hr also caused 

an increase in surface abundance of TRPC6 (Fig. 3b). However, in marked contrast to 

suPAR, exposure to TNF did not produce a robust or consistent effect on podocin 

abundance, and in this respect TNF differs markedly from suPAR. The effects of suPAR and 

TNF on surface expression of TRPC6 appear to be additive or greater. To examine this, 

immortalized podocytes were cultured for 24 hr in presence of 1 ng/ml of either suPAR or 

TNF, or in the presence of both factors, each at 1 ng/ml. At this low concentration, the 

effects of suPAR or TNF on the surface abundance of TRPC6 were comparatively small and 

not always seen. However robust increases in surface expression of TRPC6 were 

consistently observed when both factors were present at 1 ng/ml (Fig. 3c).

While our work in this study focuses on TRPC6, we note here that neither suPAR nor TNF 

by themselves at 10 ng/ml were able to increase the abundance of TRPC5 subunits on the 

podocyte cell surface (Supplemental Figure 4a, b). However, a consistent increase in surface 

TRPC5 was seen when TNF and suPAR were both present at 10 ng/ml (Supplemental Figure 

4c), and a similar effect was seen with plasma from patient 101 taken during relapse 

(Supplemental Figure 4d). Therefore, TRPC5 can be mobilized to the podocyte cell surface 

by circulating factors implicated in FSGS and other kidney diseases, but this effect may 

require either a stronger stimulus than is needed for mobilization of TRPC6, or may simply 

respond preferentially to other circulating factors not studied here.

An earlier study on sera from patients with recurrent FSGS also reported loss of podocin 

expression in immortalized human podocytes, and those workers reported that the maximum 

effect required 24 hr of exposure [44]. For comparison, we treated immortalized mouse 

podocytes with suPAR, TNF, or patient 101 plasma (in relapse) for 3, 6, or 24 hr and then 

examined podocin abundance. In agreement with that earlier study, we observed that loss of 

podocin evoked by either 10 ng/ml suPAR or plasma from patient 101 required several hours 

of exposure, whereas podocin was essentially unaffected by 10 ng/ml TNF even after 24 hr 

(Fig. 4).

3.3. Putative permeability factors and recurrent FSGS plasma increase stretch-evoked 
activation of podocyte TRPC6 channels

In these experiments, we utilized a 70% hypoosmotic stretch stimulus to examine whether 

biochemical changes in the abundance of TRPC6 and podocin noted above are associated 
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with functional changes in ionic currents. Outwardly rectifying cationic currents were 

recorded during application of a ramp voltage command (−80 to +80 mV) before and during 

application of a 70% hypoosmotic bath solution [36]. Stretch-evoked currents in podocytes 

are inhibited by the highly selective TRPC6 inhibitor SAR7334 with an EC50 of around 10 

nM, comparable to that observed with recombinant TRPC6 (Supplemental Figure 3). By 

comparison, SAR7334 blocks TRPC3 with an EC50 of greater than 180 nM and has no 

effect on TRPC5 at 10 μM [52]. Stretch-evoked currents in podocytes are also blocked by 

very low concentrations 50 μM La3+ which blocks TRPC6 but not TRPC5 at these low 

concentration [36,51]. Here we note that La3+-sensitive stretch-evoked currents were 

substantially larger relative to the pre-stretch baseline in podocytes cultured for 24 hr in 

recombinant human suPAR (10 ng/ml) (Fig. 5a). A smaller but still significant increase was 

also observed in podocytes cultured for 24 hr in 10 ng/ml TNF (Fig 5b). Increases in stretch-

evoked currents were also seen in podocytes cultured with plasma from patient 101 sampled 

during a relapse (Fig. 6). The plasma sample taken from 101 during a remission did not 

produce large increases in stretch-evoked currents (Fig. 6). Thus, the biochemical effects of 

circulating factors are associated with functional changes in podocyte physiology.

3.3 Effects of neutralizing antibodies on actions of recurrent FSGS plasma

The previous results showing additive or synergistic effects of TNF and suPAR also indicate 

that the response of podocytes to one circulating factor can depend on the concentrations of 

other circulating factors. Therefore, we examined whether a multiple-factor hypothesis 

based on TNF and suPAR could explain some of the effects of a recurrent FSGS plasma on 

cultured podocytes. Obviously our focus on those two factors in this plasma sample does not 

exclude possible contributions from any number of other circulating factors [24]; indeed our 

ELISA measurements of suPAR and TNF concentrations in several serum and plasma 

samples that we received suggest that a consideration of just these two factors is probably 

inadequate to account for all of our observations (Table 1). To test this idea we used 

commercial neutralizing antibodies raised against suPAR (anti-suPAR, 2 μg/ml) and TNF 

(anti-TNF, 0.5 μg/ml). In pilot biochemical experiments we observed that these antibodies 

could completely block the actions of recombinant forms of their target proteins at 10 ng/ml 

(Supplemental Figure 5). The experiments in Fig. 7 show the effects of these antibodies on 

actions of plasma taken from patient 101 during relapse. The plasma was incubated with 

anti-TNF, anti-suPAR, or both for 3 hr at 37°. The mixture was then added to cultured 

podocytes for 24 hr. As with previous experiments, we observed a marked increase in 

steady-state surface abundance of TRPC6 (Fig. 7a) and a loss of podocin (Fig. 7b) when 

podocytes were exposed to plasma from patient 101. Those effects were slightly reduced in 

plasma pre-incubated with anti-suPAR, whereas pre-incubation with anti-TNF was more 

effective. However, the combination of anti-suPAR and anti-TNF abolished the effects of 

101 plasma on TRPC6, and markedly reduced its effects on podocin. These antibodies had 

no effect by themselves or in combination on TRPC6 levels in podocytes cultured in control 

conditions. These data suggest that multiple bioactive factors including suPAR and TNF are 

circulating in this patient and possibly in other patients with recurrent forms of FSGS. In this 

regard, we detected quite high concentrations of both factors in the plasma from patient 101, 

especially TNF, both of which were reduced in the sample taken after remission was 

achieved (Table 2).
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3.4 Role of integrin signaling in modulation of podocyte TRPC6 by circulating factors and 
FSGS plasma

Studies of integrin signaling in podocytes formed the original basis for the proposal of 

suPAR as a circulating glomerular “permeability factor” in nephrotic syndromes [53]. 

Specifically, it was observed that induction of uPAR, the membrane-anchored form of 

suPAR, caused activation of αvβ3-integrin, and that this was required for various stimuli to 

cause foot process effacement in vivo, or increases in podocyte motility in vitro. Moreover, 

gene delivery of constitutively active β3-integrin into podocytes was sufficient to cause 

proteinuria [53]. Cilengitide selectively inhibits signaling through integrins that contain αv 

subunits [54], such as αvβ3-integrin by locking it into an inactive configuration. Note that 

αvβ3-integrin is heavily expressed in podocytes [55]. Previous studies have shown that 

cilengitide can reduce proteinuria evoked by infusion of lipopolysaccharide [5] and also 

blocks several of the effects of recombinant suPAR on podocytes [5,56]. We observed that 1 

μM cilengitide markedly reduced the effects of suPAR, TNF, and plasma from patients 101 

and 356 on the surface abundance of TRPC6 in cultured podocytes (Fig. 8). It is worth 

noting that 24 hr exposure to TNF, suPAR, and several of the FSGS patient samples are able 

to evoke increases in the overall abundance of β3-integrin detected in cultured mouse 

podocytes. These effects are also completely blocked by concurrent exposure to 1 μM 

cilengitide (Supplemental Figure 6).

4. Discussion

The primary observation of this study is that exposing cultured podocytes to serum or 

plasma from patients with primary and recurrent FSGS, or to putative glomerular 

permeability factors, results in increases in the steady-state surface expression of TRPC6 

channels, either through increases in forward trafficking of TRPC6 to the cell surface, 

decreased endocytosis, or both. The majority of the patient samples examined here also 

caused a substantial loss of podocin in cultured podocytes, consistent with previous reports 

[44,46]. Similar effects on TRPC6 and podocin were evoked by suPAR, a circulating factor 

that has been suggested to drive primary and recurrent FSGS [5,57] and which markedly 

increases risk for future chronic kidney disease [10–12]. However, not all of the recurrent 

FSGS plasma samples showed this pattern. For example, the samples from patients 356 and 

011 had no effect on podocin, although 356 induced modest increases in the surface 

expression of TRPC6 in cultured podocytes. The pattern seen with patient 356 is similar to 

that seen with recombinant TNF, although we note that TNF concentration does not appear 

to be unusually high in that sample. While these results suggest that primary FSGS is a 

heterogeneous condition, conclusions about patient heterogeneity from our experiments 

should be tempered by the fact that the plasma samples used in this study were not collected 

recently; and while they have been stored in similar conditions (indeed 356 and 101 were 

sent to us from the same group in the UK), we cannot exclude that there has been differential 

degradation in the biological activities. This is an issue that impacts almost any molecular 

study based on banked or archival blood or urine specimens.

Adding to the complexity, the sera and plasma samples from recurrent FSGS patients that 

were tested here may contain more than one molecular factor capable of affecting podocyte 
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TRPC6 channels. We received sufficient plasma from patient 101 to address this question 

directly. The effects of this plasma on podocin and TRPC6 were reduced by neutralizing 

antibodies against either suPAR or TNF (notably with a larger inhibition produced by anti-

TNF), and nearly complete inhibition was seen when both antibodies were used. Moreover, 

we could detect both factors at relatively high concentrations in this sample, although it 

remains possible that the commercial ELISA assay does not accurately report concentrations 

of more pathogenic forms. Indeed, the fact that plasma from patient 101 can stimulate 

TRPC6 even when it is diluted to a final concentration of 2% in media suggests that suPAR 

and TNF activities are augmented by additional factors in this plasma. If this situation is 

common in primary FSGS, then the circulating levels of any one putative permeability factor 

might not show a strong correlation with proteinuria or disease severity, but it could still be 

an important factor driving the disease process. In other words, the effect of a factor like 

suPAR could be conditional, and might require the potentiating actions of a second (or third) 

circulating factor such as TNF, CLCF1, IL-13, hemopexin, syndecan-4, or even an entire 

cytokine milieu [4,24]. This milieu could also include protective factors [58]. Overall 

activity may depend on other factors such as serum lipid content, and may also vary 

according to prior treatments, whether the patients currently harbor an infection, etc. 

Moreover, pathogenic factors may also be produced locally within glomeruli (as with TNF 

and suPAR) and might not be captured in measurements from serum or plasma (but might be 

captured in urine measurements).

In this regard, even the original report on circulating suPAR noted a subset of patients with 

primary and even recurrent FSGS with serum levels well below the cutoff level of 3,000 

pg/ml and well within the range seen in healthy people [5]. Moreover, some patients with 

high total serum suPAR levels from other causes, such as in certain cancers, do not show 

signs of glomerular dysfunction [57]. It is possible that in a generally inflammatory milieu, 

for example in various forms of glomerulonephritis, suPAR signaling would be more 

deleterious as compared to children or young adults with primary nephrotic syndromes in 

which inflammation is generally not present. This view accords well with large longitudinal 

clinical studies in which serum suPAR levels predicted future incident kidney disease and 

declines in estimated glomerular filtration rate [10,11].

From a therapeutic perspective, the complex and possibly intractable nature of the 

circulating and/or locally produced factors that drive primary FSGS may not be crucial if 

their actions converge onto a small subset of targetable proteins in podocytes. Two targets 

suggested by the present results are TRPC6 channels and αvβ3-integrin. The later protein 

functions as a receptor or co-receptor for suPAR [59]. Here we observed that cilengitide, an 

inhibitor of signaling through αv-containing integrins such as αvβ3-integrin [54], 

completely blocked the increases in surface abundance of TRPC6 evoked by all of these 

treatments, including suPAR, TNF, and plasmas from patients 101 and 356. TNF acts on a 

distinct family of its own receptors but there is evidence that it can induce inside-out 

activation of integrins [60]. In addition, an experiment with a design similar to ours showed 

that plasma from a recurrent FSGS patient caused TNF-dependent activation of β3-integrin 

signaling in cultured podocytes [16], and TNF has also been recently reported to contribute 

to NFATc1-dependent injury in podocytes [61]. Both of those results are entirely consistent 

with present observations. In this regard, we recently demonstrated that the ectodomain of 
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syndecan-4 (Sdc4) can also cause mobilization of podocyte TRPC6 channels through 

cascades that are blocked by cilengitide [49]. As with TNF, application of Sdc4 did not 

reduce the expression of podocin [49]. Therefore, loss of podocin expression is not an 

inevitable consequence of integrin signaling in podocytes. Regardless of how αvβ3-integrin 

is activated by circulating factors, several studies have shown efficacy of αvβ3-integrin 

antagonists in animal models of proteinuric diseases [5,62,63]. As an aside, we should note 

here that human TNF is only able to activate the type 2 TNF receptor in mice [64], but that 

receptor is already thought to play a role in driving kidney disease [65].

The primary observation of this study is that all of these treatments converge to increase 

functional TRPC6 channels in podocytes. This markedly expands the significance of 

observations made more than a decade ago that well-characterized genetic forms of FSGS 

occur as a result of mutations that lead to a gain of TRPC6 function [29–33] or a loss of 

functional podocin [25,27,28]. Podocin and TRPC6 are functionally linked in foot processes 

where they are endogenously co-localized. Thus, our recent study on TRPC6 gating in 

podocytes demonstrated direct interactions between cytosolic domains near the carboxy 

terminals of podocin and TRPC6, and showed that large increased in TRPC6 currents 

evoked by membrane stretch occur after podocin knockdown [36]. In other words, podocin 

normally suppresses mechanical activation of TRPC6. Podocyte foot processes are attached 

to a mechanically dynamic matrix and are subjected to measurable pulsations driven by the 

cardiac cycle [66] or through expansion of the sub-podocyte space [67]. It is possible that 

pathological changes that alter the structure and composition of cell membranes, such as a 

loss of podocin and/or an increase in TRPC6, could cause sustained and excessive Ca2+ 

influx. Moreover, the forces impacting podocytes would be expected to increase during 

chronic kidney disease as the number of functional nephrons declines [68].

Most of the macroscopic ionic current in podocytes that is activated by native G protein 

signaling or other stimuli can be attributed to TRPC6-containing channels on the basis of 

sensitivity to TRPC6 knockdown, La3+ and SKF-96365 [36,38,39] and SAR7334 (the 

present study). However, TRPC5 channels are also expressed in podocytes [48,51] and have 

been proposed to play a role in the progression of kidney disease [69], although the factors 

that normally cause them to become active are not known. We observed that strong stimuli, 

such as the plasma taken from patient 101 during relapse, and the combined presence of 

higher concentrations of suPAR and TNF, can stimulate increased mobilization of TRPC5 

subunits to the cell surface. It is possible that TRPC5 channels may also contribute to some 

cases of severe primary FSGS, or alternatively that a subset of patients have a pattern of 

circulating factors that exert a preferential effect on TRPC5.

5. Conclusions

We have shown that serum and plasma from patients with recurrent FSGS in relapse can 

increase the steady-state surface expression of podocyte TRPC6 channels, an affect 

accompanied in most cases by a loss of podocin. These effects are closely recapitulated by 

recombinant suPAR. However, some recurrent FSGS patient samples, and recombinant TNF, 

do not affect podocin but still stimulate an increase in surface expression of TRPC6. The 

effects of TNF and suPAR on TRPC6 are at least additive and possibly synergistic. 
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Therefore, the overall effects of any one circulating factor on glomerular and podocyte 

function may depend on which other factors are present in the circulation or within the 

glomerulus. The effects of all of the treatments studied here were blocked by an inhibitor of 

αvβ3-integrin signaling, which may form the basis for therapeutic strategies.

Supplementary Material

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

• Circulating factors in patients with recurrent FSGS modulate TRPC6 channels 

in cultured podocytes, and many but not all of these samples also induce a 

loss of podocin over a period of 24 hours.

• These effects are mimicked by suPAR, a circulating factor implicated in 

chronic kidney disease, especially FSGS.

• The effects of suPAR are increased in the presence of TNF.

• Modulation of TRPC6 by suPAR, TNF, and circulating factors in FSGS 

patients require signaling through alphaV-containing integrins.

• TRPC6 and αVβ-integrin may be useful therapeutic targets in glomerular 

diseases.
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Figure 1. 
Effects of plasma and sera from patients with recurrent FSGS on TRPC6 and podocin in 

immortalized podocytes. (a) Experiments using plasma from patient 101 sampled during a 

relapse of recurrent FSGS and later, after remission was achieved following plasma 

exchange. A representative immunoblot shows total podocin abundance in immortalized 

mouse podocytes cultured for 24 hr with media containing 2% plasma from 101 taken 

during relapse and remission, as indicated, as well as in podocytes grown in normal media. 

Note reduction in total podocin abundance in podocytes cultured with plasma from 101 in 

relapse. Plasma from 101 taken after remission does not have this activity. This 

representative immunoblot is shown above bar graph summarizing densitometric analysis of 

three repetitions of this experiment, presented as mean ± SD of podocin relative to actin. 

Asterisk indicates P < 0.05 compared to control. (b) Plasma from 101 in relapse also caused 

marked increase in steady-state cell surface abundance of TRPC6 channels in podocytes as 
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measured by cell-surface biotinylation assays. Bar graph (mean ± SD) summarizes three 

repetitions of this experiment. Activity is reduced in plasma taken from 101 after remission 

was achieved. (c) Serum from two other recurrent FSGS patients (048 and 054) caused a 

reduction in total podocin and an increase in steady-state surface TRPC6. Representative 

assays are shown to left, and bar graph summaries of three repetitions of these experiments 

are shown to the right (mean ± SD). Podocytes were treated with media containing 10% of 

these sera for 24 hr. Asterisks indicate P < 0.05 by Bonferroni t-test.
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Figure 2. 
Different pattern of activity in plasma from a different patient with recurrent FSGS during 

relapse and remission. (a) Plasma from patient 356 had no effect on total podocin 

abundance. (b) Plasma from patient 356 caused modest increase in steady-state surface 

expression of TRPC6 measured by a biotinylation assay after 24 hr treatment at 10%. 

Activity was present in both plasma samples from this patient, but there was a trend towards 

higher activity in the sample taken during relapse. Representative blots are shown above 

densitometric analysis of three repetitions of this experiment (mean ± SD). Asterisks 

indicate P < 0.05 by Bonferroni t-test.
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Figure 3. 
Effects of recombinant human suPAR and TNF on TRPC6 and podocin in immortalized 

podocytes. (a) Two isoforms of suPAR at 10 ng/ml for 24 hr caused increase steady-state 

surface expression of TRPC6 measured by cell surface biotinylation assays, and reduced 

podocin abundance measured by immunoblot of total cellular lysates. Summary bar graphs 

(mean ± SD) of three replications of these experiments are shown to the right of 

representative blots. We could not discern any consistent difference in the activities of these 

two recombinant preparations at this concentration at the limits of resolution of this in vitro 
assay. (b) Culturing podocytes with 10 ng/ml TNF for 24 hr causes an increase in the steady-

state surface expression of TRPC6 measured by biotinyation assays but has no effect on 

overall abundance of podocin. (c) TNF and suPAR by themselves at a lower concentration (1 

ng/ml) do not cause a notable increase in surface TRPC6 by themselves but a robust increase 

occurs when both factors are present at 1 ng/ml. Asterisks indicate P < 0.05 by Bonferroni t-

test.
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Figure 4. 
Time course of circulating factors effects on podocin abundance in podocytes. Cells were 

treated for times indicated. A loss of podocin required several hours of treatment with 

suPAR (a) but did not occur with TNF, even with 24-hr exposure (b). The loss of podocin 

evoked by 101 plasma also required several hours (c). Representative blots are shown above 

bar graphs (mean ± SD) summarizing results of three repetitions of each experiment. 

Asterisks indicate P < 0.05 by Bonferroni t-test.
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Figure 5. 
Recombinant circulating factors increase stretch-evoked cationic current in mouse 

podocytes. Cells were cultured for 24 hr in either control medium, or medium containing 

suPAR or TNF as indicated, after which whole-cell recordings were made. (a) 

Representative examples of currents evoked shortly after making whole-cell contact (left), in 

the same cell 2–3 minutes after switching to a 70% hypoosmotic external medium (center) 

and after bath application of hypoosmotic medium containing 50 μm La3+ (right), which 

inhibits TRPC6-mediated currents in podocytes. Currents shown were recorded during 

application of a ramp voltage command (−80 mV to + 80 mV over 2.5 sec). Note increase in 

amplitude of stretch-evoked currents in cells that had been cultured in suPAR or TNF 

compared to cell cultured in control medium. (b) Mean fold increases in current at +80 mV 

recorded in hypoosmotic stretch solution relative to baseline current in normal bath solution 

for cells cultured in control medium or suPAR. Data are mean ± SEM with 10 cells in each 

group. (c) Mean fold increase in stretch-evoked current ± SEM in cells that had been 

cultured in TNF for 24 hr compared to cells cultured in control media. Asterisks indicate P < 

0.05 (Student’s unpaired t-test).
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Figure 6. 
Plasma from a recurrent FSGS patient increases stretch-evoked cationic current in mouse 

podocytes. Cells were cultured for 24 hr in either control medium, or medium containing 2% 

of the plasma of patient 101 taken during relapse or remission as indicated. (a) 

Representative examples of currents evoked in cells in normal media shortly after making 

whole-cell contact (left), in the same cell 2–3 minutes after switching to a 70% hypoosmotic 

external medium (center) and after bath application of hypoosmotic medium containing 50 

μm La3+ (right), and then after a return to the normosmotic medium. Note increase in 

amplitude of stretch-evoked currents in cells cultured in plasma from patient 101 taken 

during relapse. (b) Mean fold increases ± SEM in current at +80 mV recorded in stretch 

solution relative to normosmotic baseline current for cells cultured in normal medium or in 

plasmas from patient 101. Asterisk indicates P < 0.05 (Bonferonni t-test).
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Figure 7. 
Effects of neutralizing antibodies to TNF and suPAR on activities in plasma from patient 

101 taken during relapse. (a) Effects of 101 plasma on steady-state surface expression of 

TRPC6 are reduced by either anti-suPAR or by anti-TNF, but are essentially abolished by 

the combination of those antibodies. (b) A similar pattern is seen in measurements of 

podocin abundance, indicating that both factors contribute to the overall activity of this 

patient’s plasma sample. Note that this pattern does not exclude possible contributions from 

other circulating factors. Representative blots are shown above bar graphs summarizing 

three repetitions of this experiment. Data are mean ± SD and asterisks indicate P < 0.05 

(Bonferonni t-test).

Kim et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Role of integrin signaling in effects of circulating factors. Representative cell surface 

biotinylation assays are shown above data summaries showing that the effects of suPAR (a), 

TNF (b), plasma from patient 101 (c) and plasma from patient 356 (d) are blocked by 1 μM 

cilentigide, an inhibitor of signaling through αv-containing integrins. Representative blots 

are shown above bar graphs summarizing three repetitions of this experiment. Data are mean 

± SD and asterisks indicate P < 0.05 (Bonferonni t-test).
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Table 1

Clinical features of patients whose serum or plasma samples were used in this study.

Patient Diagnosis and features Renal function tests at 
time of sample

Source of sample

101 Plasma from 44 year old female with recurrent FSGS. Samples were 
taken before and after transient remission induced by plasma 
exchange.

NA Bristol, UK

048 Serum from patient with recurrent FSGS NA Johns Hopkins University, 
Baltimore, MD

054 Serum from patient with recurrent FSGS NA Johns Hopkins University, 
Baltimore, MD

356 Plasma from male child with recurrent FSGS, with initial nephrotic 
syndrome diagnosis at age of 16 months. Samples taken before and 
after plasma exchange

Proteinuria noted after 
transplant and transiently 
reduced after plasma 
exchange.

Bristol, UK

021 Serum from patient with recurrent FSGS NA Rush University, Chicago, 
IL

022 Serum from patient with recurrent FSGS NA Rush University, Chicago, 
IL

004 Plasma from adult female with recurrent FSGS at time of sampling. 
Currently back on dialysis.

BUN = 49 mg/dl Cologne, Germany

DH Plasma from male child with recurrent FSGS. Samples were taken 
before and after transient remission was induced by three sessions of 
LDL apharesis.

BUN = 99 mg/dl during 
relapse.
BUN = 78 mg/dl after LDL 
apheresis

Cologne, Germany

011 Plasma from female with recurrent FSGS, has received two kidney 
transplants to date.

BUN = 114 mg/dl Cologne, Germany

Coded samples of serum or plasma were sent to us from clinician scientists at different university medical centers as indicated. All of these patients 
have had recurrence of FSGS after a kidney transplant. In some cases we received samples from the same patients at different times in which the 
severity of the disease appeared different based on clinical tests. We have provided laboratory values where we could obtain the information.
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Table 2

Measurements of TNF and suPAR concentrations in serum and plasma samples used in this study.

Sample TNF (pg/ml) suPAR (pg/ml)

Fetal bovine serum 21.2 ± 4.76 541.8 ± 4.63

Control human serum 45.5 ± 2.42 792 ± 6.26

101 relapse 1211.0 ± 38.71 3363.5 ± 41.16

101 remission 85.9 ± 5.49 2186.5 ± 15.71

DH relapse 201.7 ± 8.50 3178.8 ± 15.66

DH remission 49.2 ± 1.68 1063.0 ± 5.33

356 relapse 51.6 ± 2.46 4169.0 ± 36.86

356 remission 50.5 ± 6.21 2629.6 ± 20.31

004 relapse 48.3 ± 3.52 1018.0 ± 5.26

Concentrations measured by commercial triplicate ELISA assays (R&D Systems, Minneapolis, MN). Data are presented as mean ± SD. FBS refers 
to fetal bovine serum. Plasma from patient 101 was collected in relapse and after remission was achieved following plasma exchange. Plasma from 
patient DH was collected during relapse and after a temporary remission achieved following LDL apharesis.
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