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ABSTRACT

Large-conductance (BKg, type) Ca®"-activated K* channels
encoded by the Slo7 gene and various canonical transient
receptor potential channels (TRPCs) are coexpressed in many
cell types, including podocytes (visceral epithelial cells) of the
renal glomerulus. In this study, we show by coimmunoprecipi-
tation and GST pull-down assays that BKs, channels can as-
sociate with endogenous TRPC3 and TRPC6 channels in dif-
ferentiated cells of a podocyte cell line. Both types of TRPC
channels colocalize with Slo1 in podocytes and in human em-
bryonic kidney (HEK) 293T cells transiently coexpressing the
TRPC channels with Slo1. In HEK293T cells, coexpression of
TRPCS6 increased surface expression of a Slo1 subunit splice
variant (Slo1,gpec) that is typically retained in intracellular com-
partments, as assessed by cell-surface biotinylation assays
and confocal microscopy. Corresponding currents through

BKg, channels were also increased with TRPC6 coexpression,
as assessed by whole-cell and excised inside-out patch re-
cordings. By contrast, coexpression of TRPC3 had no effect on
the surface expression of BK., channels in HEK293T cells or
on the amplitudes of currents in whole cells or excised patches.
In podocytes, small interfering RNA knockdown of endogenous
TRPC6 reduced steady-state surface expression of endoge-
nous Slo1 channels, but knockdown of TRPC3 had no effect.
TRPC6, but not TRPC3 knockdown also reduced voltage-
evoked outward current through podocyte BK., channels.
These data indicate that TRPC6 and TRPC3 channels can bind
to Slo1, and this colocalization may allow them to serve as a
source of Ca®* for the activation of BK., channels. TRPC6
channels also play a role in the regulation of surface expression
of a subset of podocyte BK, channels.

Large-conductance Ca®"-activated K* channels (BK,
channels) encoded by the Slol gene (also known as KC-
NMA1) are expressed in a wide range of excitable and non-
excitable tissues and regulate many physiological processes.
Binding of Ca®* to multiple sites in the cytoplasmic C termi-
nus of BK, channels shifts their activation voltage-depen-
dence into the physiological range of membrane potentials.
BK, channels typically exhibit a relatively low affinity for
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Ca®*, and robust activation only occurs at concentrations of
Ca®* that are orders of magnitude higher than those that
occur in the bulk of the cytosol. However, Ca®* concentra-
tions are transiently much higher in the vicinity of open
pores of Ca®*-permeable channels, with the resulting spatial
distribution of Ca®* and the rate of its dissipation deter-
mined primarily by the kinetics and capacity of cytosolic
Ca?"-buffering systems (Stern, 1992; Naraghi and Neher,
1997; Prakriya and Lingle, 2000).

Experimental manipulations of cytosolic Ca®* buffering
suggest that activation of BK., channels requires at least
partial colocalization with Ca®"-permeable channels in the
plasma membrane (Prakriya and Lingle, 2000). Consistent
with this, BK., channels in brain have been demonstrated to
bind to the subunits of different types of voltage-activated
Ca®?" channels, resulting in the formation of multichannel
complexes (Grunnet and Kaufmann, 2004; Berkefeld et al.,

ABBREVIATIONS: BK, channels, large-conductance Ca®*-activated K™ channels; HEDTA, N-hydroxy-EDTA; PBS, phosphate-buffered saline;
PMSF, phenylmethylsulfonyl fluoride; Slo1, pore-forming subunit of large-conductance Ca?"-activated K™ channels; TRPC, canonical transient
receptor potential channels; WGA, wheat germ agglutinin; HEK, human embryonic kidney; siRNA, small interfering RNA; FITC, fluorescein

isothiocyanate.
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2006; Loane et al., 2007; Zou et al., 2008). This arrangement
provides a structural basis for fast negative feedback, be-
cause Ca®"-dependent activation of BK., channels leads to
neuronal repolarization, deactivation of voltage-activated
Ca?" channels, and termination of Ca®* influx.

However, BK, channels are also expressed in variety of
nonexcitable cells, including epithelial cells, endothelial cells,
blood cells, and even in bone (Lu et al., 2006). Many of these
cell types lack voltage-activated Ca®?" channels, and the
question arises as to the sources of Ca®" that initiate phys-
iological activation of BK, channels in those cellular con-
texts. One possibility is that BK, channels are coupled to
other types of Ca®"-permeable channels, such as various
members of the canonical transient receptor potential
(TRPC) family of channels (Venkatachalam and Montell,
2007). The seven TRPC channels are members of a larger
TRP superfamily of cation channels, all of which are com-
posed of four pore-forming subunits that have six transmem-
brane domains and intracellular N and C termini. TRPC
channels have multiple ankyrin repeat domains in the N
terminus, and some of them also have PDZ-binding motifs in
the C terminus, which provide considerable potential for

A Podocytes
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protein-protein interactions (Venkatachalam and Montell,
2007).

In the present study, we address whether there are inter-
actions between BK, channels and TRPC channels in a
nonexcitable cell. We have focused on podocytes (also known
as visceral epithelial cells), a specialized population of renal
cells that play a critical role in glomerular filtration (Paven-
stadt et al., 2003). Previous studies have established that
podocyte TRPC6 channels play an important role in podocyte
function and glomerular filtration (Reiser et al., 2005; Winn
et al., 2005; Moller et al., 2007), and that podocytes express
multiple splice variants of BK., channels and their associ-
ated B-subunits (Morton et al., 2004; Kim et al., 2008). Here
we show that cytosolic domains of the pore-forming subunits
of BK(, channels associate with TRPC6 and TRPC3 chan-
nels, both of which are expressed in podocytes (Reiser et al.,
2005; Winn et al., 2005; Goel et al., 2006). Moreover, we show
that coexpression of TRPC6 with certain splice variants of
BK(, channels increases the expression of the resulting
channel complex on the cell surface but that this does not
occur with coexpression of TRPC3.
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Fig. 1. Biochemical interaction between TRPC6 and BK., channels. A, coimmunoprecipitation of TRPC6 and Slo1 channels in podocyte lysates. Slol
channels can be detected in immunoprecipitates prepared using an antibody against TRPC6 (left), and TRPC6 channels can be detected in
immunoprecipitates prepared with an antibody against Slo1 (right). In this and subsequent figures, the lane marked “Input” refers to a sample of the
original cell lysate from podocytes. It is intended only to show electrophoretic mobility and is not for quantitation. The lanes marked “preabsorb” are
samples in which the initial immunoprecipitation was carried out with an antibody treated previously with its antigen. Note a lack of signal in these
lanes. B, similar coimmunoprecipitation experiment carried out on lysates of HEK293T cells transiently coexpressing TRPC6 and myc-tagged
Slolygprc (Kim et al., 2008). Left blot shows myc tags of Slo1 detected by immunoblot of precipitates prepared using antibody against TRPC6, whereas
the right blot shows results of the reciprocal procedure. C, GST pull-down assay showing that TRPC6 can be detected among the proteins in podocyte
lysates that interact with the COOH domains of two different Slo1 splice variants that are expressed in podocytes.
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Fig. 2. Colocalization of TRPC6 and Slo1 channels. Confocal analyses of native
channels in podocytes (A) and of HEK293T cells transiently coexpressing
Slolyzprc and TRPC6 (B). Note extensive colocalization in both preparations.
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Materials and Methods

Cell Culture and Transfection. These procedures were de-
scribed in detail previously (Kim et al., 2008). In brief, HEK293T
cells were grown in Dulbecco’s modified Eagle’s medium (Sigma, St.
Louis, MO) containing 10% heat-inactivated fetal bovine serum at
37°Cin a 5% CO, incubator. Transfection of full-length plasmids into
HEK293T cells occurred with an efficiency of >90%. A mouse podo-
cyte cell line was kindly provided by Dr. Peter Mundel of the Mount
Sinai School of Medicine (New York, NY). These cell lines were not
tested for mycoplasmal contamination. Podocytes were maintained
in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin,
in humidified incubators in 5% CO,. Podocytes were propagated on
collagen I-coated plates at 33°C in the presence of recombinant
mouse y-interferon (10 U/ml) (Sigma). Removal of y-interferon and a
temperature switch to 37°C induced podocyte differentiation, a pro-
cess that was complete in 2 weeks. Methods for transfecting podo-
cytes with small interfering RNAs (siRNAs) were described previ-
ously (Kim et al., 2008). Cells were used for biochemistry or
electrophysiology 48 h after transfection.

Plasmid Constructs. Expression plasmids encoding NH;-termi-
nal Myc-tagged Slolygpgc and Slolgggg;, isoforms of Slol were
kindly provided by Dr. Min Li of the Department of Neuroscience at
The Johns Hopkins University (Baltimore, MD). They encode iden-
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Fig. 3. Biochemical interaction between TRPC3 and BK, channels. A, coimmunoprecipitation of TRPC3 and Slol channels in podocyte lysates. Slol
channels can be detected in immunoprecipitates prepared using an antibody against TRPC6 (left), and TRPC6 channels can be detected in immunopre-
cipitates prepared with an antibody against Slo1 (right). B, similar coimmunoprecipitation experiment carried out on lysates of HEK293T cells transiently
coexpressing TRPC3 and myc-tagged Slolygprc. Left blot shows myc tags of Slol detected by immunoblot of precipitates prepared using antibody against
TRPC3, whereas the right blot shows results of the reciprocal procedure. C, GST pull-down assay showing that TRPC3 can be detected among the proteins
in podocyte lysates that interact with the COOH domains of two different Slo1 splice variants that are expressed in podocytes.



tical proteins except at the extreme COOH termini (Ma et al., 2007).
Plasmids encoding glutathione transferase (GST)-Slolygprc and
GST-Slolgrggr, were described previously (Kim et al., 2007a). Those
soluble fusion proteins contain domains at the extreme COOH ter-
minus that are unique to each splice variant. A plasmid encoding
full-length TRPC6 was obtained from Dr. Mike Zhu of the Center for
Molecular Neurobiology at The Ohio State University (Columbus,
OH). Plasmids encoding TRPC3 were obtained from Dr. Craig Mon-
tell of the Department of Biological Chemistry at The Johns Hopkins
University. We obtained siRNAs directed against mouse TRPC3 and
TRPC6 from Santa Cruz Biotechnology (Santa Cruz, CA). We ob-
tained a negative control siRNA composed of a scrambled sequence
from the same vendor.

Electrophysiology and Data Analysis. All recordings were
made at room temperature (22°C). Whole-cell recordings of BK,
channels from HEK293T cells were made as described previously
(Kim et al., 2007a). In brief, plasmids encoding green fluorescent
protein were cotransfected with ion channel constructs to allow for
the identification of transfected cells by fluorescence microscopy
during recordings. The bathing solution contained 150 mM NaCl,
0.08 mM KCl, 0.8 mM MgCl,, 5.4 mM CaCl,, 10 mM glucose, and 10
mM HEPES, and the pH was adjusted to 7.4 with NaOH. The pipette
solution contained 145 mM NaCl, 2 mM KCI, 6.2 mM MgCl,, 10 mM
HEPES, and 5 mM N-hydroxy-EDTA (HEDTA), pH 7.2. The free
Ca?* concentration in this solution was adjusted to 10 uM as deter-
mined using an Orion 97-20 calcium electrode (Thermo Fisher Sci-
entific, Waltham, MA). For measurements of whole-cell currents
through endogenous BK, channels in podocytes, the bath solution
contained 150 mM NaCl, 5.4 mM KCI, 0.8 mM MgCl,, 5.4 mM CaCl,,
and 10 mM HEPES, pH 7.4. Pipette solutions contained 10 mM
NaCl, 125 mM KCl, 6.2 mM MgCl,, 10 mM HEPES, pH 7.2, and 5
uM free Ca®" buffered with 10 mM HEDTA, as determined with the
calcium electrode. Whole-cell currents were evoked by a series of
depolarizing steps from a holding potential of —60 mV. For all
whole-cell recordings, the recording electrodes had resistances of 3 to
4 M), and it was possible to compensate up to 85% of this without
introducing oscillations into the current output of the patch-clamp
amplifier (Axopatch 1D; Molecular Devices, Sunnyvale, CA). Data
were digitized using a Digidata 1322A interface (Molecular Devices)
and stored on magnetic hard disks for off-line analysis using pClamp
software. Inside-out patch recordings from HEK293T cells were
made as described previously (Zou et al., 2008). In brief, fire-polished
glass micropipettes were filled with a solution containing 140 mM
KCl, 1.2 mM MgCl,, 14 mM glucose, and 10 mM HEPES, pH 7.2, and
had resistances of 2 to 5 M(Q) after filling. Bath solutions contained
140 mM KCl, 1.2 mM MgCl,, 14 mM glucose, and 10 mM HEPES, pH
7.2, and no added Ca%* plus 10 mM EGTA or 10 uM free Ca2’
buffered with 10 mM HEDTA. Currents were evoked by a series of
150-ms depolarizing steps from a holding potential of —80 mV.
Procedures for constructing and fitting activation curves were de-
scribed previously (Zou et al., 2008).

Cell-Surface Biotinylation Assays. These were carried out as
described in detail previously (Kim et al., 2007¢, 2008). In brief,
podocytes were treated with a membrane-impermeable biotinylation
reagent, sulfo-N-hydroxy-succinimidobiotin (1 mg/ml in PBS buffer;
Pierce Biotechnology, Rockford, IL) for 1 h. The reaction was
stopped, cells were lysed, and biotinylated proteins from the cell
surface were recovered from lysates by incubation with immobilized
streptavidin-agarose beads (Pierce Biotechnology). A sample of the
initial cell lysate was retained for analysis of total proteins. These
samples were separated on SDS-polyacrylamide gel electrophoresis,
and proteins were quantified by immunoblot analysis followed by
densitometry using Imaged software (http:/rsb.info.nih.gov/ij/).
Quantification was carried out on the main (monomeric) band of
Slo1. All biochemical experiments were repeated at least three times.

Coimmunoprecipitation and Immunoblot Analysis and
GST Pull-Down Assays. These were done as described previously
(Kim et al., 2007a,c; Zou et al., 2008). In brief, HEK293T cells or
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podocytes were lysed in 50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 2 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitor mixture (Sigma). Ly-
sates were cleared by centrifugation, and the resulting extracts (500
pg of protein) were incubated in the presence of primary antibodies,
which included anti-Myc (Cell Signaling Technology, Danvers, MA),
anti-TRPC3 (Alomone Labs, Jerusalem, Israel), anti-TRPC6 (Milli-
pore Bioscience Research Reagents, Temecula, CA; and Alomone
Labs), anti-Slol (Millipore Bioscience Research Reagents), or IgG
(1-2 pg) for 4 h at 4°C. In some experiments, lysates were incubated
with primary antibodies that had been preabsorbed with the peptide
antigens supplied by the manufacturers (1 pg of peptide/l1 pg of
antibody) for 4 h on ice. We then added 20 ul of protein A/G agarose
(Santa Cruz Biotechnology) to the lysates and incubated for 12 h.
Pellets were washed, boiled for 5 min in SDS sample buffer, and
proteins were separated by SDS-polyacrylamide gel electrophoresis
on 10% gels and transferred to filters. Cell-extracted protein (50—100
ng) was used as control in each experiment. Blots were blocked,
washed, incubated with the primary antibody overnight at 4°C,
washed again, and the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody for 1 h at room tempera-
ture. The proteins were visualized using a chemiluminescent sub-
strate (SuperSignal West Pico; Pierce Biotechnology). Note that in
these experiments, a sample of cell lysate was saved and used to
visualize electrophoretic mobility of the interacting proteins, and is
labeled as “Input” in the figures. It is not intended for quantification
of the amounts of interacting protein present. GST pull-down assays
were performed as described previously (Kim et al., 2008).
Confocal Microscopy. HEK293T cells were transfected with myc-
tagged Slolygprc With or without TRPC3 or TRPC6. To measure sur-
face expression of Slo1, cells were subsequently exposed to fluorescein-
conjugated goat anti-Myc (Abcam, Cambridge, MA) (1:500) in Opti-
MEM medium for 1 h at 37°C to label surface Slo1 channels. Cells were
then washed in PBS, fixed by 30-min exposure to 4% paraformaldehyde
in PBS, rinsed in PBS, blocked with 10% normal goat serum, and then
permeabilized in PBS containing 0.5% Triton X-100. They were then
incubated with mouse anti-myc antibody (1:1000) for 1 h (antibody
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Fig. 4. Colocalization of TRPC3 and Slol channels. Confocal analyses of
native channels in podocytes (A) and of HEK293T cells podocytes. There
is less colocalization in HEK293T cells, as signal from TRPC3 channels is
intense on the cell periphery, where signal from Slolygprc channels
seems to be weak.
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9B11) and then exposed to Alexa Fluor 568-conjugated anti-mouse IgG
(1:1000; Invitrogen, Carlsbad, CA) for 1 h to label intracellular Slol
channels. The cells were then rinsed in PBS and mounted using
Vectashield (Vector Laboratories, Burlingame, CA). Laser excitation
intensities and detector sensitivities were held constant to facilitate
comparison of surface expression of Slol. In other experiments, the
surface expression of Slol was compared with wheat germ agglutinin
(WGA), a marker for the cell surface. HEK293T cells were transfected
with myc-tagged Slolygpre with or without TRPC3 or TRPC6. Cells
were subsequently exposed to fluorescein-conjugated goat anti-myc (Ab-
cam) (1:500) along with Alexa Fluor 594-conjugated WGA (1 mg) in
Opti-MEM medium for 1 h at 37°C. Cells were then washed in PBS,
fixed by 30-min exposure to 4% paraformaldehyde in PBS, rinsed in
PBS, and then examined by confocal microscopy (see below). To assess
colocalization of Slol and TRPC channels in HEK293T cells and podo-
cytes, cells were fixed in 4% paraformaldehyde, blocked, permeabilized
in PBS with 0.3% Tween 20, and exposed to a monoclonal anti-Slo1 and
rabbit anti-TRPC3 or anti-TRPC6. The monoclonal antibody against
Slo1 (clone L.6/60) was obtained from the University of California Davis/
National Institute of Neurological Disorders and Stroke/National Insti-

A

tute of Mental Health NeuroMab Facility. Secondary antibodies were
Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated
anti-mouse (1:1000 dilution; both from Invitrogen). All images were
collected on an Olympus FV-1000 inverted stage confocal microscope
(Olympus, Tokyo, Japan) using a Plan Apo N 60 X 1.42 numerical
aperture oil-immersion objective. In studies of colocalization in podo-
cytes, stacks of images from different Z-planes were obtained using a
step size of 200 nm, and fluorescent signals from different channels
were scanned sequentially. Images that show colocalization of proteins
are from the same optical section and were quantified by Olympus
Fluoview version 1.7 software. For analyses of Slo1 surface expression,
fluorescent intensity from the fluorescein-conjugated goat anti-myc and
Alexa Fluor 568-conjugated anti-mouse IgG or Alexa Fluor 594-conju-
gated WGA was quantified in fields surrounding the same individual
HEK293T cells using Photoshop version 5.5 (Adobe Systems, Mountain
View, CA). The tagged image file format images were not processed
before measurement.

Statistics. All quantitative data are presented as mean = S.E.M.,
and bar graphs were constructed from a minimum of 15 cells in each
group. Data were analyzed by Student’s ¢ test and by one-way anal-
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Fig. 5. Coexpression of TRPC6 increases surface expression of myc-tagged Slolyppre channels in HEK293T cells. A, cell-surface biotinylation assays
show increase in surface expression of myc-tagged Slolypprc in HEK293T cells coexpressing TRPC6 using an antibody against the myc tag. Bar
graphs below the blots show densitometric analyses from three repetitions of this experiment. Data are from the main Slol monomer signal (~130
kDa). B, confocal microscopy showing that coexpression of TRPC6 increases the surface expression of Slol (green fluorescence) but has no effect on
intracellular Slol (red fluorescence). FITC-tagged rabbit anti-myc was applied to intact cells before fixation and permeabilization. A mouse anti-myc
was then applied and labeled with an Alexa Fluor 568-conjugated anti-mouse secondary antibody. Laser and detector sensitivities were held constant
throughout this experiment. C, surface Slol is labeled with FITC-conjugated anti-myc, and surface membranes are labeled with Alexa Fluor
594-conjugated WGA before fixation. Note an increase in surface Slo1 with coexpression of TRPC6. Bar graphs to the right of the confocal images are
the average signal intensity (in arbitrary units) from 50 cells in each group. Asterisks indicate P < 0.05.



ysis of variance followed by post hoc analysis when multiple compar-
isons were made. Throughout, p < 0.05 is regarded as significant.

Results

The initial experiments in this study addressed whether
BK, channels can associate with TRPC channels in differ-
entiated cells of a podocyte cell line (Mundel et al., 1997;
Saleem et al., 2002; Pavenstiddt et al., 2003). These cells
proliferate freely when grown under permissive conditions
(33°C). However, placing these cells in nonpermissive condi-
tions (37°C) causes them to stop growing and over 14 to 24
days to express many features of differentiated podocytes.
Specifically, they extend primary processes that terminate in
foot processes, and they express essential podocyte markers
including nephrin, Nephl, podocin, CD2AP, and synaptopo-
din (Pavenstadt et al., 2003; Kim et al., 2008). We observed
that Slol, the pore-forming subunit of BK, channels, could
be detected in immunoprecipitates isolated from podocyte
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extracts using a polyclonal antibody against TRPC6 (Fig. 1A,
left). This interaction was also seen with the reciprocal pro-
cedure, in which the initial immunoprecipitation was carried
out using an antibody against Slol, and immunoblot was
carried out with an antibody against TRPC6 (Fig. 1A, right).
Note that the interaction was not observed in either direction
when the initial precipitation was carried out with an anti-
body that had been preabsorbed with its antigen. In a sepa-
rate set of experiments, we transiently coexpressed TRPC6
and an myc-tagged Slol in HEK293T cells, and carried out
coimmunoprecipitation experiments (Fig. 1B). We again ob-
served an association between Slol and TRPC6 when initial
precipitation was carried out using an antibody against
TRPC6 (Fig. 1B, left) and when it was done with a monoclo-
nal antibody against the ectofacial myc tag on Slol (Fig. 1B,
right). A Slo1-TRPC6 interaction was also seen by means of
GST pull-down assays using GST-Slol constructs described
previously (Kim et al., 2007a, 2008). In brief, podocytes ex-

A —
80 mV L
el B 29- 8 C Slo1ygpec =
- 1 TRPC6
60mv i Slolygpec+  Slo1yepect — *
TRPC6 TRPC6 + =
Paxilline 2
Slo1yepec 34
€
f':’ *%
| g " 3 1
[Ca2t]i=5puM 400 pA oo 0.5 Max |
SloTygpee  Slolygpect  SloTygpect
150 ms TRPC6 TRPCS + Paxilline 150 ms
+80 mV
D 8omv  E 151 = o
Slo1
VEDEC _ 101 /%
< Yi 3
- /§/ € 0.5
€ 51 ¥ O
o f 0]
(5) :
Slo1ygpec + TRPC6 R o |
80 40 0 40 80 80 -40 0 40 80
5 r]A- Membrane potential (mV) Membrane potential (mV)
20 ms
-
[Ca2*]i=10uM

Fig. 6. Coexpression of TRPC6 increases the number of functional cell surface BK, channels in HEK293T cells expressing Slolygprc- A, typical
families of voltage-evoked outward currents observed in whole-cell recordings using recording electrodes containing 5 uM free Ca®*. Traces to the right
show currents from cell after treatment with the BK, blocker paxilline (10 uM). B, compilation of similar results from many cells (>15 in each group)
based on mean currents at +80 mV. Asterisks and double asterisks indicate P < 0.05 compared with controls. C, superimposed traces evoked by
depolarizing steps to +80 mV in two different cells. In one, Slolygprc Was expressed by itself; in the other, it was coexpressed with TRPC6. The
amplitudes of the two traces are normalized to allow direct a comparison of activation kinetics, which were not affected by TRPC6 coexpression. D,
typical traces from inside-out patches from HEK293T cells. In these traces, the bath salines contained 10 uM free Ca®*, the K* concentrations on each
side of the patch membrane were symmetrical, and currents were evoked by depolarizing voltage steps, as shown. Mean current-voltage diagrams (E)
and activation curves (F) were compiled from five repetitions of these experiments. They show that TRPC6 coexpression increases BK, currents at
every membrane potential except for the reversal potential and does not affect the voltage-dependence of BK,, activation.
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press two different Slol splice variants known as Slolygpec
and Slolgggg;, after the last five residues at the COOH
terminus of each isoform (Kim et al., 2008). These variants
exhibit different patterns of trafficking in several cell types,
and constitutive expression of Slolygprc on the cell surface
is reduced compared with other Slol variants (Kim et al.,
2007b; Ma et al., 2007). In this study, we observed that GST
fusion proteins containing the COOH-terminal domains of
both splice variants could pull TRPC6 channels out of podo-
cyte cell lysates but that GST was ineffective (Fig. 1C). In
addition, we observed by confocal microscopy that endoge-
nous TRPC6 and Slo1 channels closely colocalize in podocytes
(Fig. 2A) and in HEK293T cells heterologously expressing
Slolygprc With TRPC6 (Fig. 2B). Pixel-by-pixel comparison
showed Slol and TRPC6 colocalization of 91.71 * 0.92% in
podocytes (n = 60 cells) and 93.88 * 0.79% in HEK293T cells
(n = 60 cells). Both channels are expressed throughout the
cell, except for in the nuclei. A similar pattern was obtained
with TRPC3 channels using the same methods (Figs. 3 and 4)
although it bears noting that the amount of colocalization of
Slolygprc With TRPC3 is somewhat less than we observed
with TRPC3, especially in HEK293T cells (compare Fig. 2B

A

and 4B). Thus, we observed Slol and TRPC6 colocalization of
80.67 = 1.12% in podocytes (n = 60 cells) and only 68.83 =
2.05% in HEK293T cells (n = 60 cells). This quantitative
difference may be due to different effects of the two TRPC
channels on Slol trafficking to the cell surface as discussed
further below. Note that the GST pull-down assays indicate
that both forms of TRPC channels can interact with both of
the Slol variants that we have detected in podocytes.

The TRPC-Slol interactions seem to be physiologically sig-
nificant, because we observed that interactions with TRPC6
can regulate BK, trafficking. To address this, we first ex-
amined the effects of coexpressing TRPC6 or TRPC3 with
Slo1 channels in HEK293T cells. In previous studies, we and
others have shown that different Slo1 splice variants exhibit
different patterns of trafficking in several cell types and that
Slolygprc tends to be retained in intracellular compart-
ments (Kim et al., 2007b,c, 2008; Ma et al., 2007). Here we
observed that coexpression of TRPC6 causes an increase in
steady-state myc-tagged Slolyprc expression on the surface
of HEK293T cells, as ascertained by several independent
experimental measures. Thus, cell-surface biotinylation as-
says showed a marked increase in the amount of myc-tagged
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Fig. 7. Coexpression of TRPC3 does not affect the surface expression of myc-tagged Slolyypgc channels in HEK293T cells. A, cell-surface biotinylation
assays show no effect on surface expression of myc-tagged Slolypprc in HEK293T cells coexpressing TRPC3. B, confocal microscopy showing very low
surface expression of Slol (green fluorescence) but robust intracellular Slol (red fluorescence) in control cells and in cells coexpressing TRPC3. C,
surface Slol is labeled with FITC-conjugated anti-myc, and surface membranes are labeled with rhodamine-conjugated WGA before fixation. Bar
graphs to the right of the confocal images are average signal intensity (in arbitrary units) from 50 cells in each group.



Slolygprc that is expressed on the cell surface but no effect
of total myc-tagged Slol in the presence of TRPC6 (Fig. 5A).
A similar pattern can be seen in confocal assays in which
myc-tagged Slolygprc is expressed by itself or with TRPCS6,
and surface channels in intact cells are labeled with an
FITC-conjugated rabbit anti-myc. The cells are then fixed
and permeabilized, and intracellular Slo1lygprc channels are
visualized with a mouse anti-myc and an Alexa Fluor 584-
conjugated anti-mouse IgG (Fig. 5B). Laser excitation inten-
sities and detector sensitivities were held constant in the
collection of these images. For comparison, we also compared
the signal from intact cell surface Slol with that of WGA, a
marker for the cell surface when it is applied to intact cells
(Fig. 5C). We then quantified surface or total signal intensity
from 50 cells in each group. We observed a ~7-fold increase
in surface Slolygpgc signal in cells coexpressing TRPC6
compared with cells expressing Slolygprc by itself (Fig. 5, B
and C, right). These experiments indicate that Slolyrprc
channels expressed alone accumulate in intracellular com-
partments and have low rates of constitutive trafficking to
the cell surface but that coexpression of TRPC6 results in
greater expression of Slolygprc on the cell surface.

The increase in surface expression of Slolygprc Was also
observed in two different types of electrophysiological assays
carried out on HEK293T cells. The first of these was based on
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whole-cell recordings using pipettes containing 10 uM free
Ca?" buffered with HEDTA, as described previously (Kim et
al., 2007a,b,c, 2008). In these experiments, the concentration
of K* inside and outside the cells is reduced to prevent the
large macroscopic currents from saturating the patch-clamp
amplifier, although the K™ reversal potential (Ey) is physio-
logical (—85 mV). With this protocol, the Ca®* inside the cell
is buffered at a level that is sufficiently high that currents
evoked by depolarizing voltage steps to +80 mV should pri-
marily reflect the total number of BK, channels on the cell
surface. We observed that coexpression of TRPC6 with
Slolygprc caused a 2- to 3-fold increase in the mean current
observed using this protocol (Fig. 6, A and B). Currents
evoked using this protocol are completely blocked by the
selective BK, blocker paxilline. Coexpression of TRPC6 had
no effect on the kinetics of activation, which can be seen when
traces are plotted on different amplitude scales and super-
imposed (Fig. 6C). This result is consistent with the hypoth-
esis that the increase in amplitude reflects changes in the
number of channels rather than changes in their gating
properties or in Ca®" availability.

To address this more directly, we also measured currents
in excised inside-out patches from HEK293T cells expressing
Slolygprc in the presence or absence of TRPC6 (Fig. 6D).
Excised patches were maintained in symmetrical 140 mM
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Fig. 8. Coexpression of TRPC3 does not affect the number of functional cell surface BK,, channels in HEK293T cells expressing Slolygprc. A, typical
families of voltage-evoked outward currents observed in whole-cell recordings using recording electrodes containing 5 uM free Ca®*. Note complete
inhibition by paxilline of currents in cells coexpressing Slolygpgc and TRPC3. B, compilation of similar results from many cells (>15 in each group)
based on mean currents at +80 mV. Asterisks indicate P < 0.05. C, superimposed traces evoked by depolarizing steps to +80 mV in two different cells.
In one, Slolygpkc Was expressed by itself, in the other, it was coexpressed with TRPC3. The amplitudes of the two traces are normalized to allow a
direct comparison of activation kinetics, which were not affected by TRPC3 coexpression. D, typical traces from inside-out patches from HEK293T
cells, as in Fig. 4. Mean current-voltage diagrams (E) and activation curves (F) were compiled from five repetitions of this experiment. They show that

TRPC3 coexpression had no effect on BK., currents.
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KCl, and currents were evoked by a series of depolarizing
voltage steps. Currents were not detectable when the bath
saline contained CaZ*-free solutions (data not shown), but
large currents were observed when the bath solutions con-
tained 10 uM free Ca®". These were measured, and the data
were used to construct current-voltage diagrams (Fig. 6E)
and activation curves (Fig. 6F). We observed that currents in
the presence of Ca®* were larger at all voltages in HEK293T
cells coexpressing TRPC6 compared with cells expressing
Slolygprc alone but that TRPC6 coexpression had no effect
on the voltage-dependence of activation or on the kinetics of
the macroscopic currents. Together with the data from bio-
chemistry, confocal microscopy, and whole-cell recordings,
these results indicate that coexpression of TRPC6 channels
can stimulate steady-state surface expression of Slolyrprc
channels in the plasma membrane of cells in a heterologous
expression system.

Somewhat surprisingly, given the high degree of sequence
homology, a different pattern was observed with coexpres-
sion of TRPC3, which did not seem to cause a significant
increase in the trafficking of Slolygpgc to the surface of
HEK293T cells. This was observed with cell-surface biotiny-
lation assays (Fig. 7A) and confocal microscopy (Fig. 7B) and
in whole-cell recordings and recordings from excised inside-
out patches (Fig. 8) using the same methods described above.
As with TCPC6, coexpression of TRPC3 did not affect the
voltage-dependence of BK, activation, pharmacology, or the
kinetics of the currents.

To assess whether similar phenomena occur in podocytes, we
used siRNA to selectively reduce the expression of TRPC3 or
TRPC6 and then examined the surface expression of BK,
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channels. We used immunoblot analyses to assess the effective-
ness of the knockdowns compared with cells treated with a
control nonspecific siRNA (Fig. 9A). We observed knockdown of
greater than 50% in podocyte cultures with either TRPC siRNA
based on densitometric analyses of immunoblots. Consistent
with this, treatment with TRPC siRNAs reduced the signal
strength for corresponding TRPC channels obtained during
confocal microscopy of podocytes compared with that obtained
in cells treated with control siRNA (Fig. 9B). We then examined
the effects of these knockdowns on the steady-state surface
expression of Slol. With cell-surface biotinylation assays, we
observed that knockdown of endogenous TRPC6 reduced
steady-state surface expression of endogenous Slol channels
(Fig. 10A), but that knockdown of TRPC3 was ineffective (Fig.
10B), a pattern consistent with what was observed in HEK293T
cells. Neither treatment affected the total amounts of Slo1 that
could be detected in podocyte lysates. Moreover, we observed
that TRPC6 siRNA treatment reduced whole-cell currents in
podocytes when recording electrodes were filled with an
HEDTA solution that buffered free Ca®>* to 5 uM. These record-
ing conditions chosen to prevent the formation of Ca®" microdo-
mains were substantially more concentrated than the bulk cy-
tosol (Fig. 10, C and D). By contrast, no effect of TRPC3 siRNA
was observed under these recording conditions, consistent with
biochemical data and results from HEK293T cells.

Discussion

In this study, we have shown that at least two Ca®*-
permeable members of the TRPC family of cation channels,
TRPC3 and TRPC6, can interact with the pore-forming sub-
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Fig. 9. Application of specific siRNAs cause knockdown of TRPC6 and TRPC3 channels in podocytes. Control cells were treated with a nonspecific
siRNA. A, effectiveness of knockdown was demonstrated by immunoblot analysis and densitometric analysis using antibodies against TRPC6 (left) or
TRPC3 (right). B, confocal microscopy of podocytes treated with control siRNA or siRNA against TRPC6 (top) or TRPC3 (bottom). Images were
collected with 20X and 60X objectives, as indicated. Approximately the same number of cells was present in all of the fields of view obtained with 20X

objectives.



units of BK, channels in podocytes and in heterologous
systems in which both classes of channels are transiently
expressed. The interaction with TRPC6 subunits seems to
facilitate the trafficking of Slolygpre channels to the cell
surface, but TRPC3 is unable to do this in the two cell types
that we have examined. In addition to trafficking, it is pos-
sible that these interactions allow TRPC channels to function
as a source of Ca?* for BK, activation by minimizing the
diffusion distance for Ca®* that enters cells through TRPC
channels.

The physical interaction between BK., and TRPC sug-
gests that BK, channels may play a role in podocytes that is
somewhat different from their role in excitable cells. This is
because TRPC6 channels have an unusual and physiologi-
cally important biophysical property: their permeability to
Ca®" is highly voltage-dependent. Thus, at more negative
membrane potentials, they are permeable to Ca®*, but mod-
erate depolarization causes them to exclude divalent cations,
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although they continue to carry a substantial outwardly rec-
tifying current via monovalent cations (Estacion et al., 2006).
Instead, Ca®" tends to block TRPC6 pores at more positive
potentials (Inoue et al., 2001; Shi et al., 2004; Estacion et al.,
2006), a behavior that is also seen with TRPC3 (Albert et al.,
2006). On this basis, Schilling and coworkers have pointed
out that for TRPC6 channels to be a sustained source of Ca®*
influx, there may need to be a mechanism to limit the amount
of depolarization that would otherwise occur as a result of
their own activation (Estacion et al., 2006). Physical colocal-
ization of TRPCs with BK, could allow for coordinated ac-
tivation of BK, channels, thereby maintaining the driving
force for Ca®" entry and preventing pore blockade by Ca®*.
In other words, in certain nonexcitable cells, BK, could
provide positive feedback to Ca®* influx, if their activation is
coupled to TRPC, which could occur by close spatial colocal-
ization. In the case of podocytes, the presence of BK, B4
subunits (Morton et al., 2004) could serve to enhance the
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Fig. 10. Knockdown of TRPC6 reduces surface expression of endogenous Slo1 channels in podocytes. Cell-surface biotinylation assays show a reduction
in surface expression of Slol 48 h after siRNA knockdown of TRPC6 (A) but not after knockdown of TRPC3 (B). Bar graphs below the blots in A and
B show densitometric analyses of three repetitions of this experiment. Whole-cell voltage-evoked outward currents recorded with electrodes containing
5 uM free Ca®* are reduced in cells treated with TRPC6 siRNA, but currents are similar to controls in cells treated with TRPC3 siRNA. Families of
currents from representative cells are shown in C, and compilations of data from many cells are shown in D (n > 15 cells per group). In these
experiments, micromolar concentrations of Ca®" in the recording electrode were designed to reduce or eliminate the additional effect of any Ca®* that
entered the cells through TRPC channels. Concentrations greater than this were toxic to cells and precluded stable recordings. Cells used for

electrophysiology were selected randomly.
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efficiency of TRPC-BK, coactivation because these auxiliary
proteins make BK, gating sensitive to even small depolar-
izations in the presence of micromolar Ca®" (Wang et al.,
2006). These dynamics are quite different from what gener-
ally occurs in excitable cells, in which BK, channels provide
negative feedback to Ca®* influx.

It is likely that interacting TRPC channels and BK, chan-
nels in podocytes are components of a larger complex. For
example, we have shown that BK, channels bind to nephrin
(Kim et al., 2008), an adhesion molecule with a large intra-
cellular domain that organizes signaling complexes in podo-
cytes (Faul et al., 2007). TRPC6 channels have also been
reported to bind to nephrin (Reiser et al., 2005). Moreover, we
have observed that nephrin plays a role in regulating surface
expression of Slol in podocytes (Kim et al.,, 2008). The
endodomains of nephrin are located in apposition with sub-
jacent cytoskeletal elements that include actin and other
contractile elements, suggesting that nephrin is involved in
“outside-in” signaling in podocytes (Faul et al., 2007). As part
of this complex, BK,-TRPC coupling in podocytes could to
contribute to the mechanosensitivity of Ca®*-regulatory sys-
tems in podocyte foot processes. In this regard, there is a
report that gating of TRPC6 channels is stretch-sensitive
(Spassova et al., 2006), although this result is controversial
(Gottlieb et al., 2008). Whatever the case with TRPC chan-
nels, there is no question that BK, channels are sensitive to
membrane stretch in a wide variety of cell types (e.g., Huang
et al., 2002; Piao et al., 2003; Tang et al., 2003), including
podocytes (Morton et al., 2004). Therefore, all other things
being equal, one might expect a greater Ca®" influx when the
foot process is subjected to mechanical stress, because of the
biophysical considerations mentioned above. Mechanical
stimulation could occur, for example, if pressure in glomer-
ular arteries is elevated (Kriz et al., 1994).

In podocytes, we observed that knockdown of TRPC6
causes a reduction in macroscopic outward current through
BK, channels, a phenomenon associated with a decrease in
the steady-state surface expression of Slol. This was not
observed after TRPC3 knockdown. Moreover, only TRPC6
was able to increase the surface expression of coexpressed
Slolyrprc in HEK293T cells. These results were surprising,
given the close similarity between TRPC6 and TRPCS3; these
channels have sequence similarity of 65%, and there are no
obvious motifs that are uniquely expressed in the TRPC6
form that can explain this difference. However, the struc-
tural differences between the two TRPC forms do not need to
be large, because masking of even one or two otherwise
exposed residues at the tail of Slolypprc could be sufficient
to affect its trafficking. Recall that sorting and trafficking
motifs can be as short as two amino acids in length (Teasdale
and Jackson, 1996). In this regard, there are reports that
trafficking of TRPC3 and TRPC6 is regulated differently in
cells of the renal collecting duct, because surface TRPC6 is
found in both the apical and basolateral domains, whereas
surface TRPC3 is primarily localized to the apical membrane
(Goel et al., 2006), and the intracellular pools of these chan-
nels seem to be in separate populations of vesicles (Goel et
al., 2007).

The experiments described in this study have been per-
formed on endogenous channels in a podocyte cell line and in
a heterologous expression system in which TRPC3 or TRPC6
and BK, channels were transiently expressed. However, it

is possible that these results may reflect a situation that
occurs in a variety of tissues and cell types in which both
classes of channels are expressed. For example, expression of
Slol and various types of TRPC channels occurs in airway
smooth muscle cells (White et al., 2006; Sausbier et al., 2007),
renal tubular epithelial cells (Frindt and Palmer, 2004; Goel
et al.,, 2006), and even in osteoblasts (Baldi et al., 2003;
Rezzonico et al., 2003). The coupling may be particularly
important in those cases in which TRPC channels provide the
main source of Ca®" influx to initiate physiological responses
(.e., in cells lacking voltage-gated Ca®* channels). It is pos-
sible that in excitable cells, different subpopulations of BK,
channels inside the same cell play a different role depending
on whether they colocalize with TRPC channels, voltage-
gated Ca®* channels, or in proximity to subjacent Ca®" pools.

In summary, we have shown that the pore-forming sub-
units of BK, channels form a complex with TRPC6 and
TRPC3 channels in podocytes, raising the possibility that
members of the TRPC family can provide a source of Ca?*
for BK, gating. Moreover, we show that interactions of
TRPC6 with certain splice variants of BK., channels in-
crease expression of the resulting channel complex on the
cell surface. These interactions may be a common feature
in many tissues.
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