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Upregulated LRRC55 promotes BK channel activation
and aggravates cell injury in podocytes
Shuai Hu1*, Runhong Han1*, Long Chen2*, Weisong Qin1, Xiaodong Xu1, Jingsong Shi1, Xiaodong Zhu1, Mingchao Zhang1,
Caihong Zeng1, Zheng Tang1, Hao Bao1, and Zhihong Liu1

Podocyte injury is a common hallmark in various glomerular diseases. The level of LRRC55 was increased in podocytes of
patients with focal segmental glomerulosclerosis (FSGS), diabetic nephropathy (DN), and membranous nephropathy (MN).
Upregulated LRRC55 and increased intracellular Ca2+ led to BK channel activation and the loss of intracellular potassium,
resulting in apoptosome formation and caspase-3 activation in angiotensin II (Ang II)–treated podocytes. Knockout of Lrrc55 or
the BK channel prevented the BK current and ameliorated podocyte injury in Ang II–treated mice. Upstream, NFATc3 regulated
the expression of LRRC55. Increased LRRC55 expression in podocytes was also evident in animal models of FSGS, DN, and MN.
Treatment with losartan or LRRC55 siRNA suppressed LRRC55 expression, prevented BK channel activation, and attenuated
podocyte injury in animal models of FSGS, DN, and MN. In conclusion, upregulated LRRC55 promotes BK channel activation and
aggravates cell injury in podocytes in FSGS, DN, and MN. LRRC55 inhibition may represent a new therapeutic approach for
podocyte injury.

Introduction
Podocytes are a critical component of the glomerular filtration
barrier and live under various stresses and pathological stimuli
(Nagata, 2016). Podocyte damage is the common denominator in
many forms of human and experimental glomerular diseases,
such as focal segmental glomerulosclerosis (FSGS), diabetic ne-
phropathy (DN), and membranous nephropathy (MN; Shankland,
2006). Accumulating evidence indicates that the severity of pod-
ocyte injury or loss correlates with levels of proteinuria and glo-
merular injury (Hanamura et al., 2014; Nagata, 2016; Xu et al.,
2010). The mechanisms of podocyte injury are complex and re-
quire extensive exploration.

Leucine-rich repeat-containing (LRRC) proteins form a su-
perfamily containing several hundred protein members. Among
these proteins, LRRC55 has been reported to be a γ-subunit of
the big-conductance Ca2+-activated K+ (BK) channel. The large-
conductance BK channel encoded by KCNMA1 is a unique
member of the potassium channel family that is activated by
membrane depolarization and elevated intracellular Ca2+ con-
centrations (Yan and Aldrich, 2012). The properties of the BK
channel are altered by auxiliary subunits that do not form
functional pores but alter the gating properties of KCNMA1
proteins (Lu et al., 2006). Coexpression of the auxiliary
γ-subunit induces a negative shift in the voltage dependence and

provides a molecular basis for activation of the BK channel at
physiologic voltages and Ca2+ levels in nonexcitable cells (Yan
and Aldrich, 2010).

The BK channel has large unitary conductance. As intracellular
potassium inhibits apoptotic enzymes, the activation of a rela-
tively small number of BK channels can have profound effects on
cell physiology (Burg et al., 2006; Dryer and Reiser, 2010). Pre-
vious studies have reported that activation of the BK channel was
involved in the apoptosis of NO-treated HEK293 cells and MDA-
MB-231 cells (Ma et al., 2010, 2012). Krick et al. (2001) reported
that the resultant potassium loss through opened BK channels
serves as a trigger for cell shrinkage and caspase activation, which
are major characteristics of apoptosis in pulmonary vascular
smooth muscle cells. The BK channel has been detected in podo-
cytes of mouse glomeruli and in immortalized human podocytes
(Dryer and Reiser, 2010). Previously, Piwkowska et al. (2015) re-
ported that insulin-evoked albumin permeability across podocyte
monolayers was blocked by BK channel siRNA. Moreover, the BK
channel inhibitor, iberiotoxin (IBTX), blocked insulin-induced
disruption of the actin cytoskeleton and changes in phosphoryla-
tion in protein kinase G target proteins.

In the present study, we found that the level of LRRC55 was
significantly increased in the glomerular tissues of patients with
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FSGS, DN, and MN. The level of LRRC55 has also been shown to
be increased in the glomerular tissues of patients with FSGS and
MN compared with tissue of other nephrotic syndrome patients
in a transcriptomic analysis reported by the NEPTUNE study
(Sampson et al., 2016). The role of LRRC55 in podocyte injury
and glomerular disease has not been explored. Based on our
findings and a literature review, we hypothesized that LRRC55
overexpression may lead to podocyte injury by activating the BK
channel in podocytes in glomerular disease. In the study, we
conducted both in vitro and in vivo experiments to investigate
the role of LRRC55 in podocyte injury.

Results
Increased expression of LRRC55 in podocytes in human
glomerular disease
Renal glomerular tissues from five FSGS patients and five nor-
mal controls were microdissected, and an Affymetrix HTA 2.0
microarray was used to perform a global analysis of the gene
expression patterns in tissues (Fig. 1 A). The level of LRRC55
mRNA showed a significant increase in the glomerular tis-
sues of FSGS patients (Fig. 1 A). PCR analysis of another set of
patients confirmed the increased level of LRRC55 mRNA in

the glomerular tissues of patients with FSGS (Fig. 1, B and C). In
addition, we also found an increase in the LRRC55 mRNA level
in the glomerular tissues of patients with DN or MN (Fig. 1 C).
By contrast, no increase in LRRC55 level was detected in the
glomerular tissues of patients with interstitial nephritis or
minimal change disease (MCD; Fig. S1). Immunohistochemical
(IHC) staining showed that LRRC55 was weakly positive in the
glomeruli of normal controls, while in FSGS, DN, and MN pa-
tients, the level of LRRC55 was significantly increased in the
injured glomeruli, particularly in the area of sclerotic segments
(Fig. 1, D and E). Immunofluorescence staining confirmed that
LRRC55 expression was upregulated and colocalized with
synaptopodin in glomerular tissue of patients with FSGS, DN,
and MN (Fig. 1 F).

Knockout of Lrrc55 ameliorates podocyte injury in angiotensin
II (Ang II)–treated mice
Abnormal activation of the renin-angiotensin system has been
implicated in FSGS, DN, and MN by several studies (Bahiense-
Oliveira et al., 2010; Batlle et al., 2012; Mezzano et al., 2003;
Nijenhuis et al., 2011). An Ang II–induced podocyte injury model
was generated by subjecting mice to Ang II infusions at a dose of
1,000 ng/kg/min for 28 d. mRNA and protein levels of LRRC55

Figure 1. Expression of LRRC55 in glomerular tissues of FSGS, DN, and MN patients. (A) Volcano plot of differentially expressed genes in glomerular
tissues of FSGS patients and normal controls (n = 5). (B) Isolation of glomerular tissues by laser capture microdissection. (C) The level of LRRC55 mRNA in
glomerular tissues of patients with FSGS, DN, and MN (n = 15, validation cohort). (D) IHC analysis of LRRC55 in glomerular tissues of patients with FSGS, DN,
and MN. Black arrows indicate positive staining of LRRC55. (E) Quantification of LRRC55 expression levels in glomerular tissues (n = 6). (F) Coexpression
staining of LRRC55 and synaptopodin (SYNPO) in glomerular tissues of patients with FSGS, DN, and MN. White arrows show regions of superimposition of
LRRC55 and SYNPO. Data shown are representative of one (A) or three (B–F) experiments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test
was used for C and E. ***, P < 0.001. Scale bar = 20 µm. FDR, false discovery rate.
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were increased in glomerular podocytes from Ang II–treated
mice (Fig. 2, A and B). IHC staining confirmed that LRRC55
expression was upregulated in podocytes from Ang II–treated
mice (Fig. 2 C).

LRRC55 has been reported to be a γ-subunit of the BK
channel (Yan and Aldrich, 2012). To analyze whole-cell record-
ings of the BK current in situ, isolated mouse glomeruli were
attached to poly-L-lysine–coated coverslips, and then the cov-
erslips were placed into a patch-clamp chamber and perfused
with bath solution to conduct a patch-clamp experiment (Fig.
S2). BK current was found to be significantly increased in po-
docytes from Ang II–treated mice compared with controls
(Fig. 2 D). Knockout of Lrrc55 inhibited the activation of the BK
channel in podocytes from the Ang II–treated mice (Fig. 2 D).
Lrrc55 knockout also significantly attenuated the rate of urinary

albumin excretion in Ang II–treated mice (Fig. 2 E). Periodic
acid–Schiff staining and electron microscopy analysis revealed
that Ang II–induced focal segmental lesions and foot process
effacement were attenuated in the kidneys of Lrrc55 knockout
mice (Fig. 2, F and G). Immunofluorescence staining and West-
ern blot analysis showed that the number of apoptotic podocytes
and caspase-3 activity were decreased in Lrrc55 knockout mice
treated with Ang II (Fig. 2, H and I).

Upregulated LRRC55 and increased intracellular Ca2+

contribute to Ang II–induced BK channel activation
in podocytes
We treated immortalized human podocytes with different doses
of Ang II for different durations in vitro. Ang II treatment in-
creased LRRC55 expression in both a dose- and time-dependent

Figure 2. Knockout of Lrrc55 ameliorates podocyte injury in Ang II–induced mice. (A and B) RT-PCR and Western blot analysis of LRRC55 in podocytes of
mice treated with Ang II (n = 6). Mice glomeruli were isolated by using themagnetic bead–based isolation technique, single-cell suspensions were obtained with
enzymatic disaggregation, and then podocytes were enriched by using anti-podocalyxin beads for RT-PCR and Western blot analysis. (C) IHC analysis of
LRRC55 in glomerular tissues of mice treated with Ang II (n = 6). Black arrow indicates positive staining for LRRC55. (D) The BK current measured at +80 mV in
podocytes of freshly isolated glomeruli frommice treated with Ang II (n = 6). To analyze the whole-cell recording of the BK current in situ, the isolated glomeruli
were attached to poly-L-lysine–coated coverslips, and then the coverslips were placed into a patch-clamp chamber and perfused with bath solution to conduct
a patch-clamp experiment. (E) Urinary albumin excretion of mice treated with Ang II (n = 6). (F) Periodic acid–Schiff staining and electron microscopy analysis
of renal sections. (G)Mean width of podocyte foot processes (n = 6). (H) The number of apoptotic podocytes in glomerular tissues of mice treated with Ang II
(n = 6). (I) Western blot analysis of cleaved caspase-3 (casp-3) in glomerular tissues of mice treated with Ang II. Data shown are representative of three
experiments. For statistical analysis, a two-tailed Student’s t test was used for A, and one-way ANOVA with Tukey’s post hoc test was used for D, E, G, and H.
***, P < 0.001. Scale bar = 20 µm, unless otherwise indicated.
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manner (Fig. 3, A–D). No effect of Ang II on the expression of
KCNMA1 or other γ-subunits was detected (Fig. 3 E).

In Ang II–treated podocytes, the BK current was increased
after treatment with 1 µMAng II for 24 h. siRNAwas transfected
to knock down LRRC55 expression in podocytes, and the effi-
ciency was confirmed by using Western blotting (Fig. S3 A). As
shown by the results, the silencing of LRRC55 prevented the
activation of the BK channel in Ang II–treated podocytes (Fig. 3,
F and G). Interestingly, the BK current was not increased in
podocytes that were only transfected with LRRC55 expression
plasmid (Fig. 3 H and Fig. S3 B).

The BK channel is a Ca2+-sensing channel, and TRPC6 is a key
channel responsible for Ca2+ influx in Ang II–treated podocytes
(Ilatovskaya and Staruschenko, 2015; Schreiber and Salkoff,
1997). We analyzed the Ca2+ influx in podocytes with the Ca2+

indicator, Fluo-4 AM. The addition of Ang II to podocytes in-
duced Ca2+ influx within several minutes (Fig. 3, I and J). The
silencing of TRPC6 prevented the activation of the BK channel in
podocytes that were treated with Ang II for 24 h, which was
similar to the effect of LRRC55 siRNA (Fig. 3 K and Fig. S3 C).
Conversely, although Ang II alone did not activate the BK
channel within 4 min, short-term treatment activated the BK
channel in LRRC55-overexpressing podocytes, and silencing of
TRPC6 reversed this effect (Fig. 3 L). In addition, treatment with
the BK channel activator, NS1619, also caused the activation of
the TRPC6 channel and Ca2+ influx in podocytes (Fig. S4, A–C).
The inhibition of the BK channel with IBTX or the silencing of
LRRC55 attenuated the TRPC6 current and intracellular Ca2+ in
podocytes treated with Ang II (Fig. S4, D–G). These data suggest
that LRRC55 overexpression and Ca2+ influx contribute to Ang
II–induced BK channel activation, which aggravates TRPC6-
mediated Ca2+ influx in podocytes.

Decreased intracellular potassium induces cell apoptosis
in podocytes
We measured intracellular potassium with a cell-permeable,
potassium-sensitive fluorescence probe (potassium-binding
benzofuran isophthalate [PBFI]–AM). Following activation of the
BK channel, Ang II treatment decreased intracellular potassium
level in podocytes (Fig. 4 A). Experiments involving activated
cell extracts showed that potassium inhibited apoptosome for-
mation and caspase-3 activation in a concentration-dependent
manner, and nearly complete suppression was observed with
130 mM KCl (Fig. 4, B and C). Thus, the physiologic concentra-
tion of potassium directly inhibited apoptosome formation and
caspase-3 activation, whereas lower concentrations of potas-
sium induced apoptosome formation and caspase-3 activation.
High concentrations of potassium prevented DNA fragmenta-
tion, whereas low concentrations of potassium caused obvious
DNA fragmentation in activated cell extracts (Fig. 4 D).

Ang II treatment promoted apoptosome formation, caspase-3
activation, and DNA fragmentation in podocytes, mimicking the
effect of the BK channel activator, NS1619 (Fig. 4, E–G). In con-
trast, the silencing of LRRC55 reversed apoptosome formation,
caspase-3 activation, and DNA fragmentation in Ang II–treated
podocytes. LRRC55 silencing also decreased cell apoptosis in
podocytes treated with Ang II (Fig. 4, H and I).

Knockout of the BK channel ameliorates podocyte injury in
Ang II–treated mice
As Ang II induced an increase in the BK current in podocytes
from Ang II–treated mice, Kcnma1 knockout mice were used to
observe the effect of the BK channel on podocyte injury. Mouse
glomeruli were isolated by using the magnetic bead–based iso-
lation technique, and whole-cell recordings of the BK current
and intracellular potassium were measured in podocytes of
glomeruli in situ. Knockout of Kcnma1 abolished the Ang II–
induced BK current and prevented the decrease in intracellular
potassium in podocytes from Ang II–treated mice (Fig. 5, A and
B). Knockout of Kcnma1 also reduced caspase-3 activity and ap-
optotic podocytes in glomerular tissues from Ang II–treated
mice (Fig. 5, C and D). Consequently, Ang II–induced proteinu-
ria, focal segmental sclerosis, and foot process effacement were
ameliorated in Kcnma1 knockout mice (Fig. 5, E–G).

Ang II promotes LRRC55 expression by stimulating NFATc3
nuclear translocation
A promoter-binding transcription factor (TF) profiling plate
array was performed to identify TFs that may bind to the LRRC55
promoter region. Of the scanned transcriptional factors, six
factors could bind to the promoter sequence of LRRC55 (Fig. 6 A).
We knocked down their expression levels with siRNAs and
found that knockdown of NFATc3, but not other factors, sig-
nificantly inhibited the expression of LRRC55 in podocytes
treated with Ang II (Fig. 6 B).

Western blot and immunofluorescence staining showed that
treatment with Ang II induced nuclear translocation of NFATc3
in podocytes (Fig. 6, C and D). We scanned the DNA sequence of
the LRRC55 promoter and identified two binding sites for
NFATc3 (Fig. 6 E). Chromatin immunoprecipitation (ChIP)
analysis showed that NFATc3 bound to the LRRC55 promoter in
the podocytes, and this binding was enhanced by Ang II treat-
ment (Fig. 6 F). Overexpression of NFATc3 increased the ex-
pression of luciferase reporter constructs containing the binding
sequence. Site-directed mutations rescued the NFATc3-mediated
upregulation of the LRRC55 promoter–luciferase reporter plas-
mid (Fig. 6, G and H).

NFATc3 overexpression also increased endogenous LRRC55
expression at both the mRNA and protein level in podocytes
(Fig. 6, I and J). Conversely, knockdown of NFATc3 suppressed
Ang II–induced LRRC55 expression (Fig. 6, K and L). Based on
these observations, NFATc3 regulated LRRC55 expression in
podocytes treated with Ang II.

Inhibition of NFATc3 suppresses LRRC55 expression in
podocytes of Ang II–treated mice
Immunofluorescence staining of renal tissues showed that the
nuclear accumulation of NFATc3 was increased in renal podo-
cytes from Ang II–treated mice (Fig. 7 A). Treatment with the
NFAT-specific inhibitor, 11R-VIVIT, attenuated the nuclear ac-
cumulation of NFATc3 and prevented the increase in LRRC55 in
podocytes from Ang II–treated mice (Fig. 7, A–C). Activation of
the BK channel and the decrease in intracellular potassium were
suppressed in podocytes from Ang II–induced mice treated with
11R-VIVIT (Fig. 7, D and E). Caspase-3 activity and the number of
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Figure 3. Ang II activates the BK channel by upregulating LRRC55 and Ca2+ influx in podocytes. (A) The level of LRRC55mRNA in podocytes treated with
different doses of Ang II for 24 h (n = 5). (B)Western blot analysis of LRRC55 in podocytes treated with different doses of Ang II for 24 h (n = 3). (C) The level of
LRRC55 mRNA in podocytes treated with Ang II (1 µM) for different durations (n = 5). (D) Western blot analysis of LRRC55 in podocytes treated with Ang II
(1 µM) for different durations (n = 3). (E) Levels of KCNMA1, LRRC26, LRRC38, and LRRC52 mRNA in podocytes treated with Ang II (1 µM) for 24 h (n = 5).
(F) Representative traces of the whole-cell BK current in podocytes treated with Ang II (1 µM) and LRRC55 siRNA (15 nM) for 24 h. (G) The BK current measured
at +80 mV in podocytes treated with Ang II and LRRC55 siRNA for 24 h (n = 6). (H) The BK current measured at +80 mV in podocytes transfected with the
LRRC55 expression plasmid for 24 h (n = 6). (I) Representative transients of intracellular Ca2+ dynamics in podocytes treated with Ang II (1 µM). To analyze Ca2+

influx, cells were incubated with the Ca2+ indicator, Fluo-4 AM, and then fluorescence images were captured every 5 s. Changes in intracellular Ca2+ levels were
estimated from the fluorescence images as previously described (Ilatovskaya et al., 2015a). (J) The level of intracellular Ca2+ in podocytes treated with Ang II (1
µM) for 4 min (n = 6). (K) The effect of TRPC6 siRNA and LRRC55 siRNA on the BK current in podocytes treated with Ang II (1 µM) for 24 h (n = 6). (L) Effect of
LRRC55 overexpression and TRPC6 siRNA on the BK current in podocytes treated with Ang II (1 µM) for 4 min (n = 6). Data shown are representative of three
experiments. For statistical analysis, a two-tailed Student’s t test was used for E, H, and J, and one-way ANOVA with Tukey’s post hoc test was used for A, C, G,
K, and L. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Scram., scrambled.
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Figure 4. Decreased intracellular potassium induces cell apoptosis in podocytes. (A) Level of intracellular potassium in podocytes treated with Ang II
(1 µM), LRRC55 siRNA, or NS1619 (30 µM) for 24 h (n = 5). (B) Immunoprecipitation (IP) analysis of the binding between Apaf-1 and cytochrome c (Cyt c)
in cytoplasmic extracts incubated with dATP (1 mM), cytochrome c (10 µg/ml), and decreasing concentrations of KCl (n = 3). (C) Changes in caspase-3 activity
in cytoplasmic extracts incubated with dATP, cytochrome c, and decreasing concentrations of KCl (n = 5). (D) Gel analysis of DNA fragmentation in the mixture
of cytoplasmic extracts, nuclei, dATP, cytochrome c, and decreasing concentrations of KCl (n = 3). (E) IP analysis of the binding between Apaf-1 and cytochrome
c in podocytes treated with Ang II, LRRC55 siRNA, or NS1619 for 24 h (n = 3). (F)Western blot analysis of cleaved caspase-3 (casp-3) in podocytes treated with
Ang II, LRRC55 siRNA, or NS1619 for 24 h (n = 3). (G) Gel analysis of DNA fragmentation in podocytes treated with Ang II, LRRC55 siRNA, or NS1619 for 24 h (n = 3).
(H and I) Flow cytometric analysis of apoptotic cells among podocytes (n = 5). Data shown are representative of three experiments. For statistical analysis,
one-way ANOVA with Tukey’s post hoc test was used for A, C, and I. ***, P < 0.001. AFC, 7-amino-4-trifluoromethylcoumarin; IB, immunoblotting; Scram.,
scrambled.
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apoptotic podocytes were decreased in Ang II–induced mice
treated with 11R-VIVIT (Fig. 7, F and G). Consequently, Ang II–
induced proteinuria, focal segmental sclerosis, and foot process
effacement were inhibited by 11R-VIVIT treatment (Fig. 7, H–J).

Treatment with losartan prevents LRRC55 expression and
ameliorates podocyte injury in adriamycin (ADR) nephropathy,
DN, and passive Heymann nephritis (PHN)
As LRRC55 expression was increased in the renal podocytes of
patients with FSGS, DN, and MN, we examined LRRC55 ex-
pression in ADR-treated mice, diabetic mice, and PHN rats. The
level of LRRC55 was significantly increased in the podocytes of
ADR-treated mice, diabetic mice, and PHN rats (Fig. 8, A and B;
Fig. 9, A and B; and Fig. 10, A and B). IHC staining showed that
LRRC55wasweakly positive in the glomeruli of control mice and
rats. In ADR-treated mice, diabetic mice, and PHN rats, the level
of LRRC55 was significantly increased in the injured glomeruli
(Fig. 8 C, Fig. 9 C, and Fig. 10 C). Treatment with the angiotensin
receptor blocker, losartan, or LRRC55 siRNA prevented the in-
crease in LRRC55 expression and attenuated the activation of the
BK channel and the decrease in intracellular potassium in po-
docytes from ADR-treated mice, diabetic mice, and PHN rats
(Fig. 8, A–E; Fig. 9, A–E; and Fig. 10, A–E). Treatment with

losartan or LRRC55 siRNA also reduced caspase-3 activity and
apoptotic podocytes in glomerular tissues from ADR-treated
mice, diabetic mice, and PHN rats (Fig. 8, F and G; Fig. 9, F
and G; and Fig. 10, F and G). As expected, the proteinuria level
and foot process effacement were decreased in ADR-treated
mice, diabetic mice, and PHN rats that were treated with los-
artan or LRRC55 siRNA (Fig. 8, H–J; Fig. 9, H–J; and Fig. 10, H–J).

Discussion
Podocytes are highly specialized cells that wrap around glo-
merular capillaries and constitute a key component of the glo-
merular filtration barrier. We found that the level of LRRC55
was increased in the podocytes of patients with FSGS, DN, and
MN, and knockout of Lrrc55 ameliorated podocyte injury in Ang
II–treated mice. Increased levels of LRRC55 were also evident in
podocytes from animal models of FSGS, DN, and MN, and
treatment with losartan or the silencing of LRRC55 decreased
LRRC55 expression and attenuated podocyte injury in the
animal models of FSGS, DN, and MN. In contrast, the level of
LRRC55 was not changed in the glomerular tissues of inter-
stitial nephritis patients without proteinuria or MCD patients
with heavy proteinuria, but no progressive glomerular injury.

Figure 5. Effect of BK channel knockout on podocyte injury in Ang II–treated mice. (A) The BK current measured at +80 mV in podocytes of freshly
isolated glomeruli from WT and Kcnma1−/− mice treated with Ang II (n = 6). (B) The level of intracellular potassium in podocytes of freshly isolated glomeruli
from mice (n = 6). To analyze intracellular potassium in podocytes of mouse glomeruli in situ, isolated glomeruli were incubated with 10 µM PBFI-AM, 0.04%
Pluronic F-127, and PE-conjugated podocalyxin antibody (1:200) for 40 min at room temperature. The glomeruli were then attached to poly-L-lysine–coated
glass coverslips. Fluorescence images were acquired by using a Zeiss LSM710 confocal microscope. PBFI fluorescence intensities in podocalyxin-positive cells
were analyzed to determine the intracellular potassium level in podocytes of mouse glomeruli. (C) Western blot analysis of cleaved caspase-3 (casp-3) in
glomerular tissues of mice (n = 6). (D) Apoptotic podocytes in mouse glomeruli (n = 6). (E) Urinary albumin excretion in WT and Kcnma1−/− mice treated with
Ang II (n = 6). (F) Periodic acid–Schiff staining and electron microscopy analysis of renal sections. (G) Mean width of podocyte foot processes (n = 6). Data
shown are representative of three experiments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test was used for A, B, D, E, and G. ***, P <
0.001. Scale bar = 20 µm, unless otherwise indicated.
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Although MCD is a characteristic disease of podocytopathy,
podocytes are mildly damaged and maintain normal podocyte
numbers in MCD patients (Nakamura et al., 2000; Wiggins,
2007). These findings are consistent with the data reported
by Sampson et al. (2016), who showed that the level of LRRC55
mRNA was increased in glomerular tissues of patients with
FSGS and MN compared with patients with other nephrotic

syndromes in their transcriptomic analysis. The level of LRRC55
has also been shown to be increased in the renal tissues of
patients with chronic kidney disease compared with normal
controls in the transcriptomic analysis conducted by Nakagawa
et al. (2015).

LRRC55 is one of the four γ-subunits of the BK channel re-
sponsible for modulating the voltage dependence of BK channel

Figure 6. NFATc3 binds to the LRRC55 promoter and induces LRRC55 overexpression. (A) Screening of TFs binding to the LRRC55 promoter using a
promoter-binding TF profiling plate array (n = 3). Podocytes were treated with Ang II for 24 h to activate TFs. Nuclear extracts were prepared and incubated
with TF binding oligo probe mix with or without an LRRC55 promoter DNA fragment. After spin separation of complexes from unbound free biotin-labeled
oligos, TF-bound probes were eluted from the column and used for hybridization and analysis. (B) The level of LRRC55mRNA in podocytes treated with Ang II,
C/EBPβ siRNA, IRF-2 siRNA, NFATc3 siRNA, STAT4 siRNA, PAX5 siRNA, and ERα siRNA (n = 3). (C) Western blot analysis of nuclear NFATc3 in podocytes
treated with Ang II (1 µM) for 24 h (n = 3). (D) Immunofluorescence staining of nuclear NFATc3 in podocytes treated with Ang II (1 µM) for 24 h (n = 3).
(E) Schematic of the NFATc3 binding sites in the upstream sequence of the LRRC55 promoter. (F) ChIP analysis of the binding between NFATc3 and the LRRC55
promoter in podocytes treated with Ang II (1 µM) for 24 h (n = 3). (G) Schematic of the WT and mutated (MUT) LRRC55 promoter-luciferase reporter plasmids.
(H) Normalized luciferase activity of reporter constructs in podocytes cotransfected with NFATc3 plasmid for 24 h (n = 5). (I) RT-PCR analysis of LRRC55 in
podocytes transfected with NFATc3 plasmid for 24 h (n = 5). (J)Western blot analysis of LRRC55 in podocytes transfected with NFATc3 plasmid (n = 3). (K) RT-
PCR analysis of LRRC55 in podocytes treated with Ang II (1 µM) and NFATc3 siRNA for 24 h (n = 5). (L) Western blot analysis of LRRC55 in podocytes treated
with Ang II (1 µM) and NFATc3 siRNA for 24 h (n = 3). Data shown are representative of three experiments. For statistical analysis, one-way ANOVA with
Tukey’s post hoc test was used for B and K, and a two-tailed Student’s t test was used for H and I. ***, P < 0.001. Scale bar = 20 µm. Scram., scrambled.
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activation and exhibits tissue-specific expression patterns
(Zhang and Yan, 2014). The properties of the BK channel are
altered by auxiliary subunits that do not form functional pores
but alter the gating properties of KCNMA1 proteins (Lu et al.,
2006). We found that the overexpression of LRRC55 alone was
not sufficient to induce a BK current; however, LRRC55 over-
expression activated BK channels in the presence of Ca2+ influx.

Our result is consistent with that of a previous report showing
that, although each of the four BK γ-proteins shifts the voltage
dependence of BK channel activation in a hyperpolarizing di-
rection, they show markedly different efficacies (Li et al., 2015).
LRRC26 causes a large negative shift, which opens BK channels
at near-physiologic Ca2+ concentrations and membrane voltage
in nonexcitable cells, while LRRC55 opens BK channels only in

Figure 7. Effect of NFATc3 inhibition on podocyte injury in Ang II–treated mice. (A) Nuclear accumulation of NFATc3 in podocytes of mice treated with
Ang II and 11R-VIVIT. White arrow indicates nuclear accumulation of NFATc3 in the podocytes. (B) The level of Lrrc55 mRNA in the podocytes of mice (n = 6).
(C) The level of LRRC55 protein in the podocytes of mice (n = 6). (D) The BK current measured at +80 mV in podocytes of freshly isolated glomeruli from mice
treated with Ang II and 11R-VIVIT (n = 6). (E) The level of intracellular potassium in podocytes of freshly isolated glomeruli from mice (n = 6). (F)Western blot
analysis of cleaved caspase-3 (casp-3) in glomerular tissues of mice treated with Ang II and 11R-VIVIT (n = 6). (G) Apoptotic podocytes in glomerular tissues of
mice treated with Ang II and 11R-VIVIT (n = 6). (H) Urinary albumin excretion in mice treated with Ang II and 11R-VIVIT (n = 6). (I) Periodic acid–Schiff staining
and electronmicroscopy analysis of renal sections. (J)Mean width of podocyte foot processes in mice treated with Ang II and 11R-VIVIT (n = 6). Data shown are
representative of three experiments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test was used for B, D, E, G, H, and J. ***, P < 0.001. Scale
bar = 20 µm, unless otherwise indicated.
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Figure 8. Effects of losartan on LRRC55 expression and podocyte injury in ADR-treated mice. (A) The level of Lrrc55mRNA in podocytes of ADR-treated
mice treated with losartan or LRRC55 siRNA (n = 6). (B)Western blot analysis of LRRC55 expression in podocytes of ADR-treated mice (n = 6). (C) IHC analysis
of LRRC55 expression in the renal tissues of ADR-treated mice (n = 6). Black arrows indicate positive staining of LRRC55. (D) The BK current measured at
+80 mV in podocytes of freshly isolated glomeruli from ADR-treated mice (n = 6). (E) Intracellular potassium levels in podocytes of freshly isolated glomeruli
from ADR-treated mice (n = 6). (F) Western blot analysis of cleaved caspase-3 (casp-3) in glomerular tissues of ADR-treated mice (n = 6). (G) The number of
apoptotic podocytes in glomerular tissues of ADR-treated mice (n = 6). (H) Urinary albumin excretion of ADR-treated mice (n = 6). (I) Periodic acid–Schiff
staining and electron microscopy analysis of renal sections. (J) Mean width of podocyte foot processes (n = 6). Data shown are representative of three ex-
periments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test was used for A, D, E, G, H, and J. ***, P < 0.001. Scale bar = 20 µm, unless
otherwise indicated. Scram., scrambled.
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Figure 9. Effects of losartan on LRRC55 expression and podocyte injury in experimental DN. (A) The level of Lrrc55mRNA in podocytes of diabetic mice
treated with losartan or LRRC55 siRNA (n = 6). (B)Western blot analysis of LRRC55 expression in podocytes of diabetic mice (n = 6). (C) IHC analysis of LRRC55
expression in renal tissues (n = 6). Black arrows indicate positive staining for LRRC55. (D) The BK current measured at +80 mV in podocytes of freshly isolated
glomeruli from diabetic mice treated with losartan or LRRC55 siRNA (n = 6). (E) Intracellular potassium levels in podocytes of freshly isolated glomeruli from
diabetic mice treated with losartan or LRRC55 siRNA (n = 6). (F)Western blot analysis of cleaved caspase-3 (casp-3) in glomerular tissues of diabetic mice (n = 6).
(G) The number of apoptotic podocytes in glomerular tissues of diabetic mice (n = 6). (H) Urinary albumin excretion of diabetic mice (n = 6). (I) Periodic
acid–Schiff staining and electron microscopy analysis of renal sections. (J) Mean width of podocyte foot processes (n = 6). Data shown are representative of
three experiments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test was used for A, D, E, G, H, and J. ***, P < 0.001. Scale bar = 20 µm, unless
otherwise indicated. Scram., scrambled.
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Figure 10. Effects of losartan on LRRC55 expression and podocyte injury in experimental MN. (A) The level of Lrrc55 mRNA in podocytes of PHN rats
treated with losartan or LRRC55 siRNA (n = 6). (B) Western blot analysis of LRRC55 expression in podocytes of PHN rats (n = 6). (C) IHC analysis of LRRC55
expression in renal tissues (n = 6). Black arrows indicate positive staining of LRRC55. (D) The BK current measured at +80 mV in podocytes of freshly isolated
glomeruli from PHN rats treated with losartan or LRRC55 siRNA (n = 6). (E) Intracellular potassium level in podocytes of freshly isolated glomeruli from PHN
rats treated with losartan or LRRC55 siRNA (n = 6). (F) Western blot analysis of cleaved caspase-3 (casp-3) in glomerular tissues of PHN rats (n = 6). (G) The
number of apoptotic podocytes in glomerular tissues of PHN rats (n = 6). (H) Urinary albumin excretion of PHN rats (n = 6). (I) Electron microscopy analysis of
renal sections. (J)Meanwidth of podocyte foot processes (n = 6). Data shown are representative of three experiments. For statistical analysis, one-way ANOVA
with Tukey’s post hoc test was used for A, D, E, G, H, and J. ***, P < 0.001. Scale bar = 20 µm, unless otherwise indicated. Scram., scrambled.
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the presence of increased intracellular Ca2+ (Yan and Aldrich,
2012).

The gating of the BK channel is voltage dependent, and Ca2+

binding to multiple allosterically interacting domains in the
cytoplasmic C terminus of KCNMA1 proteins shifts the activa-
tion into the physiologic range of membrane potentials (Dryer
and Reiser, 2010). KCNMA1 binds to the TRPC6 channel in po-
docytes (Kim et al., 2009). TRPC6 is a slit diaphragm–associated
protein involved in the regulation of the filtration function of
glomeruli. Sustained activation of TRPC6 signaling leads to
podocyte detachment from the glomerular basement membrane
due to changes in the cytoskeletal dynamics of foot processes
(Winn et al., 2005). Opening of the TRPC6 channel is responsible
for Ang II–evoked Ca2+ influx in podocytes (Ilatovskaya et al.,
2017). We confirmed that treatment with Ang II induced intra-
cellular Ca2+ accumulation in podocytes. The BK channel was
activated after Ca2+ influx, and Ca2+ influx was required for Ang
II–induced BK channel activation in podocytes. Consistently, Yin
et al. (2018) reported that the decrease of Ca2+ source resulted in
the inhibition of BK currents in podocytes. In addition, the ac-
tivation of BK channels opposes the cell depolarization caused by
TRPC6 activation, thereby maintaining the conditions needed
for efficient Ca2+ influx (Dryer and Reiser, 2010; Estacion et al.,
2006).We observed that activation of the BK channel aggravated
TRPC6-mediated Ca2+ influx in podocytes.

After TRPC6 activation and Ca2+ influx, Ca2+ binds to calci-
neurin and activates its phosphatase activity in podocytes. Ac-
tivated calcineurin dephosphorylates cytoplasmic NFAT family
members, resulting in their translocation to the nucleus where
they function as TFs to regulate gene expression (Wu et al.,
2015). As shown in a study conducted by Wang et al. (2010),
mice displaying NFAT activation in nascent podocytes in utero
develop proteinuria and glomerulosclerosis postnatally, reflect-
ing a phenotype resembling FSGS. Among the NFAT family
members, NFATc3 is predominantly expressed in podocytes and
plays a key role in podocyte injury (Schlöndorff et al., 2009; Wu
et al., 2015). Layne et al. (2008) showed that urinary bladder
smooth muscle myocytes from Nfatc3-null mice displayed a re-
duced BK channel density compared with myocytes from WT
mice. We explored and confirmed that nuclear NFATc3 bound to
the promoter region of LRRC55, which increased the transcrip-
tion of LRRC55. Treatment with the NFAT-specific inhibitor, 11R-
VIVIT, prevented the upregulation of LRRC55 and the activation
of BK channels in podocytes from Ang II–treated mice.

Physiologic concentrations of potassium are important for
maintaining normal cell functions and inhibiting caspase acti-
vation by abrogating Apaf-1 oligomerization (Cain et al., 2001;
Ledbetter and Lubin, 1977). Physical and fluorescence techniques
have been used to document obvious decreases in intracellular
potassium concentrations in apoptotic cells (Hughes and Cidlowski,
1999). In thymocytes and T-cell hybridomas, exposure of iso-
lated nuclei to supernatants of mitochondria that have under-
gone a permeability transition results in DNA fragmentation if
the concentration of the potassium solution is reduced below
the physiologic level (Dallaporta et al., 1998). Ang II treatment
decreased intracellular potassium in podocytes, and the decreased
potassium caused apoptosome formation, caspase-3 activation,

and DNA fragmentation in the podocytes. Inhibition of LRRC55
prevented apoptosome formation, caspase-3 activation, and cell
apoptosis in podocytes treated with Ang II.

Previously, studies showed that the BK channel was activated
in renal mesangial cells and myocytes treated with Ang II
(Romero et al., 1998; Sansom et al., 2000; Stockand et al., 1998).
We found that the BK channel was activated in Ang II–treated
podocytes and podocytes of Ang II–treated mice. Knockout of
Lrrc55 or the BK channel ameliorated podocyte injury in Ang
II–treated mice. Abnormal activation of the renin–angiotensin
system has been observed in renal tissues of patients with FSGS,
DN, and MN (Bahiense-Oliveira et al., 2010; Batlle et al., 2012;
Mezzano et al., 2003; Nijenhuis et al., 2011), and increasing
evidence indicates that overactivity of the renin–angiotensin
system is involved in the progression of glomerular diseases
(Rüster and Wolf, 2006). In addition to hemodynamic disorder,
activation of the renin–angiotensin system caused renal damage
by changing renal protein expression (Koppe and Fouque, 2019;
Nijenhuis et al., 2011). Treatment with losartan suppressed
LRRC55 expression and prevented BK channel activation in
animal models of FSGS, DN, and MN. Angiotensin receptor
blockers are one class of antihypertensive drugs that act on the
renin–angiotensin system. Beneficial effects of angiotensin re-
ceptor blockers on renal outcomes and survival have been ob-
served in patients with various glomerular diseases (Johnson
and Spurney, 2015; Sharma et al., 2011). The results are also in
line with those of a previous report showing that losartan
treatment suppressed Ang II–induced NFAT activation in po-
docytes (Nijenhuis et al., 2011).

In conclusion, nuclear-translocated NFATc3 induces the ex-
pression of LRRC55 in Ang II–exposed podocytes, and upregu-
lated LRRC55 promotes BK channel activation and aggravates
cell injury in podocytes in FSGS, DN, and MN. Inhibition of
LRRC55 may represent a new therapeutic approach for patients
with progressive glomerular diseases.

Materials and methods
Patients and control subjects
Five FSGS patients were recruited for glomerular transcriptome
analysis. Another 15 FSGS patients, 15 DN patients, and 15 MN
patients were enrolled for the confirmation study (Table S1).
Control tissues were obtained from the unaffected portions of
surgical nephrectomies and were confirmed to be normal with
light microscopy analysis. Samples were kept in the Renal Bio-
bank of National Clinical Research Center of Kidney Diseases,
Jiangsu Biobank of Clinical Resources. The study was performed
in accordance with the principles of the Declaration of Helsinki
and was approved by the ethics committees of Jinling Hospital.

Glomerulus isolation
For array analysis, pink spherical glomeruli were manually
isolated under a stereomicroscope using two dissection needle
holders in RNAlater at 4°C. The RNA quality and quantity were
determined by using the Laboratory-on-Chip Total RNA PicoKit
(BioAnalyzer; Agilent Technologies). For PCR analysis, glomeruli
were isolated with a laser capture microdissection system (Leica
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Microsystems AG). Approximately 50 glomerular cross sections
were captured from each case (Bao et al., 2014).

Gene expression profile analysis
Affymetrix HTA2.0 microarrays (Affymetrix) were used to
identify differentially expressed genes in microdissected glo-
merular tissues. Microarray data were deposited in the Gene
Expression Omnibus database under accession no. GSE121233.

RT-PCR analysis
Total RNA was extracted by using the Recover All Total Nucleic
Acid Isolation Kit (AM1975; Ambion). RT was performed with
the RT2 First Strand Kit (no. 330401; Qiagen). The primers for
PCR analysis are listed in Table S2.

IHC and immunofluorescence staining
Paraffin-embedded sections were deparaffinized and rehy-
drated. Endogenous peroxidase was blockedwith 0.3% hydrogen
peroxide for 30 min. The sections were incubated for 1 h with
anti-LRRC55 antibody diluted in 1% BSA in PBS (Table S3).
Staining was visualized with the Polyvalent HRP/DAB detection
kit (ab64264; Abcam). Negative controls were obtained by
omission of the primary antibody from the staining procedure.
The mean density (integrated OD sum/area) of LRRC55 was
determined by using the Image 6 Pro Plus system (Media Cy-
bernetics; Dusso et al., 2001; Sun et al., 2012). For immunoflu-
orescence staining, frozen tissue sections were blocked with 1%
BSA and incubated in primary antibodies. The sections were
then incubated with an FITC-conjugated antibody or a Cy3-
conjugated antibody. The slides were examined with a Leica
microscope (DM5000B).

Animals
Animal studies were approved by the Institutional Animal Care
and Use Committee of Jinling Hospital. Lrrc55 knockout mice
(T037725) and Kcnma1 knockout mice (T002842) were pur-
chased from the Model Animal Research Center of Nanjing
University. For Ang II infusion mouse models, knockout mice
and control C57BL/6 mice aged 10–12 wk were randomly as-
signed to receive Ang II (1,000 ng/kg/min; A9525; Sigma-
Aldrich) or saline via implanted subdermal osmotic pumps
(Alzet model 2004; Alza Corporation) for 4 wk (Zhao et al., 2017).
For the interference study, 11R-VIVIT (1 mg/kg; 480401; Merck)
was injected intraperitoneally once per day (Zhang et al., 2013).

As C57BL/6 mice are resistant to ADR-induced nephropathy
(Lee and Harris, 2011), ADR nephropathy was induced by in-
jection of 10.5 mg/kg ADR (D1515; Sigma-Aldrich) via the tail
vein in BALB/c male mice at age 10–12 wk (Han et al., 2019), and
mice were sacrificed at 4 wk after injection. DN was induced in
C57BL/6 male mice aged 8 wk by intraperitoneal injection with
streptozotocin (STZ; 50 µg/g; S0130; Sigma-Aldrich) for 5 d
consecutively. Diabetes was confirmed with a fasting blood
glucose level >300 mg/dl. Mice were sacrificed at 12 wk after
STZ injection (Fu et al., 2018). The PHN model of MN was in-
duced in male Sprague-Dawley rats aged 7 wk by a single in-
travenous injection (0.4 ml/100 g) of anti-Fx1A serum (PTX-
002S; Probetex; Möller et al., 2007; Sun et al., 2017; Zoja et al.,

2002). Control and PHN rats were killed at 28 d after injection.
For the interference study, losartanwas given by oral gavage at a
dose of 10 mg/kg/d for mice (Zhang et al., 2017) and 30 mg/kg/d
for rats (Li et al., 2017). LRRC55 siRNA or scrambled siRNA—10
nmol for mice and 20 nmol for rats—was injected via the tail
vein with TransIT-QR Delivery Solution (MIR 5210; Minus)
before the delivery of ADR, STZ, or anti-Fx1A serum, followed by
treatment once per week (Covington and Schnellmann, 2012;
Kanai et al., 2009; Lin et al., 2017; Okamoto et al., 2011). Urine
was collected in metabolic cages, and albumin and creatinine
levels were measured by using Albuwell M (1011; Exocell) and
Creatinine Companion Kits (1012; Exocell).

Western blot analysis
Western blots were performed as previously described (Table
S3; Bao et al., 2012). Total protein extracts were boiled for 5 min
at 95°C, separated by SDS-PAGE, and transferred to poly-
vinylidene fluoride membranes by using a Bio-Rad transfer unit.
The membranes were blocked with 5% nonfat milk diluted in
Tris-buffered saline containing 0.1% Tween-20 and incubated
with the indicated antibodies. Immunoprecipitation was per-
formed with the Pierce Classic Magnetic IP/Co-IP Kit (88804;
Thermo Fisher Scientific).

Electron microscopy and quantification of foot
process effacement
Renal cortex tissues were cut into 1-mm3 pieces, immediately
fixed in 3.75% glutaraldehyde and post-fixed in phosphate
buffered 1% osmium tetroxide. After dehydration, the specimens
were embedded in epoxy resin. Ultrathin sections (70 nm) were
stained and examined with a Hitachi 7500 transmission electron
microscope. The podocyte foot process effacement was quanti-
fied as previously reported (Zhou et al., 2011).

Analysis of podocyte apoptosis in renal tissue
Apoptotic cells were detected by using an in situ terminal de-
oxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay (11684795910; Roche Molecular Biochemicals). Tissue
sections were costained with DAPI (blue), Wilms tumor 1 anti-
body (red), and TUNEL (green). Cells labeled by DAPI,Wilms tumor
1, and TUNEL were counted as apoptotic podocytes.

Isolation of rodent glomeruli and podocytes
Mouse glomeruli were isolated by using the magnetic bead–
based isolation technique as previously described (Ilatovskaya
et al., 2014, 2017; Li et al., 2016). Briefly, mice were anesthetized
and perfused with bead solution. The kidneys were then re-
moved, minced into 1-mm3 pieces, and digested in digestion
solution buffer (300 U/ml collagenase type II, 1 mg/ml pro-
teinase E, and 50 U/ml DNase I) for 15 min at 37°C. After di-
gestion, tissues were pressed gently through a 100-µm strainer
and collected by centrifugation. The glomeruli were washed
three times and collected with a magnet. The isolation of rat
glomeruli was similar to the isolation of mouse glomeruli. The
tissues were additionally rinsed on a 70-µm cell strainer after
collection by a magnet to remove small tubular fragments. The
cell strainer was washed and the glomeruli on the cell strainer
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were carefully collected (Katsuya et al., 2006). The isolated
glomeruli were used for the in situ electrophysiology and in-
tracellular potassium assay in rodent podocytes.

To analyze mRNA and protein levels of LRRC55 in rodent
podocytes, part of the separated glomeruli were further digested
with 0.025% trypsin or collagenase type IV solution for 10min at
37°C to obtain single-cell suspensions (Kreisberg et al., 1978;
Zhao et al., 2014). After digestion, ice-cold PBS was added to the
cell suspension, followed by filtering sequentially through 70-
µm and 40-µm cell strainers. The filtered cell suspensions were
then centrifuged at 300 ×g for 2 min at 4°C. The pellet was re-
suspended in isolation buffer (prepared in PBS containing 0.1%
BSA and 2 mM EDTA). Podocytes were enriched by using anti-
podocalyxin beads (Dynabeads FlowComp Flexi; Invitrogen).
The viability of the isolated podocytes was >90% according to the
trypan blue staining results.

Electrophysiology
Whole-cell recordings were performed in cultured human im-
mortalized podocytes or in rodent podocytes of glomeruli in situ
at room temperature (25°C) as previously described (Gloy et al.,
1997; Ilatovskaya et al., 2014; Morton et al., 2004). Coverslips
with cultured human podocytes or with attached rodent glo-
meruli were placed into the perfusion chamber and perfused
with the bath solution. For BK channel recordings, bath solution
contained 145 mM NaCl, 4.5 mM KCl, 1.0 mM MgCl2, 2.0 mM
CaCl2, and 10 mM HEPES at pH 7.4. The pipette solutions con-
tained 130 mM K gluconate, 15 mM KCl, 5.76 mM CaCl2 (free
Ca2+ concentration 200 nM), 1.0 mM MgCl2, 10 mM EGTA, and
10 mM HEPES at pH 7.2. Amphotericin B (0.3 mg/ml; V900919;
Sigma-Aldrich) was employed as the permeabilizing agent
(Macianskiene et al., 2010). Whole-cell current was evoked by a
series of 450-ms depolarizing steps (from −80 to +80 mV in 20-
mV increments; Kim et al., 2008, 2010; Morton et al., 2004). For
analysis of the TRPC6 current, the bath solution contained
150 mM NaCl, 5.4 mM CsCl, 0.8 mM MgCl2, 5.4 mM CaCl2, and
10 mMHEPES at pH 7.4. The pipette solutions contained 10 mM
NaCl, 125 mM CsCl, 6.2 mM MgCl2, 10 mM HEPES, and 10 mM
EGTA at pH 7.2. The TRPC6 current was periodically evoked by
2.5-s ramp voltage commands (−80 mV to +80 mV; Kim et al.,
2012; Roshanravan et al., 2016). The recording electrodes had
resistances of 3–4 MΩ. Currents were amplified (Axopatch
200B), low-pass filtered at 2 kHz, and recorded online at a
sampling rate of 4 kHz via a Digidata 1322A interface (Axon
Instruments). Data acquisition and analysis was performed with
pClamp software (Axon Instruments). The currents were mea-
sured at +80 mV and normalized by membrane capacitance.

Podocyte culture and treatment
Immortalized temperature-sensitive human podocytes were
provided by M. Saleem (University of Bristol, Bristol, UK), and
cells were propagated at a permissive temperature (33°C) in
RPMI 1640 medium supplemented with 10% FBS and insulin–
transferrin–selenium. The cells were then allowed to differen-
tiate for 2 wk under nonpermissive conditions at 37°C in the
same medium (Saleem et al., 2002). The cells were treated with
Ang II (1 µM), IBTX (100 nM; I5904; Sigma-Aldrich), or NS1619

(30 µM; N170; Sigma-Aldrich) for indicated times. To infect
podocytes with the plenti-CMV-LRRC55 plasmid, the lentiviral
stock was mixed with polybrene (1 µg/ml), and the solution was
added to the podocytes after removing the culture medium. The
transfection of the pREP-NFATc3 plasmid (11790; Addgene),
LRRC55 siRNA (sc-96743, 15 nM), TRPC6 siRNA (sc-42672),
C/EBPβ siRNA (sc-29229), IRF-2 siRNA (sc-35708), NFATc3
siRNA (sc-29413), STAT4 siRNA (sc-36568), PAX5 siRNA (sc-
43996), and ERα siRNA (sc-29305) was conducted with Lip-
ofectamine 2000 (11668–019; Invitrogen).

Intracellular Ca2+ assay
For the Ca2+ influx assay, cells were incubated in the Ca2+ in-
dicator Fluo-4 AM (2 µM; F14217; Thermo Fisher Scientific) for
30 min, and then 1 µM Ang II was added to the cells. Fluores-
cence images were captured every 5 s. Changes in the intracel-
lular Ca2+ level were estimated from the fluorescence images as
described previously (Ilatovskaya et al., 2015a).

Intracellular potassium assay
After treatment, cultured human podocytes were loaded with
10 µM PBFI-AM (76275; Sigma-Aldrich) and 0.04% Pluronic F-
127 (P2443; Sigma-Aldrich) for 40 min. The ratio of fluorescence
intensities obtained by exciting at 340/380 nm while monitor-
ing emissions at 500 nm was used to estimate the intracellular
content of potassium (Andersson et al., 2006; Kasner and Ganz,
1992). The intracellular potassium assay in the rodent podocytes
of isolated glomeruli in situ was performed as previously de-
scribed (Ilatovskaya et al., 2014, 2015b). Isolated glomeruli were
incubated with 10 µM PBFI-AM, 0.04% Pluronic F-127, and PE-
conjugated podocalyxin antibody (1:200; FAB1556P; R&D Sys-
tems) for 40 min at room temperature. Glomeruli were then
attached to poly-L-lysine–coated glass coverslips. Fluorescence
imageswere acquired by using a Zeiss LSM710 confocalmicroscope.
The mean fluorescence intensities in the podocalyxin-positive cells
were analyzed to determine the intracellular potassium level in
podocytes of rodent glomeruli (Fig. S5).

DNA fragmentation and caspase-3 activity assay
Cytoplasmic extracts and nuclei were prepared by resuspending
the podocytes in 10 mM MgCl2 and 0.25% Nonidet P-40. The
nuclei were pelleted and the supernatants were placed on ice.
dATP (1 mM) and cytochrome c (10 µg/ml) were added to a
mixture of nuclei and cytoplasmic extracts with various con-
centrations of KCl (Hughes et al., 1997). DNA was extracted and
analyzed with 1.5% agarose gel electrophoresis. The caspase-3
protease activity was measured with Z-DEVD-AFC (sc-296746;
Santa Cruz Biotechnology) as the fluorogenic substrate.

Apoptosis analysis with flow cytometry
The detection of apoptotic podocytes was performed by using
the FITC Annexin Apoptosis Detection Kit I (556547; BD
Biosciences).

Promoter-binding TF profiling plate array
Promoter-binding TF profiling plate array analysis (FA-2001;
Signosis) was performed according to the manufacturer’s
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instruction. Podocytes were treated with Ang II for 24 h to
activate TFs. Nuclear extracts were prepared and incubated
with TF binding oligo probe mix with or without the LRRC55
promoter fragment. After spin separation of the complexes
from unbound free biotin-labeled oligos, TF-bound probes were
eluted from the column and used for plate hybridization. The
captured probes were detected with streptavidin-HRP and chemi-
luminescent substrate.

ChIP analysis of NFATc3 DNA binding
The ChIP assay was performed with the ChIP-IT Express Mag-
netic Chromatin Immunoprecipitation Kit (53008; Active Motif)
and anti-NFATc3 or IgG antibodies (Bao et al., 2014).

Luciferase assays
Cells were cotransfected with the 0.1 µg reporter constructs, 0.02
µg Renilla construct, and 0.1 µg pREP-NFATc3 plasmid. The firefly
and Renilla luciferase activity were determined by using the Dual-
Luciferase Reporter Assay System (E1960; Promega). The values
were normalized with Renilla luciferase (Bao et al., 2014).

Statistical analysis
All of the data are expressed as mean ± SD. Data from multiple
groups were analyzed via one-way ANOVA followed by Tukey’s
post hoc test. Data from two groups were compared using t tests.
Results with a P value of <0.05 were considered significant: *,
P < 0.05; **, P < 0.01; and ***, P < 0.001.

Online supplemental material
Fig. S1 shows the level of LRRC55 in glomerular tissues of pa-
tients with interstitial nephritis or MCD. Fig. S2 is a schematic
diagram of the whole-cell recordings of the BK current in rodent
podocytes of glomeruli in situ. Fig. S3 displays the Western blot
analysis of LRRC55 or TRPC6 in podocytes. Fig. S4 shows that the
activation of the BK channel exacerbates TRPC6-mediated Ca2+

influx in podocytes. Fig. S5 depicts the intracellular potassium
assay in the podocytes of isolated rodent glomeruli in situ. Table
S1 provides the clinical and pathologic characteristics of the
discovery and validation cohorts. Table S2 lists the primers used
in this study. Table S3 lists the antibodies used in this study.
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Supplemental material

Figure S1. The level of LRRC55 in glomerular tissues of patients with interstitial nephritis or MCD. (A) RT-PCR analysis of LRRC55 in glomerular tissues
of patients with interstitial nephritis or MCD (n = 5). (B) IHC analysis of LRRC55 expression in renal tissues of patients with interstitial nephritis or MCD (n = 5).
Data shown are representative of three experiments. For statistical analysis, one-way ANOVA with Tukey’s post hoc test was used for A. ns, not significant.
Scale bar = 20 µm.

Figure S2. Schematic diagram of the whole-cell recordings of the BK current in rodent podocytes of glomeruli in situ. Isolated rodent glomeruli were
attached to poly-L-lysine–coated coverslips, and then the coverslips were placed into a patch-clamp chamber and perfused with bath solution to conduct a
patch-clamp experiment.
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Table S1, Table S2, and Table S3 are provided online as separate Word documents. Table S1 provides the clinical and pathologic
characteristics of the discovery and validation cohorts. Table S2 lists the primers used in this study. Table S3 lists the antibodies
used in this study.

Figure S3. Western blot analysis of LRRC55 or TRPC6 in podocytes. (A) Level of LRRC55 in podocytes transfected with LRRC55 siRNA for 24 h (n = 3).
(B) Level of LRRC55 in podocytes transfected with LRRC55 expression plasmid for 24 h (n = 3). (C) Level of TRPC6 in podocytes transfected with TRPC6 siRNA
for 24 h (n = 3). Results are representative of three experiments. Scram., scrambled.

Figure S4. Activation of the BK channel exacerbates TRPC6-mediated Ca2+ influx in podocytes. (A) I/V relationship of TRPC6 current in podocytes
treated with NS1619. (B) TRPC6 current measured at +80mV in podocytes treated with NS1619 (n = 6). (C) Level of intracellular Ca2+ in podocytes treated with
NS1619 (n = 6). (D) TRPC6 current measured at +80 mV in podocytes treated with Ang II and IBTX (n = 6). (E) Level of intracellular Ca2+ in podocytes treated
with Ang II and IBTX (n = 6). (F) Effect of LRRC55 siRNA on TRPC6 current in podocytes treated with Ang II for 24 h (n = 6). (G) Effect of LRRC55 siRNA on
intracellular Ca2+ in podocytes treated with Ang II for 24 h (n = 6). Data shown are representative of three experiments. For statistical analysis, a two-tailed
Student’s t test was used for B and C, and one-way ANOVA with Tukey’s post hoc test was used for D–G. ***, P < 0.001. Scram., scrambled.

Figure S5. Intracellular potassium assay in the podocytes of isolated rodent glomeruli in situ. (A) Image of the PBFI-AM and a PE-conjugated podo-
calyxin antibody-loaded glomerulus. (B) The podocyte area selected according to the podocalyxin fluorescence signal. (C) Image used to determinate the PBFI
fluorescence intensities in podocytes. (D) Calculation of the PBFI fluorescence ratio. Scale bar = 20 µm.
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