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Abstract

Circular dorsal ruffles (CDRs) are rounded membrane ruffles induced by growth
factors to function as precursors of the large-scale endocytosis called macro-
pinocytosis. In addition to their role in cellular uptake, recent research using cell line
systems has shown that CDRs/macropinocytosis regulate the canonical
AKT-mTORC1 growth factor signaling pathway. However, as CDRs have not been
observed in tissues, their physiological relevance has remained unclear. Here,
utilizing ultrahigh-resolution scanning electron microscopy, we first report that CDRs
are expressed in glomerular podocytes ex vivo and in vivo, and we visually captured
the transformation process to macropinocytosis. Moreover, through biochemical and
imaging analyses, we show that AKT phosphorylation localized to CDRs upstream of
mTORC1 activation in podocyte cell lines and isolated glomeruli. These results
demonstrate the physiological role of CDRs as signal platforms for the
AKT-mTORC1 pathway in glomerular podocytes at the tissue level. As mTORC1
plays critical roles in podocyte metabolism, and aberrant activation of mTORC1
triggers podocytopathies, our results strongly suggest that targeting CDR formation

could represent a potential therapeutic approach for these diseases.
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(Bernitt et al., 2017; Dharmawardhane et al., 2000; Gu et al., 2011,
Legg et al., 2007; Yoshida, Pacitto, Sesi, et al., 2018; Zdzalik-Bielecka

Circular dorsal ruffles (CDRs) are crater-shaped membrane ruffles
that appear on cell surfaces stimulated by growth factors, such as
platelet-derived growth factor (PDGF), hepatocyte growth factor
(HGF), insulin, and epidermal growth factor (EGF) (Hoon et al., 2012;
Itoh & Hasegawa, 2013). The molecular mechanism and cellular
functions of CDRs have been studied in the past decade (Hoon
et al,, 2012; Itoh & Hasegawa, 2013); our research group and others
have found that CDRs transform into macropinocytosis, a large-scale

solute uptake endocytosis, in fibroblasts and glioblastoma cells

et al, 2021). Live-cell imaging showed that after GF stimulation,
membrane protrusions were evoked from the cell surface to become
CDRs and they gradually shrunk towards the center of the structure
and generated macropinosomes (Yoshida, Pacitto, Sesi, et al., 2018;
Zdzalik-Bielecka et al., 2021).

GF stimulation activates several canonical signaling pathways,
such as the cascade including phosphoinositide 3-kinase (PI3K),
mechanistic target-of-rapamycin complex-2 (mTORC2), AKT, and
mechanistic target-of-rapamycin complex-1 (mTORC1) (Fu &
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Hall, 2020; Hoxhaj & Manning, 2020; G. Y. Liu & Sabatini, 2020;
Yoshida, Pacitto, Inoki, et al., 2018). After GF stimulation, PI3K is
activated and generates phosphatidylinositol (3,4,5)-triphosphate
(PIP3) at the plasma membrane (Thorpe et al., 2015). The protein
kinase AKT contains a pleckstrin homology (PH) domain that interacts
with PIP3 (Manning & Toker, 2017; Varnai et al., 1999). Thus, once
PIP3 is generated, AKT is recruited to the plasma membrane, where
the protein is phosphorylated and activated by two distinct kinases,
PDK1 and mTORC2 (Manning & Toker, 2017). Phospho-AKT
functions upstream of mTORC1, which has a key role in cell growth
and differentiation.

Recent studies have shown that CDR and macropinocytosis
modulate the AKT/mTORC1 signaling pathway (Buckley &
King, 2017; Stow et al., 2020; Swanson & Yoshida, 2019; Yoshida,
Pacitto, Inoki, et al., 2018). Imaging analysis showed that PIP3
accumulates at macropinocytic cups in macrophages, resulting in the
local recruitment of AKT (Pacitto et al., 2017; Wall et al., 2017;
Yoshida et al., 2009). The inhibition of macropinocytosis was found to
block AKT phosphorylation (pAKT) and mTORC1 activation in
macrophages (Pacitto et al., 2017; Yoshida et al., 2015). A number
of studies have shown that the expression of oncogenic Ras induces
both macropinocytosis and mTORC1 activation (Bar-Sagi &
Feramisco, 1986; Egami et al., 2014; Inoki et al., 2003; Mendoza
et al., 2011). 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA), which inhibits
the small GTPase Rac1 function via lowering pH close to the plasma
membrane, has been used to inhibit macropinocytosis in vitro and in
vivo (Commisso et al., 2013; Koivusalo et al., 2010; Swanson &
Watts, 1995; West et al., 1989). It is shown that EIPA diminished Ras-
induced mTORC1 activation (Palm et al, 2015). NUMB protein
negatively regulates CDR formation; depletion of NUMB increases
HGF-induced pAKT (Zobel et al., 2018). Moreover, we recently
described PIP3 generation and AKT recruitment to CDRs, and
inhibition of CDR formation was shown to attenuate EGF-induced
pAKT (Sun et al., 2022; Yoshida, Pacitto, Sesi, et al., 2018).

Podocytes are highly differentiated renal epithelial cells that
cover the glomerular capillaries as an essential component of the
kidney filtration barrier (Assady et al., 2017; Garg, 2018; Kopp
et al., 2020), and CDR formation and macropinocytosis have been
shown to occur in these cells (Bollée et al., 2011; Chung et al., 2015;
Schell et al., 2013). Heparin-binding EGF-like growth factor (HB-EGF)
was shown to induce CDR formation in cultured mouse podocytes
(Bollée et al., 2011). EGF treatment generates CDRs in primary
cultured podocytes (Schell et al., 2013). Staining of mouse tissue
revealed that podocytes have active macropinosomes in vivo (Chung
et al, 2015). However, the cellular function of CDRs and the
interaction between CDRs and macropinocytosis in podocytes
remain unclear, and microscopic detection of CDRs in vivo has not
been reported. Thus, the physiological relevance of CDRs in
podocytes should be investigated in vivo as well as ex vivo.

We hypothesized that podocyte CDRs precede macropinocytosis
and regulate the AKT/mTORC1 pathway to maintain cell metabolism
as a critical part of kidney function. In the current study, we tested

this idea using different techniques to identify CDRs on podocytes in

vivo and ex vivo and investigated their role in the GF-induced AKT/
mTORC1 pathway. High-resolution scanning electron microscopy
(SEM) of mouse kidney tissue showed that glomerular podocytes
displayed CDR-like structures in vivo. Moreover, both EGF and PDGF
induced CDRs in the mouse podocyte cell line, MPC5. Inhibition of
CDR formation significantly mitigated GF-induced pAKT and attenu-
ated mTORC1 activation in cells. Confocal microscopy showed that
PIBK/mTORC2/AKT signaling components localized to GF-induced
CDRs. Importantly, we utilized isolated mouse glomeruli for ex vivo
experiments and found that glomerular podocytes express CDRs as
macropinocytic cups, regulating the AKT pathway. Thus, with these
results, we have named the cellular function of CDRs ex vivo and in
vivo, and we propose that CDRs are signaling platforms for growth
factor-induced AKT pathways in podocytes as a critical part of the

kidney filtration function.

2 | MATERIALS AND METHODS
2.1 | Reagents, plasmids, and antibodies

Recombinant murine EGF (315-09), murine PDGF-BB (315-18), and
murine interferon-y (IFN-y) (315-05) were obtained from Peprotech.
EIPA (1154-25-2) was obtained from Tocris. MK2206 (A3010) was
purchased from APExBio. Wiskostatin was from Abcam (ab141085).
The protease inhibitor cocktail (04693159001) was purchased from
Roche. Collagen type | solution from rat tail (C3867-1VL) and
collagenase (C9263) were purchased from Sigma-Aldrich. Para-
formaldehyde (PFA; 16%, 28908) was from Thermo Fisher Scientific.
Glutaric dialdehyde (25%, 16220) was from Electron Microscopy
Sciences and Roswell Park Memorial Institute (RPMI)-1640 medium
(C11975500BT), Opti-medium (Gibco, 31985-070), low-glucose
Dulbecco's modified Eagle's medium (DMEM) (C11885500BT),
Hank's balanced salt solution (HBSS) (14025-092), HBSS without
magnesium and calcium (14175-079), and fetal bovine serum
(10099141C) were obtained from Gibco. Dulbecco's phosphate-
buffered saline (DPBS) (B220KJ) was purchased from Basalmedia.
The antimycoplasma drug plasmocin prophylactic was purchased
from InvivoGen. Penicillin G Na salt (517030) was purchased from
Shanghai YuanyeBio-Technology. Streptomycin sulfate (A610494)
was obtained from Sangon Biotech. Lipofectamine 2000 reagent
(11668-019) was purchased from Invitrogen. Rhodamine phalloidin
(RM02835) was obtained from ABclonal. The mounting medium with
4' 6-diamidino-2-phenylindole (DAPI) (ab104139) was from Abcam.
The AKT-GFP plasmid (#86637), mSin1-GFP plasmid (#72907), and
Btk-PH-GFP plasmid (#51463) were purchased from Addgene. Cell
strainers of 100 (15-1100), 70 (15-1070), and 40 um (15-1040) were
obtained from Biologix. Fluorescein isothiocyanate-labeled dextran
with an average molecular weight of 70,000 (FDx70) (D1823) was
obtained from Invitrogen. Lucifer yellow (LY) (abs47048137) was
obtained from Absin. The following materials were used for the
immunofluorescence staining assays: WT1 (ABclonal; A17006, 1:50),
Rab5a (CST; #21433, 1:50), SH3YL1 (Abcam; ab154123, 1:50),
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cortactin (ABclonal; A9518, 1:50), p110a (ABclonal; A0265, 1:50),
p110B (ABclonal; A0982, 1:50), AKT (CST; #9272 and #2920, 1:50),
pAKT (CST; #4060, 1:50), mTOR (CST; #2983, 1:50), rictor
(Proteintech; 27248-1-AP, 1:50), LAMP (Proteintech; 65050-1-Ig,
1:50), N-WASP (ABclonal; A2576, 1:50), nephrin (Abcam; ab216341,
1:50), synaptopodin (Proteintech; 21064-1-AP, 1:50), goat anti-rabbit
IgG H&L Alexa FluorR 488 (Abcam; ab150081, 1:500), and goat anti-
mouse IgG (H+L) Alexa Fluor 546 (Invitrogen; A-11030, 1:500). The
western blot analysis materials were: AKT (CST; #9272, 1:2000),
phospho-AKT (Ser473) (CST; #4060, 1:1000), MAPK (ERK1/2) (CST;
#4695, 1:2000), phospho-MAPK (ERK1/2) (CST; #4376, 1:1000), S6K
(CST; #2708, 1:2000), phospho-S6K (The389) (CST; #9234, 1:1000),
and HRP-conjugated anti-rabbit 1gG (GE Healthcare; NA934V,
1:5000).

2.2 | Cell culture and inhibitor treatments

The mouse podocyte cell line, MPC5, was obtained from Tongpai
Biotechnology. The cells were cultured in RPMI-1640 medium
containing recombinant murine IFN-y (50 U/mL), 10% fetal bovine
serum (FBS), and 1% penicillin-streptomycin at 33°C as described
previously (Mundel et al., 1997). Differentiation was achieved by
culturing the cells for 14 days at 37°C in RPMI-1640 with 10% FBS
and antibiotics. Plasmocin prophylaxis was added at a ratio of 1:1000
to prevent mycoplasma contamination. All experiments were
performed using Day 14 podocytes. Inhibitor treatments included
EIPA (75 uM), MK2206 (2 uM), and wiskostatin (10 uM). All inhibitors
were applied for 30 min pretreatment in low-glucose DMEM at the
concentrations described above. For amino acid starvation, HBSS
(with magnesium and calcium) was added for 30 min after extracting
the low-glucose DMEM.

23 | SEM

SEM samples of mouse glomeruli were prepared as previously
described (Yoshida et al., 2021). Briefly, after mice were anesthe-
tized and perfused with PBS followed by fixation buffer (2.5%
glutaraldehyde, 2% formaldehyde in 0.1 M cacodylate buffer), the
kidneys were dissected, incubated in fixation buffer for 1h at
25+ 2°C, and then stored at 4°C. Samples were submitted and
processed for SEM by the University of Michigan Microscope and
Image Analysis Core Facility using standard procedures (Yoshida
et al., 2021). For advanced SEM observations, we used the Thermo
Fisher Helios 650 Nanolab SEM at the Michigan Center for
Materials Characterization. SEM samples of the MPC5 cells were
prepared as follows: cells were prepared on 17-mm collagen-coated
coverslips, incubated in low glucose DMEM without FBS for 18 h,
stimulated by 16 nM EGF or 2nM PDGF for 5 min, and then fixed
using 2.5% glutaraldehyde (in Sorensen buffer, 35.76 g Na,HPO,4
and 9.08 g KH,PO4 in 1L ddH,0, pH =7.2) at 4°C overnight. The
samples were then dehydrated and embedded in Yimingfuxing Bio.

Journalof: 3
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A field emission SEM (FEI Apreo S LoVac) was used at the Central
Laboratory of Nankai University to examine the CDR structures in

the podocytes.

2.4 | Immunofluorescence staining and confocal
microscopy

After starvation and stimulation, the cells were fixed on 17-mm
coverslips with 4% PFA in PBS buffer for 30 min and then washed in
TBST (Tris 200 mmol/L, NaCl 3 mol/L, pH = 7.4). After washing, the
cells were permeabilized in 0.1% Triton X-100 for 5 min, blocked in
5% bovine serum albumin (BSA) (in TBST) for 30 min, and then
washed at 25 + 2°C. Primary antibodies were diluted in 5% BSA and
cells were incubated in antibody solution at 4°C overnight. Secondary
antibodies were diluted in 5% BSA and the cells were incubated for
2 h at 25 + 2°C. Rhodamine phalloidin was diluted as 1:100 in 5% BSA
to mark actin, and the cells were incubated for 1h at 25+ 2°C.
Coverslips were mounted using a mounting medium with DAPI at
25 + 2°C. The samples were examined using a Leica TCS SP5 confocal
microscope at the Core Facility of the College of Life Sciences of

Nankai University.

2.5 | Macropinosome assay in vitro

Cells were cultured overnight on coverslips in low-glucose DMEM
without FBS. PDGF (2nM) or EGF (16 nM) were added together
with fluorescein dextran (FDx70; 0.5 mg/mL), and the cells were
incubated at 37°C for 5 or 30 min. Cells were fixed with 4% PFA in
PBS at 37°C for 30 min. The fixed cells were washed three times
with DPBS for 10 min at 25+ 2°C and mounted. Fifteen phase-
contrast and FITC-FDx70 images of each sample were taken using a
Live Cell Station (Zeiss Axio Observer Z1) at the Core Facility of the
College of Life Sciences of Nankai University. The number of
induced CDRs was counted using phase-contrast images and the
number of induced macropinosomes was determined by counting
FDx70-positive vesicles. More than 5000 cells were counted from

each sample.

2.6 | Cell lysates and western blot analysis

Cells were stimulated with EGF/PDGF (with varied duration) and
then lysed for 10 min in cold lysis buffer (40 mM HEPES pH 7.5,
120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycer-
ophosphate, 1.5mM NazVO,4, 0.3% CHAPS, and a mixture of
protease inhibitors). Lysates were centrifuged at 13,0003 for
15 min at 4°C. The supernatant was mixed with 5x sodium dodecyl
sulfate (SDS) sample buffer and boiled for 5 min. The samples were
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and western blot analysis with the indicated antibodies, as described
previously.
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2.7 | CDR assay

The same fixative used for coverslips for immunofluorescence
staining was used for the CDR assay. Samples were stained with
rhodamine phalloidin and mounting medium with DAPI to count the
CDRs and cells. A ZEISS Axio Imager Z1 at the Core Facility of the
College of Life Sciences of Nankai University was used to obtain
images under a magnification of x20. Fifteen images were randomly
taken from each sample, and more than 2000 cells were counted per
condition. The CDR frequency was calculated as the number of cells
showing CDRs in proportion to the total number of cells counted, and
the CDR frequency was compared between the inhibitor-treated
group and the control group. The average and standard error of the
ratios were calculated from at least three independent experiments

using a two-tailed Student's t-test.

2.8 | AQuantification of signal intensity at CDRs

Images were analyzed using Imagel). Original images were opened
and converted to 8-bit images for quantification. pAKT (or rictor)
image was used to generate the THRESHOLD image, which
determines the pAKT (or rictor) signal positive area, and saved as
“Image 1.” Next, pAKT/AKT (or rictor/AKT) RATIO images were
prepared and saved as “Image 2.” “Image 1” and “Image 2" were
combined to generate the AND image, which shows the ratio value
only on the signal positive area, and this image was saved as “Image
3.” CDR areas on “Image 3" were measured, and the average of the

ratio value inside each area was measured.

2.9 | Plasmids transfection

The Btk-PH-GFP, AKT-GFP, and mSin1-GFP plasmids were purified
using an EndoFree Midi Plasmid Kit (TTANGEN; #DP108). A plasmid
volume of 0.4 ug was applied to each coverslip in the transfection
step. A volume of 50 uL Opti-medium with plasmid was added to
50 uL Opti-medium with 2L Lipofectamine 2000 reagent. The
mixed Opti-medium was added to 500 uL RPMI-1640 (with FBS,
antibiotics, and antimycoplasma drugs) for each sample. After 6 h, the
medium was replaced with fresh RPMI-1640 medium for 4 h and
then changed to low-glucose DMEM for 18 h of starvation. GF
treatments, fixation procedures, and observations were carried out as

described above in Section 2.4.

2.10 | Isolation of glomeruli

Isolated mouse glomeruli were prepared as previously described
(Wang et al., 2019). Adult C57BL/6N mice, 8-10 weeks of age, were
used in this study. After the mice were anesthetized and killed, the
kidneys were carefully removed from each animal, and a few drops of
HBSS were applied to avoid drying. None of the HBSS used in the

isolation procedure contained any magnesium or calcium. Renal
cortices were minced into tiny particles (approximately 1 mm®) with a
blade and then transferred to 1.5-mL tubes containing 500 uL HBSS.
The mixture was centrifuged at 210g for 5 min, after which the
particles were transferred to 5 mL collagenase (1 mg/mL in HBSS) to
digest for 15 min in a water bath at 37°C. The resulting liquid was
then gently pipetted 20 times at 5-min intervals. The digestion was
stopped by adding 5mL RPMI-1640 medium supplemented with
10% FBS, and the mixture was centrifuged at 210g for 5 min. The
pellet was resuspended in 5 mL cold HBSS. The resulting mixture was
transferred to a 100-um cell strainer. The large particles were
pressed through a 100-um cell strainer using the rubber plunger of a
1-mL syringe. The filtrate was collected and washed, first through a
70-um cell strainer and then a 40-um cell strainer. The fragments that
remained on the 40-um strainer were rinsed with cold HBSS and
transferred to a clean cell culture dish. After 2 min of settling, the
supernatant was collected and washed through another 40-um cell
strainer. The fragments that remained on this strainer were rinsed
with cold HBSS and transferred to another clean cell culture dish. The
supernatant was collected and, after 2 min of settling, 0.01% (w/v)
polyvinylpyrrolidone (PVP) was added and the mixture was cen-

trifuged at 210g for 5 min to collect the glomeruli.

2.11 | SEM and immunofluorescence staining
of isolated glomeruli

After isolation, glomeruli SEM samples were directly fixed with 2.5%
glutaraldehyde in the Sorensen buffer, as described previously. The
samples were sent to Yimingfuxing Bio for dehydration and examined
using a field emission SEM (FEI Apreo S LoVac) at the Central
Laboratory of Nankai University. For immunofluorescence staining of
glomeruli, 4% PFA in PBS was used for fixation at 25 + 2°C for 1 h. For
permeabilization of isolated glomeruli, 0.1% Triton X-100 was used for
10 min with gentle rotation, followed by a 30-min blocking period with
5% BSA. Primary antibodies and rhodamine phalloidin (1:50) were mixed
with 5% BSA for 3h treatment with gentle rotation. Samples were
treated with secondary antibodies (1:200) for 2h and then DAPI
solution (in 5% BSA, 1:2000) for 10 min. The samples were washed with
TBST (5 min x 3) between each step and then mounted in 35% glycerol
in TBST. At the end of each step, the mixture was centrifuged (3 min,
210g), and the glomerular pellets were collected. A Leica TCS SP5
confocal microscope was used at the Core Facility of the College of Life
Sciences of Nankai University to examine the samples. For each
glomerulus, 20-21 images were taken from the top, with a 0.76-um
interval between each image. EIPA (40 uM) was applied before the
addition of EGF (80 nM, 15 min) to HBSS.

2.12 | Projection assay

Isolated glomeruli were treated with LY (0.5 mg/mL) for 5 or 30 min
at 37°C. After washing three times with PBS containing PVP, the
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glomeruli were fixed in 4% PFA in PBS at 25+2°C for 1h.
Immunofluorescence (IF) staining of actin and pAKT was performed
as described above. The XY-projection images were constructed from
confocal scanning images taken from the top 15um of each
glomerulus, and the total signal intensities were measured. Projection
images of the actin staining were used to identify the shape of each
glomerulus, and the average intensity of the target signal was
calculated as (total intensity per glomerulus)/(area of each

glomerulus).

2.13 | Preparation of isolated glomerulus lysates

Isolated glomeruli were treated with dimethylsulfoxide or EIPA
(75 uM, 30 min), stimulated with EGF (80 nM, 15 min), and then lysed
using cold lysis buffer (40 mM HEPES, 120 mM NaCl, 1 mM EDTA,
10 mM pyrophosphate, 10 mM glycerophosphate, 1.5 mM sodium
vanadate, and 0.3% CHAPS, pH=7.5). The lysates were then
subjected to SDS-PAGE and western blot analysis with the indicated

antibodies, as described in Section 2.6.

2.14 | Statistical analysis

All experiments were conducted at least twice or with at least two
biological replicates. Results are expressed as mean + SEM. p Values
of less than 0.05 were considered statistically significant. Two-tailed
paired Student's t-test was used for comparisons between two
groups in Figure 4h (n = 5); Figure 4j (n = 5); Supporting Information:
Figure S3 (n = 3); Supporting Information: Figure S4d,e (n=5); and
Supporting Information: Figure S4h,i (n=3). Two-tailed unpaired
Student's t-test was used for comparisons between the two groups in
Figure 5j,k (n>12); Figure 6c (n > 40); Figure 7b (n > 16); Figure 7e
(n=26); Figure 7g (n = 6); Figure 7h (n = 3); and Supporting Informa-
tion: Figure Ség,h (n > 12).

3 | RESULTS

3.1 | Glomerular podocytes express CDRs as
precursors of macropinocytosis

Ultrahigh-resolution SEM of mouse glomeruli was used to further
characterize the morphology of podocytes. Unexpectedly, we found
crater-shaped membrane ruffles on the surfaces of glomeruli
(Figure 1, arrows). Higher-magnification images show rounded
membrane ruffles (Figure 1, enlarged images) protruding from the
podocyte cell body, which is the center of podocytes, and an
elongated unique cellular structure called the primary/foot process.
We identified a total of 21 glomeruli from five mice and found that
25.38% of 528 podocytes induced the rounded membrane ruffles.
Membrane ruffles can be induced by growth factors (Hoon
et al, 2012; Itoh & Hasegawa, 2013; Kay, 2021; Swanson, 2008).

Journalof: 5
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Thus, we analyzed the EGF-stimulated mouse podocyte cell line,
MPCS5. Actin was stained to identify CDRs (Hoon et al., 2012; Itoh &
Hasegawa, 2013; Sun et al., 2022), and antibodies against WT1 were
used as a marker of podocytes (Guo et al., 2002; Inoki et al., 2011;
Yoshida et al., 2021). The results showed that actin formed ring
structures covering the central part of the cells (Figure 2a, EGF, arrows),
suggesting that EGF induced CDRs in these cells. Quantification
analysis from 30 independent experiments confirmed that EGF induced
CDRs in MPC5 at an efficiency of 30.17% in 63,606 cells analyzed. We
also found that PDGF induced CDRs in MPC5 (10.91% of 65,287 cells
from 30 independent experiments) (Figure 2a, PDGF, arrows).
Interestingly, podocytes also induced CDRs—although rarely—under
culture conditions (Figure 2a, culture condition, arrow). Recruitment of
Rab5a (Lanzetti et al., 2004; Palamidessi et al., 2008), SH3YL1
(Hasegawa et al., 2011), and cortactin (Cortesio et al., 2010) were
used as the CDR marker (Sun et al., 2022). We also found that these
proteins were expressed at GF-induced CDRs (Figure 2b-d). Thus, we
concluded that GF treatment induces CDRs in podocytes.

The results also revealed different sizes of CDRs in the cells
after stimulation (Figure 2a, arrows), suggesting that CDRs shrink to
the center and form macropinosomes, as observed in mouse
embryonic fibroblasts (MEFs) (Yoshida, Pacitto, Sesi, et al., 2018).
Ultrahigh-resolution SEM was used to depict the structure of the
CDRs in MPC5. It clearly showed that cup-like structures were
evoked as CDRs from the cell surfaces (Figure 3a,b and Supporting
Information: Figure Sla,b). We identified at least four different
morphological steps: (1) circular protrusions were evoked from the
surface of the cell, (2) the structure was elongated in the vertical
direction to form wall-like membrane ruffles, (3) the membrane
ruffles were waved and bent to the inside at the edge, and (4) the
top open area was closed by a fusion of the ruffles (Figure 3c,d and
Supporting Information: Figure Sic,d), suggesting that the CDR
functions as macropinocytic cups. To evaluate the ingestion activity
of CDR via macropinocytosis, we used FDx70 as a probe for the
ingestion of extracellular solutes. Phase-contrast images clearly
showed CDR structures 5 min after EGF stimulation (Figure 3e,
arrows) and FDx70 fluorescence appeared as circular structures in
the cells after 30 min (Figure 3e, arrowheads). In fact, the time-
course experiment revealed that, whereas the number of induced
CDRs decreased, the signal intensity of FDx70 increased during the
observation period (Figure 3f,g), suggesting that the CDRs changed
to macropinosomes and ingested FDx70. These data indicate that
GF-induced CDRs form macropinosomes in podocytes, which ingest

extracellular solutes.

3.2 | CDRs are required for the AKT-mTORC1
pathway in podocytes

EGF and PDGF activate the AKT/mTORC1 pathway in different
cell lines (Chen et al.,, 2016; Hoxhaj & Manning, 2020; Ying
et al., 2017). Accordingly, we confirmed that GF-induced pAKT in
MPC5 within 1min of stimulation (Supporting Information:
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FIGURE 1 Representative high-resolution scanning electron microscopy (SEM) images of mouse glomeruli showing circular dorsal ruffle

(CDR)-like structures in podocytes. The arrows indicate CDR-like structures; the squares indicate podocytes with (yellow) or without (blue) CDR-
like structures. In total, 21 glomeruli from five mice were examined using SEM. The glomeruli were from mice aged 10 weeks (a and b) (=8
glomeruli from one mouse), 5 weeks (c) (n = 14 glomeruli from two mice), and 3 weeks (d) (n = 3 glomeruli from two mice). CDR-like structures
formed in 25.38% of the podocytes (n = 528). Scale bars: 5 and 2 um. CB, the cell body of podocytes; PP, primary process; FP, foot process.

Figure S2a,b). As an output of mTORC1 activation, S6K phospho-
rylation (pS6K) was also evident. Following stimulation with both
EGF and PDGF, pS6K expression was induced for 5 min (Support-
ing Information: Figure S2a,b), thus supporting the established
model that AKT acts upstream of mTORC1. ERK phosphorylation,
another downstream signaling molecule of GF stimulation, was
observed at 1 min (Supporting Information: Figure S2a,b). To test
the role of CDRs in growth factor signaling, we used EIPA, which
has been used as a macropinocytosis inhibitor in vitro and in vivo
(Commisso et al., 2013; Koivusalo et al., 2010; Swanson &
Watts, 1995; West et al., 1989). EIPA treatment diminished GF-
induced pAKT and pSéK (Figure 4a,b and Supporting Information:
Figure S3a,b) and completely blocked GF-induced CDR formation
(Figure 4g-j), suggesting that CDRs are required for the AKT/
mTORC1 pathway. The actin polymerization protein N-WASP has
been observed at CDRs, and the N-WASP inhibitor, wiskostatin, is
known to block CDRs (Legg et al., 2007; Schell et al., 2013). To
confirm the role of CDRs in the AKT/mTORC1 pathway and
exclude the possibility of side effects of EIPA treatment, we also
used wiskostatin. Confocal microscopy showed that N-WASP was

located at CDRs (Supporting Information: Figure S4a) and that
wiskostatin blocked GF-induced CDRs in MPC5 cells (Supporting
Information: Figure S4b-e). Biochemical analysis showed that
wiskostatin treatment blocked GF-induced pAKT and pSé6K
(Supporting Information: Figure S4f-i). These results strongly
suggest that CDRs regulate the AKT/mTORC1 pathway.

When we used the AKT-specific inhibitor MK2206, we found
that, although pAKT was completely blocked (Figure 4c,d and
Supporting Information: Figure S3c,d), CDRs were still induced by
GFs (Figure 4g-j). Thus, AKT was not upstream of CDR formation.
It has been shown that extracellular amino acids ingested by
macropinocytosis activate mTORC1 in growth factor signaling
(Yoshida et al., 2015). We found that GF treatment-induced
pAKT, but not pS6K, under amino acid starvation conditions
(Figure 4e,f and Supporting Information: Figure S3e,f), suggesting
that ingestion of extracellular amino acids is necessary for
mTORC1 activation in podocytes. Based on these results, we
concluded that CDRs in podocytes work upstream of the GF-
induced AKT/mTORC1 pathway via two mechanisms: (1) CDRs
function as a signaling platform for AKT activation and (2) CDR
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FIGURE 2 Epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) induce circular dorsal ruffle (CDRs) in the mouse
podocyte cell line MPC5. (a) Representative confocal images of growth factor (GF)-treated MPC5 cells. Treatment with EGF and PDGF for 5 min
induced CDR formation (white arrows), identified by actin staining (red). Podocytes also induced CDRs under culture conditions (Culture
condition). The transcription factor WT1 (green) was used as a podocyte marker. n=6, 6, 6, and 11 images from left to right. (b-d)
Representative confocal images of actin (red) with Rab5a (green in b) (n =12, 17, and 14 images from left to right), SH3YL1 (greeninc) (n=8, 8,
and 8 images from left to right), or cortactin (green in d) (n=9, 8, and 8 images from left to right) with and without GF stimulations. Rab5a,
SH3YL1, and cortactin were used as CDR markers. Scale bars: 10 um (a) and 20 um (b-d). DAPI, 4’,6-diamidino-2-phenylindole.

ingests extracellular nutrients via macropinocytosis to activate
mTORC1.

3.3 | PISBK/mTORC2/AKT pathway is activated
at CDRs

AKT and mTORC2 are recruited to the plasma membrane by
interacting with PIP3, which is generated by PI3K (Fu & Hall, 2020;
Hoxhaj & Manning, 2020; G. Y. Liu & Sabatini, 2020; Yoshida, Pacitto,
Inoki, et al., 2018). Our confocal microscopy observations revealed

that the PI3K catalytic subunits p110a (Figure 5a and Supporting
Information: Figure S5a) and p110B (Supporting Information:
Figure S5b) isoforms were recruited to the CDRs. Thus, we tested
whether PIP3 is generated at CDRs by utilizing GFP-tagged BtK-PH,
an established probe protein to localize PIP3 (Varnai et al.,, 1999;
Yoshida et al., 2009). Confocal microscopy showed strong GFP-Btk-
PH signals at CDRs in GF-stimulated cells expressing probe proteins
(Figure 5b and Supporting Information: Figure S5c). mSin1 is a key
component of mMTORC2 (Fu & Hall, 2020). We also utilized GFP-AKT
and GFP-mSinl and found that these proteins were recruited to
CDRs (Supporting Information: Figure S5d,e). These results suggest
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FIGURE 3 Circular dorsal ruffles (CDRs) function as macropinocytic cups in the mouse podocyte cell line MPC5. (a and b) Representative
high-resolution scanning electron microscope (SEM) images of growth factor (GF)-induced CDRs in MPC5 cells. Treatment with epidermal
growth factor (EGF) (a) and platelet-derived growth factor (PDGF) (b) for 5 min induced cup-like structures as CDRs (white arrows). n = 22 (a) and
28 (b) images. Additional images are shown in Supporting Information: Figure S1a,b. (c and d) Representative high-resolution SEM images of
CDRs induced by EGF (c) or PDGF (d) showing four different morphological steps. n=4, 9, 7, and 5 images (c) and 7, 9, 9, and 7 images (d) from
left to right. Additional images are shown in Supporting Information: Figure Sic,d. (e) Imaging analysis identified CDRs (arrows in 5 min) and
macropinosomes identified by FDx70 (green) (arrowheads in 30 min) in MPC5 cells after EGF treatment. n = 45 images each. (f and g)
Quantification analysis from three independent time-course experiments revealed that while CDRs disappeared (f) macropinosomes were
generated (g) during the imaging process. Scale bars: 10 um (a and b) and 5 um (c-e).

that CDRs are used as signaling platforms for the PI3BK/mTORC2/
AKT pathway.

To test whether AKT is phosphorylated by mTORC2 at CDRs, we
performed several IF staining. Similar to the results of the over-
expression experiment, the endogenous AKT was found to be
localized at CDRs (Figure 5c and Supporting Information:
Figure S6a). The staining patterns of AKT and pAKT (473) at CDRs
completely matched (Figure 5d and Supporting Information:
Figure Séb), suggesting that AKT is phosphorylated at the CDRs by
mTORC2. Rictor and mTOR are components of mTORC2 (Fu &

Hall, 2020). The IF staining also revealed that both mTOR (Figure 5e
and Supporting Information: Figure Séc), and rictor (Figure 5f and
Supporting Information: Figure Séd) were localized at the CDRs. IF
detection of LAMP, a marker of late endosomes, did not reveal the
localization of LAMP to the CDR (Figure 5g), indicating that LAMP is
useful as a negative control to ensure that IF staining identifies
specific signals at CDRs.

Western blot analysis showed that the AKT inhibitor MK2206
completely blocked GF-induced pAKT (473) (Figure 4c,d and
Supporting Information: Figure S3c,d). Accordingly, once we
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FIGURE 4 Circular dorsal ruffles (CDRs) regulate growth factor (GF)-induced AKT/mTORC1 signaling in MPC5 cells. (a and b) Inhibition of
CDRs attenuated AKT phosphorylation (pAKT) and S6K phosphorylation (pSé6K) levels. Western blot analysis of AKT, S6K, and ERK levels after
epidermal growth factor (EGF) (a) or platelet-derived growth factor (PDGF) (b) stimulation with and without the macropinocytosis inhibitor 5-(N-
Ethyl-N-isopropyl)-amiloride (EIPA). (c and d) Western blot analysis of AKT, S6K, and ERK levels after EGF (c) or PDGF (d) stimulation with and
without the AKT inhibitor MK2206. (e and f) Western blot analysis of AKT, S6K, and ERK levels after EGF (e) or PDGF (f) stimulation with and
without amino acids. Data are representative of at least three independent experiments (a-f). Quantification results are shown in Supporting
Information: Figure S3. (g and i) Representative confocal images of MPC5 cells stimulated by EGF (g) (n =75 images each) or PDGF (i) (n=75
images each) with and without EIPA or MK2206. The arrows indicate CDRs. Scale bar: 10 um. (h and j) The results of CDR assays from five
independent experiments showed that EIPA treatment blocked GF-induced CDRs, but MK2206 did not. **p < 0.01; *p < 0.05; ns, not significant.
Two-tailed paired Student's t-test was used to compare the two groups. DMSO, dimethylsulfoxide.

treated cells with the AKT inhibitor, the signal intensity of pAKT
(473) at CDRs was significantly weaker compared to no
treatment, whereas the intensities of AKT at CDRs in both cases
were similar (Figure 5h,j and Supporting Information:
Figure Sée,g). In contrast, rictor was retained at the CDRs of
the MK2206-treated cells (Figure 5i,k and Supporting Informa-
tion: Figure Sé6f,h), supporting the hypothesis that pAKT(473) is
induced by mTORC2 at CDRs. Thus, these results strongly
suggest that PIP3 generated at the CDRs recruits both AKT and
mTORC2, leading to CDR-dependent pAKT.

3.4 | Podocytes induce CDRs to modulate the AKT
pathway at the surface of the isolated glomerulus

Although the results of our in vivo experiments clearly showed that
glomerular podocytes induce CDRs (Figure 1), the limitations of this
approach meant that we could not identify the particular cellular
function. Cell line experiments indicated that CDRs regulate the AKT
pathway in podocytes (Figures 2-5 and Supporting Information:
Figures S1-6); however, the physiological relevance was not clear. To

confirm these complementary results, we isolated mouse glomeruli
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FIGURE 5 The PIBK/mTORC2/AKT signaling pathway is activated at circular dorsal ruffles (CDRs) in MPC5 cells. (a) Representative confocal
images of actin (red)/p110a (green) staining with and without epidermal growth factor (EGF) stimulation. n = 10 each. (b) Representative
confocal images of actin (red) and GFP-Btk-PH (green) signal with and without EGF stimulation. n =11 (left) and 16 (right). (c and d)
Representative confocal images of actin (red)/AKT (green) staining (c) (n = 10 and 9, from left to right) and AKT (red)/pAKT (green) (d) (n = 8 and
6, from left to right) staining with EGF or platelet-derived growth factor (PDGF) stimulation. (e and f) Representative confocal image of actin
(red)/mTOR (green) (e) (n=11 and 10, from left to right) and actin (red)/rictor (green) (f) (n = 20 and 16, from left to right) staining with EGF or
PDGF stimulation. (g) Representative confocal image of actin (red)/LAMP (green) in MPC5 after growth factor stimulations. LAMP, which was
not located at the CDRs, was used as a negative control. n = 11 each. (h and i) Representative confocal images of AKT (red)/pAKT (green) (h) (n =
22 each) and AKT (red)/rictor (green) (i) (n = 20 each) staining after EGF stimulation with and without MK2206. (j and k) Quantification of the
ratio of pAKT/AKT (j) and rictor/AKT (k) at CDRs. MK2206 treatment attenuated the signal intensity of pAKT, but not rictor, at CDRs after EGF
stimulation with and without MK2206. More than 12 CDR images from two independent experiments were analyzed. ****p < 0.0001; *p < 0.05.
A two-tailed unpaired Student's t-test was used for the statistical analysis. Scale bars: 20 um. AU, arbitrary unit; DAPI, 4’,6-diamidino-2-
phenylindole.
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and performed ex vivo imaging and biochemical analyses. Mouse
glomeruli were successfully isolated according to an established
method (Wang et al., 2019), and the details of the surface structure
were observed by ultrahigh-resolution SEM (Figure 6a). We observed
that CDRs formed in podocytes on the surface of the glomerulus
following EGF treatment (Figure 6a, squares). As in the case of the
cell lines (Figure 3c,d and Supporting Information: Figure Sic,d), the
closing process of the structure was visualized (Figure 6a, arrows).
CDRs were occasionally observed on the surface of glomeruli, even
without EGF treatment (Supporting Information: Figure S7a).

Using the ex vivo system, we carried out three-dimensional
imaging to observe signals in podocytes on the surface of isolated
glomeruli. SEM images revealed that the diameter of the podocytes
was approximately 40 um (Figure 6a and Supporting Information:
Figure S7a). Thus, for IF observations of the upper half of the
glomerulus, we scanned the structure every 0.76 um along the z-axis
from the top of the shape as +Oum until the +15um section
(Figure 6b). First, to test whether these CDRs precede macropino-
cytosis, we used the fluid-phase probe LY as a representative
extracellular molecule (Berthiaume et al., 1995; Yoshida et al., 2015),
and we monitored the LY signal inside the glomerular podocytes.
Isolated glomeruli were treated with LY and incubated for 5 or
30 min. After imaging, the scanned images were projected and the
cumulative intensities of the LY signal were measured (Figure 6c and
Supporting Information: Figure S8). The results showed that the
average LY signal of each glomerulus at 30 min was stronger than
that at 5min (Figure 6c, graph), suggesting that podocytes
continuously ingested extracellular solutes. Moreover, we occasion-
ally observed dot-like LY signals in the scanned images, presumably
macropinosomes (Supporting Information: Figure S8, enlarged
images). Thus, these ex vivo experiments strongly suggest that CDRs
form as precursors of macropinocytosis on the surface of isolated
glomeruli to ingest extracellular solutes.

Next, we used this technique to determine the locations of the
target signals in podocytes ex vivo. After scanning, each layer of the
IF images was identified according to its vertical location. As
expected, we observed WT1-positive cells at the edges of isolated
glomeruli (Figure 6d), indicating that the cells at the edges of the
structure were podocytes. Since nephrin and synaptopodin are
expressed on the plasma membrane of podocytes for cell-cell
interactions called slit diaphragms (Assady et al., 2017; Garg, 2018; L.
Liu et al., 2001; Mundel et al., 1997), they can be used to identify the
edges of podocytes (Godel et al., 2011; Inoki et al., 2011; Puelles
et al.,, 2019; Yoshida et al., 2021). Actin and nephrin were detected as
ribbon-like pattern representative signals at the slit diaphragms
(Figure 6e). Interestingly, we occasionally observed actin-positive but
nephrin-negative circular structures, presumably CDRs, at the center
of the cells (Figure 6e, arrow). AKT is located at the slit diaphragm (Yu
et al., 2018). AKT and synaptopodin double staining indeed revealed
colocalization of these proteins in ribbon-like patterns, thus at slit
diaphragms (Figure 6f,g and Supporting Information: Figure S7b, SD).
We also observed AKT-positive but synaptopodin-negative circular
structures in the cells (Figure 6f,g and Supporting Information:
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Figure S7b, arrows), suggesting that AKT is located at CDRs in
podocytes.

Finally, we treated isolated glomeruli with EIPA to assess the role
of CDRs in the AKT signaling pathway in podocytes ex vivo (Figure 7).
SEM imaging confirmed that EIPA treatment attenuated CDR
formation ex vivo (Figure 7ab and Supporting Information:
Figure S9a). Confocal microscopy imaging showed that the synapto-
podin signal was still present as a ribbon-like pattern after the
treatment (Figure 7c), suggesting that podocytes on the surface of
the isolated glomeruli still functionally maintained the slit diaphragms
and that we could exclude toxicity of the drug treatment to interpret
the results. The LY assay revealed that the drug treatment also
attenuated the ingestion function (Figure 7d,e and Supporting
Information: Figure S10). Projection image analysis showed that the
total pAKT signal in the glomeruli decreased after EIPA treatment
(Figure 7f,g). Notably, we observed actin-positive but synaptopodin-
negative circle-like structures (Supporting Information: Figure S9b,
arrows), and we detected pAKT signal at the circular actin structures
(Supporting Information: Figure S9c), suggesting that AKT was
phosphorylated at CDRs. We prepared lysates of the isolated
glomeruli after EGF treatment with or without EIPA. Western blot
analysis showed that the drug treatment blocked EGF-induced pAKT
(Figure 7h). Thus, the results from these EIPA-treatment experiments
strongly suggest that CDRs can function as signaling platforms for

pAKT in glomerular podocytes ex vivo.

4 | DISCUSSION

In the current study, we observed the formation of CDRs in vivo and
clarified their physiological relevance. High-resolution SEM imaging
revealed that CDRs formed in glomerular podocytes in vivo
(Figure 1), ex vivo (Figures 6a and 7a and Supporting Information:
Figure S7a), and in vitro (Figure 3 and Supporting Information:
Figure S1), and we visually captured the morphological transition
process to macropinocytosis in vitro (Figure 3c,d and Supporting
Information: Figure Sic,d) and ex vivo (Figure 6a and Supporting
Information: Figure S7a). The results of FDx70 and LY assays
confirmed that CDRs underwent macropinocytosis in vitro
(Figure 3e-g) and ex vivo (Figure 6c and Supporting Information:
Figure S8), respectively. Confocal microscopy showed recruitment of
GFP-Btk-PH (Figure 5b and Supporting Information: Figure S5c),
GFP-AKT (Supporting Information: Figure S5d), and GFP-mSin1
(Supporting Information: Figure S5e) to CDRs, suggesting the
recruitment of AKT and mTORC2 to the plasma membrane via their
interaction with PIP3. IF staining for endogenous proteins localized to
p110a (Figure 5a and Supporting Information: Figure S5a), p110B
(Supporting Information: Figure S5b), AKT (Figure 5c and Supporting
Information: Figure Séa), pAKT (Figure 5d and Supporting Informa-
tion: Figure Sé6b), mTOR (Figure 5e and Supporting Information:
Figure Sé6c), and rictor (Figure 5f and Supporting Information:
Figure Séd) in the CDRs. As CDR markers, Rab5a (Lanzetti et al., 2004;
A. Palamidessi et al., 2008), SH3YL1 (Hasegawa et al., 2011), and
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FIGURE 6 Exvivo experiments revealed AKT recruitment to circular dorsal ruffles (CDRs) expressed in podocytes of isolated glomeruli.
(a) Representative high-resolution scanning electron microscope (SEM) images of an isolated glomerulus exhibiting CDR-like structures
(squares). Isolated glomeruli were treated with epidermal growth factor (EGF) and fixed for SEM imaging. Structures that resemble the
morphological steps of CDR formation in MPC5 cells were identified using high magnification (arrows). n = 56 glomeruli from two mice.
Scale bars: 10 and 2 um. (b) Schematic of a method to detect signals from an isolated glomerulus. Images of a glomerulus were scanned
along the z-axis from the top as +0 um at 0.76 um intervals until the +15 um section, as illustrated. (c) Representative XY-projection images
of actin (red) and Lucifer yellow (LY) (green) staining in an isolated glomerulus. Isolated glomeruli were treated with LY for 5 or 30 min (n =
17 or 15 images from three mice, respectively). Scale bar: 10 um. Graph showing the LY signal inside isolated glomeruli after 5 and 30 min
of treatment. ***p < 0.001. Two-tailed unpaired Student's t-test was used for the statistical analysis (n > 40 glomeruli). (d) Representative
confocal image of actin (red) and WT1 (green) staining in an isolated glomerulus. Podocytes identified by WT1 staining were observed at
the edge of the glomerulus. n =9 images from three mice. Scale bar: 10 um. (e) Representative confocal image of actin (red) and nephrin
(green) staining in an isolated glomerulus. The CDR was identified as an actin-positive/nephrin-negative ring (arrow in the square). n =12
images from three mice. Scale bar: 10 um. (f and g) Representative confocal images of AKT (red) and synaptopodin (green) staining in
isolated glomeruli (Glo1 and Glo2, respectively) (n = 26 images from five mice). Image of Glo3 is shown in Supporting Information:
Figure S7b. While AKT was observed at slit diaphragms (SDs in the squares), it was also observed inside the cells as circular structures,
presumably CDRs (arrows). Scale bar: 10 um. The numbers shown in the images indicate the z-axis location of each section (d-g). DAPI, 4,
6-diamidino-2-phenylindole.
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FIGURE 7 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA) treatment attenuated epidermal growth factor (EGF)-induced circular dorsal ruffle (CDR)
formation and AKT phosphorylation (pAKT) in glomerular podocytes ex vivo. (a and b) EIPA treatment attenuated CDR formation in glomerular
podocytes ex vivo. Representative high-resolution scanning electron microscope (SEM) images of an isolated glomerulus after EGF treatment
with and without EIPA (a). The asterisks indicate the locations of CDRs. Additional images are shown in Supporting Information: Figure S9 (a).
The graph shows the number of CDRs for each glomerulus, with and without EIPA treatment (b). **p < 0.01. Two-tailed unpaired Student's t-test
was used for the statistical analysis. n = 16 glomeruli each, from two mice. (c) Representative confocal image of actin (red) and synaptopodin
(green) staining in an isolated glomerulus after EGF treatment with and without EIPA. n = 9 images each, from two mice. (d and e) EIPA treatment
attenuated Lucifer yellow (LY) uptake by glomeruli. Representative XY-projection images of actin (red) and LY (green) staining in an isolated
glomerulus after EGF treatment with and without EIPA (d). Graph showing the LY signal of each glomerulus, with and without EIPA treatment (e).
****p < 0.0001. Two-tailed unpaired Student's t-test was used for the statistical analysis. n =26 glomeruli each, from two mice. (f and g) EIPA
treatment attenuated the cumulative intensities of pAKT signal in a glomerulus. Representative XY-projection images of actin (red) and pAKT
(green) staining in an isolated glomerulus after EGF treatment with and without EIPA (f). Graph showing the cumulative intensities of pAKT signal
in each glomerulus, with and without EIPA treatment (g). ****p < 0.0001. Two-tailed unpaired Student's t-test was used for the statistical
analysis. n = 6 glomeruli each, from two mice. (h) Western blot analysis of AKT signal from isolated glomeruli after EGF stimulation with and
without EIPA. WT1 and nephrin were detected as markers of podocyte. The graph shows the pAKT/AKT ratio for no stimulation, EGF
stimulation, and EGF stimulation with EIPA treatment. **p < 0.01. Two-tailed unpaired Student's t-test was used for the statistical analysis (n = 3).
Scale bar: 10 um (c, d, and f). AU, arbitrary unit; DMSO, dimethyl sulfoxide.
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cortactin (C. L. Cortesio et al, 2010) were also observed
(Figure 2b-d). The results of western blot analysis showed that the
inhibition of CDRs blocked pAKT in vitro (Figure 4a,b and Supporting
Information: Figures S3a,b and S4f-i) and ex vivo (Figure 7h). Thus,
we anticipate that GF-induced CDRs may function as signaling
platforms for the PIBK/AKT pathway and contribute to the growth,
development, and viability of podocytes.

Additionally, the inhibition of CDRs attenuated pSé6K (Figure 4a,b
and Supporting Information: Figures S3a,b and S4f-i), a well-known
mTORC1 substrate. Previous studies have shown that macropinocy-
tosis ingests extracellular nutrients and delivers extracellular amino
acids to lysosomes, resulting in mTORC1 activation (Palm et al., 2015;
Swanson & Yoshida, 2019; Yoshida et al., 2015). In fact, our data
showed that EGF induced pAKT, but not pSé6K, under amino acid
starvation conditions in vitro (Figure 4e,f and Supporting Information:
Figure S3e,f). We also observed that EIPA treatment blocked LY
uptake in isolated glomeruli (Figure 7d,e and Supporting Information:
Figure S10). It has been shown that mTORC1 is recruited to
lysosomes for activation once the concentration of amino acids
inside the organelle increase (Condon & Sabatini, 2019; Sancak
et al, 2010; Zoncu et al.,, 2011). Thus, macropinocytosis following
CDR formation leads to the ingestion of extracellular nutrients, and
the resulting vesicles, macropinosomes, transport them to lysosomes,
which would result in the recruitment of mTORC1. Here, we propose
a model whereby CDRs promote mTORC1 activity via two mecha-
nisms in podocytes at the surface of glomeruli: (1) CDRs function as a
signal platform for the AKT pathway upstream of mTORC1 and (2)
CDRs lead to macropinosome formation, which shuttles extracellular
nutrients to lysosomes for the mTORC1 recruitment (Figure 8).

The critical role of mTORC1 in podocyte homeostasis has been
previously reported. We demonstrated that nondiabetic podocyte-
specific TSC1 knockout mice, in which mTORC1 activity in podocytes
is constitutively elevated, displayed severe glomerular dysfunction
that shared many similar pathological phenotypes with diabetic
nephropathy, including mesangial expansion and podocyte loss/
detachment, leading to end-stage renal disease by 14 weeks after
birth (Inoki et al., 2011). Similarly, genetic ablation of raptor, an
essential MTORC1 component in podocytes, causes developmental
problems in podocytes and slowly progressive glomerulosclerosis
(Godel et al., 2011). Moreover, several studies have proposed that
mTORC1-mediated podocyte hypertrophy is a protective mechanism
that preserves glomerular function (Nishizono et al., 2017; Puelles
et al., 2019; Zschiedrich et al., 2017). Thus, the appropriate activity of
mTORC1 plays a crucial role in maintaining the physiological
functions of podocytes (Fantus et al., 2016; Huber et al., 2012).
The findings reported here suggest that podocyte CDRs have unique
cellular functions that control the mTORC1 pathway.

In summary, through a combination of in vitro, ex vivo, and in
vivo experiments, we have identified the expression of CDRs in
podocytes and revealed that they function in growth factor signaling.
Although the critical roles of mTORC1 in maintaining podocyte
viability and function have been well documented, the molecular

mechanisms underlying growth factor-induced mTORC1 activity in
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FIGURE 8 Proposed model of the role of circular dorsal ruffles
(CDRs) in podocytes. Growth factor (GF) treatment induces CDRs, in
which Rab5a, SH3YL1, cortactin, and PI3K are localized. CDR
functions as macropinocytosis via the closing process. The resulting
vesicles, macropinosomes, deliver extracellular nutrients to the
lysosomes, resulting in mTORC1 recruitment. Meanwhile, as the
central part of GF signaling pathways, PI3K is activated and
synthesizes PIP3 at CDRs; thus, AKT, mTORC2, and, presumably,
PDK1, are recruited to the structures. AKT is phosphorylated (pAKT)
by mTORC2 and PDK1 at CDRs as the upstream signaling molecule of
mTORC1. Since appropriate activation of mTORC1 is critical for
podocyte homeostasis, CDR would regulate podocyte functions.

cells have not been well studied. Our observations suggest that CDRs
act as key signaling hubs that trigger growth factor-induced mTOR
signaling, including both mTORC2 and mTORC1. The findings we
report here should shed light on the biological/biochemical research
areas of podocytes and provide additional options to target cellular

mTOR activity to control mTOR-related kidney diseases.
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