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Formation of processes in podocytes is regarded as the hallmark of maturity and normal physical con-
dition for the cell. There are many accumulated findings about molecular mechanisms that cause
retraction of podocyte processes; however, there is little knowledge of the positive mechanisms that
promote process formation in vitro, and most previous reports about this topic have been limited to low-
density cultures. Here, we found that process formation can be induced in 100% confluent cultures of
conditionally immortalized podocytes in mouse, rat, and human species by combining serum depletion
and Y-27632 ROCK inhibitor supplementation on the scaffold of laminin-521(L521). We noted the
cytoskeletal reorganization of the radial extension pattern of vimentin filaments and downregulation of
actin stress fiber formation under that condition. We also found that additional standard amount of
serum, depletion of ROCK inhibitor, or slight mismatch of the scaffold as laminin-511(L511) hinder
process formation. These findings suggest that the combination of reduced serum, podocyte-specific
scaffold, and intracellular signaling to reduce the overexpression of ROCK are required factors for pro-

cess formation.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In vivo formation of foot processes in podocytes is characterized
by highly arborized processes from the cell body and the inter-
digitation of neighboring processes at high confluence [1,2]. The
cytoskeleton in in vivo foot process formation is a primary hallmark
used to evaluate the maturity and pathophysiology of kidney dis-
eases, especially proteinuria [3]. The reproduction of podocyte foot
process formation in vitro would be significant for the development
of a powerful evaluation system for drug discovery research. It
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would allow the evaluation of the drug cytotoxicity of candidate
compounds in podocytes by phase contrast observation. Several
methods of podocyte induction from pluripotent stem cells have
been reported, and these methods have produced high expression
of slit diaphragm proteins (e.g., nephrin) from podocytes in vitro.
However, there have been no reports on the successful induction of
process formation in high-confluence in vitro cultures of podocytes
induced from pluripotent stem cells [4—6]. In 2018, Yaoita et al.
reported a novel culture method to reproduce the interdigitating
process formation of podocytes, at 100% confluence, whereas until
then, process induction methods were only successful under sparse
cell density conditions [7—10]. Although the culture method
developed by Yaoita et al. has high novelty, the applicable cell
source is limited to rat primary podocytes; thus, the method could
not be applied to conditionally immortalized podocytes [9].
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Generally, conditionally immortalized podocytes have lost many of
their phenotypes in vivo, including process formation at high cell
density with conventional culture methods [11]. However, these
cell lines have the benefit of providing unlimited cell growth, unlike
primary podocytes. Hence, it is a significant advantage to reproduce
podocyte process formation in conditionally immortalized podo-
cytes. Here, we aimed to investigate whether conditionally
immortalized podocytes retain the ability to reproduce process
formation under the confluent conditions in multiple species.

2. Materials and methods
2.1. Cell culture

We employed three different species of conditionally immor-
talized podocyte cell lines; heat-sensitive mouse podocyte (HSMP)
in mouse [12], 2DNA1D7 in rat [13] and AB8/13 in human [14]. All
podocyte cell lines were cultured in a 5% CO2 incubator under
permissive growth conditions (PGC) at 33 °C for cell propagation.
Culture of HSMP required the supplementation of 50 U/mL murine
interferon (IFN)-y (PeproTech, USA). HSMP was cultured in RPMI
1640 medium (Nacalai Tesque, Japan), 10% FBS (Sigma-Aldrich,
Japan), 1 mmol/L sodium pyruvate (ThermoFisher Scientific, USA),
10 mmol/L HEPES buffer (Dojindo, Japan), penicillin (50 units/ml),
and streptomycin (50 mg/ml). 2DNA1D7 was cultured in D-MEM/
Ham's F-12 medium (ThermoFisher Scientific, USA), 5% FBS, 0.1%
Insulin-Transferrin-Selenium-Ethanolamine (ITS-X: ThermoFisher
Scientific, USA), penicillin (50 units/ml), and streptomycin (50 mg/
ml). AB8/13 was cultivated in RPMI 1640 medium, 10% FBS, 1.0%
Insulin-Transferrin-Selenium (Fujifilm Wako, Japan), penicillin (50
units/ml), and streptomycin (50 mg/ml). To dissociate cells in
subculture, Accutase (Nacalai Tesque, Japan) was used for all cell
lines.

2.2. Induction of process formation and phase contrast imaging

For all cell lines, dissociated cell pellets were diluted with FBS-
free RPMI 1640 medium containing 1 mmol/L sodium pyruvate,
10 mmol/L HEPES buffer, 0.1% ITS-X, 1.0 ng/mL human IGF-1
(PeproTech, USA), 0.2 ng/mL human basic FGF (PeproTech, USA),
and 10 pM Y-27632 (Fujifilm Wako, Japan). The tissue culture-
treated well plates (AGC glass techno, Japan) and cover slips
(Matsunami, Japan) were coated with laminin-521 (L521) (Corning,
USA) in FBS-free RPMI 1640 medium. The cell suspension was
seeded at a density of 1.25 x 10° cells/cm? for HSMP, 1.0 x 10° cells/
cm? for 2DNA1D7, and 9.6 x 10° cells/cm? for AB8/13 to ensure high
confluence at seeding time, depending on the cell size. Both stan-
dard (with 10% FBS) and induction (with non-FBS, 10 uM Y-27632
and L521) culture methods were used under non-permissive
growth conditions (NPGC) at 37 °C. IFN-y was removed from only
HSMP. The cytoskeleton was observed 2 h after cell seeding. All
phase contrast images were acquired using an Olympus IX71N-
22 PH microscope.

2.3. Immunofluorescence imaging

For immunofluorescence images, cells cultured on cover slips
were fixed with 4% paraformaldehyde in PBS for 10 min and sub-
sequently permeabilized with 0.3% Triton X-100 in PBS for 5 min at
room temperature. Anti-vimentin antibody (1:300) (ab92547,
Abcam, UK) and Acti-Stain 488 Phalloidin (98 nM final concentra-
tion) (PHDG1-A, Cytoskeleton, Inc., USA) were used to evaluate
intermediate filament and F-actin localization patterns, respec-
tively. Primary antibody staining was performed via blocking
preparation using an animal-free blocker (Vector Labs, USA) diluted
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with Milli-Q water (1:5) overnight at 4 °C. Secondary antibody
staining was performed using donkey anti-rabbit IgG, Alexa Fluor
568 (A10042, Thermo Fisher Scientific, USA) diluted with PBS
together with Acti-stain and DAPI (1:1000) (D523, DOJINDO, Japan)
overnight at 4 °C. Samples were washed out with PBS after each
antigen-antibody reaction at room temperature for 5 min three
times. Fluorescence imaging was performed using a Keyence BZ-
X700 fluorescence microscope with optical sectioning and Z-stack
modes. Z-stacking images were processed using Image] Fiji (NIH).

2.4. Quantitative PCR

To clarify the mechanism of podocyte process formation, gene
expression levels in standard and induction culture conditions
were compared using real-time PCR. HSMP was used for the assay
because immunocytochemistry showed that, of the three cell lines,
it had the most branching of processes and thus, the highest in-
duction efficiency of process formation. Target genes for analysis
were limited to those related to cell morphology. RNA was extrac-
ted from cells using ReliaPrep™ RNA Miniprep Systems (Promega,
Japan) according to the manufacturer's instructions. RNA was
reverse-transcribed into cDNA using ReverTra Ace® qPCR RT Mas-
ter Mix (Toyobo, Japan) and Verti™ Thermal Cycler (Applied Bio-
systems, USA). Real-time PCR was performed using
THUNDERBIRD® SYBR® qPCR Mix (Toyobo, Japan). The primers
used were designed using Primer-BLAST (NIH, USA), as shown in
Table 1. All used kits for quantitative PCR were carried out ac-
cording to the manufacturer's instructions.

2.5. Statistical analysis

All values are expressed as the mean + S.D. from technical

triplicates obtained from two biologically independent experi-
ments. To perform the statistical analysis, two groups, standard and
induction, were compared using Student's t-test by Microsoft Excel.
3. Results

3.1. Optimizing culture condition for process formation

When HSMP was cultured with high confluence on L521 with

Table 1
Primers used for quantitative RT-PCR.

Gene Sequence (5'-3)
Gapdh F AGGTCGGTGTGAACGGATTTG
R TGTAGACCATGTAGTTGAGGTCA
PODXL F GCTGCTACTGTCGCCTGCAT
R TGTTGTGGCACTTTGGTGGCT
SYNPO F GGCCGATTGACAGAGCATCC
R TTCGGTGAAGCTTGTGCTCCG
ACTN4 F GCCCGACGAGAAGGCCATAA
R ACCTTGCAGATCCGGTTGGC
vim F TCCAGAGAGAGGAAGCCGAA
R AAGGTCAAGACGTGCCAGAG
ITGA3 F CCTGATCGCCTCAAGCTCGG
R GTTGTCTGGCCCGCACTCTT
ITGB1 F TGCAGGTTGCGGTTTGTGGA
R GCATCCGTGGAAAACACCAGC
Z0-1 F TGAGGCAGCTCACGTAGGTCT
R CTGGGTGACCAAGAGCTGGTT
PCAD F TATTCGTCCCCGAGAATGGC
R TCTCCCTGTCCAGTGGCATA
KCAD F GCTGTGGCACAACATCACAG
R CATCCTTGTCAACAGCACGC
NCAD F GGAATGCTGCGGTACAGGAT
R GGCCATAAGTGGGATTGCCT
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10 uM serum-depleted Y-27632 medium (induction culture con-
ditions), we observed the cell process extended from the cell body,
with arrowhead branching patterns (Fig. 1). Therefore, we verified
the induction culture conditions contained the elements required
for process formation in HSMP. HSMP was also cultured with or
without Y-27632 and 10% FBS; and with L511 (Nippi) instead of
L521, using the induction culture conditions as the base. Phase
contrast images showed that, in contrast to the induction group,
conditions without Y-27632, with 10% FBS or L511, instead of L521,
did not permit podocyte process formation (Fig. 1).

3.2. Applying the induction culture condition to multi-species
conditionally immortalized podocytes

We verified whether the induction culture conditions permit
process formation in the podocytes of other species. In phase
contrast images (Fig. 2), the morphology of induction groups
showed an arborized process formation pattern, in contrast to the
cobble stone pattern seen in standard groups with 10% FBS at high
cell density. Podocytes from mouse, rat and human species all
showed a difference in morphology between the standard and in-
duction culture conditions.

3.3. Localization patterns of cytoskeletal proteins

We focused on the localization of intermediate vimentin fila-
ments, and F-actin microfilaments related to cell morphology. In
immunofluorescent images (Fig. 3), we observed in the induction
groups that F-actin localized in a spotty pattern, and vimentin fil-
aments formed a pattern with significant arborization from the
nucleus. Moreover, branching of the vimentin bundle was seen in
the induction groups, mostly in mouse species (HSMP). In the
standard groups, F-actin stress fibers and vimentin filaments
showed a scattering pattern. These differences are observed in all
three species. Based on these findings, morphological differences in
podocytes are accompanied by evident differences in cytoskeletal
protein localization, suggesting reorganization of the cytoskeleton.

3.4. Comparison of mRNA expression levels in HSMP between
standard and induction culture condition

We compared the mRNA expression levels of HSMP between
standard and induction culture conditions with respect to pheno-
typic genes related to cell morphology (Fig. 4). The induction group
had a higher expression level of podocalyxin (PODXL), an apical
glycoprotein, than the standard group. In contrast, synaptopodin
(SYNPO) and a-actinin-4 (ACTN4), actin-binding proteins in the
induction group, showed lower expression in the induction group
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than in the standard group. The expression level of vimentin, one of
the intermediate filaments, was not significantly different between
the standard and induction group. The expression levels of integrin
2.3 (ITGA3), a heterodimer with high affinity to L521, which is highly
expressed in mature podocytes in vivo, had a higher expression
level in the induction group, whereas another similar heterodimer,
integrin B1 (ITGB1), had a lower expression in the induction group.
The induction group had lower expression of tight junction protein
1 (Z01) and cadherin.

4. Discussion

This study provides the new insight that the combination of
serum depletion, the scaffold of L521, and the inhibiting Rho kinase
cascade promotes process formation in conditionally immortalized
podocytes. Focusing on each factor, it was previously reported that
protein overload in cultured podocytes results in actin reorgani-
zation and that the major component of the matured glomerular
basement membrane is L521 instead of L511 in the developing
stage of glomeruli [15,16]. In detail, for optimized laminin isoforms,
although L511 has been selected for cultured podocytes as an
alternative to L521, we observed poor podocyte process formation
in our study compared with that for L521. Detailed observation of
the location of the laminin isoform in matured glomeruli showed
that the laminin B1 subunit is observed in the mesangial area, but
not in capillaries. Notably, abnormal wider expression in the
glomerulus is observed in several nephrotic syndromes [17]. Serum
depletion and selection of L521 for the scaffold of cultured podo-
cytes in this study is a factor common with the study by Yaoita et al.
Therefore, we conclude that the slight difference in extracellular
matrix isoforms has a great influence on podocyte process forma-
tion, and L521 is more suitable for process formation in cultured
podocytes than L511.

The inhibition of the Rho kinase pathway has several positive
roles, including attenuation of podocyte foot process effacement in
abnormal conditions. Indeed, it has been reported that the activa-
tion of this pathway causes foot process effacement [ 18—20]. In this
study, the inhibition of the Rho kinase pathway by Y-27632 with
serum depletion and the L521 scaffold was the crucial element for
process formation. Hence, we suggest that in cultured podocytes,
the Rho kinase pathway is more highly activated than in podocytes
in vivo, and its inhibition is essential for process formation in
cultured podocytes

However, some limitations of this study should be noted. The
duration of process formation using the method in this study was
limited to only several hours. We also observed deformation, with
active migration and the subsequent boosted proliferation of cells.
In addition, vacuoles in the cytoplasm were remarkably observed in

FBS (%) 0 0
Y27632 (uM) 0 10
ECM L521 L511

10 0
10 10
L521 L521

Fig. 1. Optimizing culture condition for process formation Interdigitating process formation (arrowheads) was observed only in cultured podocytes with F0, Y10, and L521, but not
in podocytes without Y, with L511 scaffold instead of L521, or with F10 supplementation. Scale bar, 50 pm.
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0

Fig. 2. Phase contrast images of process formation in conditionally immortalized podocytes Every image was taken 2 h after seeding. Interdigitated process formation (arrowheads)
was observed in HSMP, D7, and AB8/13 in the induction group and not in the standard group. Scale bar, 50 pm.

HSMP. Previous study reported that L521 can stimulate integrin
signaling cascade of small GTPase Rac activation pathway or
increasing reactive oxygen species (ROS) production [21,22], and
those cause cell migration, overgrowth, and vacuoles [23,24].
Moreover, harmful effects of Rac and ROS for podocytes also have
been reported [25,26]. Therefore, we consider that current induc-
tion culture condition has any adverse effects. Clarifying and
regulating possible adverse signal cascade would improve this
limitation.

Although the comparison of mRNA expression levels in the in-
duction group was performed while under possible oxidative
stress, we observed higher expression levels of PODXL and lower
expression levels of N- and K-cadherin, suggesting that this in-
duction method improves polarity, differentiates podocytes to
some extent [27], and contributes to podocyte process formation
via the suppression of cell junction differentiation [28]. On the
other hand, ZO-1 and P-cadherin (major cell junction proteins for
mature podocytes); and SYNPO and ACTN4 (highly expressed in
mature podocytes), had lower expression than in the standard
group. Based on a previous report that oxidative stress has a
negative effect on cell junctions comprising ZO-1 or P-cadherin
[29,30], exploring the effect of antioxidants as a serum substitute
might lead to overcoming this problem. While it has been reported
that SYNPO induces expression of actin stress fibers [31] and that a-
actinin has the role of bundling the actin filament in vitro [32], the
downregulation of SYNPO and ACTN4 in the induction group might
be linked to attenuation of actin stress fibers. In the induction
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group, inversely related expression levels of ITGA3 and ITGB1 were
observed. It has been reported that the a3 subunit is bound mostly
with laminin alone, while the B1 subunit also interacts with
collagen, among several types of integrin heterodimers [33]. In this
study, the ITGA3 expression ratio to GAPDH was lower than that of
ITGB1 [ITGA3 (0.048 + 0.0084: standard, 0.063 + 0.0061: induc-
tion), ITGB1 (0.286 + 0.029: standard, 0.152 + 0.012: induction)].
Therefore, the correction of the imbalance between ITGA3 and
ITGB1 might be a natural consequence of the laminin-rich subunits
in the induction group.

In summary, this study showed that the combined culture
conditions of serum depletion, specialized L521 scaffold, and Rho
kinase pathway inhibition had significant effects on process for-
mation in conditionally immortalized podocytes. As alteration of
podocyte foot process formation is traditionally one of the patho-
logical hallmarks of nephrotic syndrome, these findings elucidate
the potential mechanism by which this symptom manifests.
However, podocyte process formation has not been realized on the
planar base before 2017, even with podocytes induced from
pluripotent stem cells. Although the novel culture method devel-
oped by Yaoita et al. was remarkable for being able to reproduce
interdigitating process formation under highly confluent condi-
tions on a planar base, the method is limited in that it is only
applied to rat primary podocytes, and is therefore not capable of
being applied to conditionally immortalized podocytes, which
provide unlimited cell growth. Hence, the findings of this study
provide us with the prospect that conditionally immortalized
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HSMP (Mouse)

FBS (%) 10 0
Y-27632 (M) 0 10
ECM L521 L521
Vimentin
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D7 (Rat) AB8/13 (Human)
10 0 10 0
0 10 0 10
L521 L521 L521 L521

Fig. 3. Localization patterns of cytoskeletal proteins Localizations of vimentin (red) and F-actin (green) were obviously different between cultured podocytes HSMP, D7 and AB8/13
in the standard (10% FBS) and induction (10 uM Y-27632) groups. In the standard groups, vimentin filaments form a disseminated pattern and actin stress fibers are evident. In the
induction groups, vimentin filaments form a highly arborized pattern stemming from the nucleus (arrowheads), and actin stress fibers are absent. Branching of vimentin bundles
(rectangle of dotted line) was also seen, especially in HSMP. Scale bar, 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Comparison of mRNA expression levels in HSMP between standard and in-
duction culture groups.

PODXL expression levels in the induction groups were higher than in the standard
groups, and vice versa for SYNPO and ACTN4 expression levels. There is no significant
difference in vimentin(Vim) expression levels between the groups. ITGA3 and ITGB1
expression levels in the induction groups were higher and lower than in the standard
groups, respectively. Expression levels of tight junction protein 1 (Z01) and cadherin in
the induction groups were lower than those in the standard groups. All data were
normalized to that of GAPDH and are shown as the ratio with the standard group
expression level. (n = 6, *p < 0.05, **p < 0.01, ***p < 0.005).

podocytes could be useful cell sources for drug discovery and the
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study of proteinuria syndromes.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Teruo Fujii reports financial support was provided by the
Japanese Agency for Medical Research and Development, Tokyo,
Japan. Kotaro Doi, Hiroshi Kimura, Tetsuhiro Tanaka, Reiko Inagi,
Masaomi Nangaku reports financial support was provided by the
Japanese Agency for Medical Research and Development, Tokyo,
Japan.

Acknowledgements

We thank Dr. Hidetake Kurihara for providing the rat podocyte
cell line 2DNA1D7. This study was partially supported by the Jap-
anese Agency for Medical Research and Development, Tokyo, Japan
(Grant No. 18be0304204h0002) (to D.K,, HK,, T.T., RI, M.N. and
T.E.). The authors declare no conflicts of interest.

References

[1] K. Ichimura, S. Kakuta, Y. Kawasaki, T. Miyaki, T. Nonami, N. Miyazaki,
T. Nakao, S. Enomoto, S. Arai, M. Koike, K. Murata, T. Sakai, Morphological
process of podocyte development revealed by block-face scanning electron
microscopy, J. Cell Sci. 130 (2017) 132—142.


http://refhub.elsevier.com/S0006-291X(21)01066-4/sref1
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref1
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref1
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref1
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref1

K. Doi, H. Kimura, T. Wada et al.

[2]

3

[4

(5

[6

17

(8]

[0l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

T. Miyaki, Y. Kawasaki, Y. Hosoyamada, T. Amari, M. Kinoshita, H. Matsuda,
S. Kakuta, T. Sakai, K. Ichimura, Three-dimensional imaging of podocyte ul-
trastructure using FE-SEM and FIB-SEM tomography, Cell Tissue Res. 379
(2020) 245—254.

A. Greka, P. Mundel, Cell biology and pathology of podocytes, Annu. Rev.
Physiol. 74 (2012) 299—323.

H. Tsujimoto, T. Kasahara, S. Sueta, T. Araoka, S. Sakamoto, C. Okada, S. Mae,
T. Nakajima, N. Okamoto, D. Taura, M. Nasu, T. Shimizu, M. Ryosaka, Z. Li,
M. Sone, M. Ikeya, A. Watanabe, K. Osafune, A modular differentiation system
maps MultipleHuman kidney lineages from pluripotent stem cells, Cell Rep.
31 (2020) e1—e7.

A. Taguchi, R. Nishinakamura, Higher-order kidney organogenesis from
pluripotent stem cells, Cell Stem Cell 21 (2017) 730—746.

Minoru Takasato, X Er Pei, S Chiu Han, Melissa H. Little, Generation of kidney
organoids from human pluripotent stem cells, Nat. Protoc. 11 (2016)
1681—-1692.

S.Y. Gao, C.. Li, J. Chen, L. Pan, S. Saito, T. Terashita, K. Saito, K. Miyawaki,
K. Shigemoto, K. Mominoki, S. Matsuda, N. Kobayashi, Rho-ROCK signal
pathway regulates microtubule-based process formation of cultured podo-
cytes—inhibition of ROCK promoted process elongation, Nephron Exp. Neph-
rol. 97 (2004) e49—e61.

M.R. Vaughan, JW. Pippin, S.V. Griffin, R. Krofft, M. Fleet, L. Haseley,
S.J. Shankland, ATRA induces podocyte differentiation and alters nephrin and
podocin expression in vitro and in vivo, Kidney Int. 68 (2005) 133—144.

S. Musah, A. Mammoto, T.C. Ferrante, S.S.F. Jeanty, M.H. Kobayashi,
T. Mammoto, K. Roberts, S. Chung, R. Novak, M. Ingram, T.F. Didar, S. Koshy,
J.C. Weaver, G.M. Church, D.E. Ingber, Mature induced-pluripotent-stem-cell-
derived human podocytes reconstitute kidney glomerular-capillary-wall
function on a chip, Nat Biomed Eng 1 (2017) 1-12.

E. Yaoita, Y. Yoshida, M. Nameta, H. Takimoto, H. Fujinaka, Induction of
interdigitating cell processes in podocyte culture, Kidney Int. 93 (2018)
519-524.

S. Chittiprol, P. Chen, D.P. Djergovic, T. Eichler, R.F. Ransom, Marker expres-
sion, behaviors, and responses vary in different lines of conditionally
immortalized cultured podocytes, Am. ]J. Physiol. Ren. Physiol. 301 (2011)
F660—F671.

T. Wada, J.W. Pippin, Y. Terada, SJ. Shankland, The cyclin-dependent kinase
inhibitor p21 is required for TGF-betal-induced podocyte apoptosis, Kidney
Int. 68 (2005) 1618—1629.

E. Yaoita, H. Kurihara, T. Sakai, K. Ohshiro, T. Yamamoto, Phenotypic modu-
lation of parietal epithelial cells of Bowman's capsule in culture, Cell Tissue
Res. 304 (2001) 339—349.

M.A. Saleem, M]J. O'Hare, ]. Reiser, RJ. Coward, C.D. Inward, T. Farren,
CY. Xing, L. Ni, PW. Mathieson, P. Mundel, A conditionally immortalized
human podocyte cell line demonstrating nephrin and podocin expression,
J. Am. Soc. Nephrol. 13 (2002) 630—638.

M. Morigi, S. Buelli, S. Angioletti, C. Zanchi, L. Longaretti, C. Zoja, M. Galbusera,
S. Gastoldi, P. Mundel, G. Remuzzi, A. Benigni, In response to protein load
podocytes reorganize cytoskeleton and modulate endothelin-1 gene: impli-
cation for permselective dysfunction of chronic nephropathies, Am. J. Pathol.
166 (2005) 1309—1320.

R. Lennon, M.J. Randles, M.J. Humphries, The importance of podocyte adhe-
sion for a healthy glomerulus, Front. Endocrinol. 5 (2014) 1-17.

52

[17]

[18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

(271

[28]

[29]

[30]

[31]

[32]

[33]

Biochemical and Biophysical Research Communications 570 (2021) 47—52

S. Setty, A.A. Michael, AJ. Fish, M. Mauer, R.J. Butkowski, I. Virtanen, Y. Kim,
Differential expression of laminin isoforms in diabetic nephropathy and other
renal diseases, Mod. Pathol. 25 (2012) 859—868.

C.M. Schwesinger, S. Dehde, M. Sachs, S. Mathey, K. Arefi, S. Gatzemeier,
S. Balabanov, J.U. Becker, F. Thaiss, T.N. Meyer, Rho-kinase inhibition prevents
proteinuria in immune-complex-mediated antipodocyte nephritis, Am. J.
Physiol. Ren. Physiol. 303 (2012) F1015—F1025.

K. Matoba, D. Kawanami, Y. Nagai, Y. Takeda, T. Akamine, S. Ishizawa,
Y. Kanazawa, T. Yokota, K. Utsunomiya, Rho-kinase blockade attenuates
podocyte apoptosis by inhibiting the notch signaling pathway in diabetic
nephropathy, Int. J. Mol. Sci. 18 (2017) 1—-12.

L. Zhu, R. Jiang, L. Aoudjit, N. Jones, T. Takano, Activation of RhoA in podocytes
induces focal segmental glomerulosclerosis, J. Am. Soc. Nephrol. 22 (2011)
1621-1630.

J. Gu, Y. Sumida, N. Sanzen, K. Sekiguchi, Laminin-10/11 and fibronectin
differentially regulate integrin-dependent Rho and Rac activation via
p130(Cas)-Crkil-DOCK180 pathway, J. Biol. Chem. 276 (2001) 27090—27097.
E. Werner, Z. Werb, Integrins engage mitochondrial function for signal
transduction by a mechanism dependent on Rho GTPases, J. Cell Biol. 158
(2002) 357—368.

A. Steffen, M. Ladwein, G.A. Dimchev, A. Hein, L. Schwenkmezger, S. Arens,
K.I. Ladwein, J.M. Holleboom, F. Schur, J.V. Small, J. Schwarz, R. Gerhard, ]. Faix,
T.E.B. Stradal, C. Brakebusch, K. Rottner, Rac function is crucial for cell
migration but is not required for spreading and focal adhesion formation,
J. Cell Sci. 15 (2013) 4572—4588.

E.H. Verbon, J.A. Post, ]. Boonstra, The influence of reactive oxygen species on
cell cycle progression in mammalian cells, Gene 511 (2012) 1-6.

A. Babelova, F. Jansen, K. Sander, M. Lohn, L. Schafer, C. Fork, H. Ruetten,
O. Plettenburg, H. Stark, C. Daniel, K. Amann, H. Pavenstadt, O. Jung,
R.P. Brandes, Activation of Rac-1 and RhoA contributes to podocyte injury in
chronic kidney disease, PloS One 8 (2013) 1—15.

S. Chen, X.F. Meng, C. Zhang, Role of NADPH oxidase-mediated reactive ox-
ygen species in podocyte injury, BioMed Res. Int. 2013 (2013) 1—7, https://
doi.org/10.1155/2013/839761, 839761.

I. Refaeli, M.R. Hughes, A KW. Wong, M.LZ. Bissonnette, C.D. Roskelley,
A.W. Vogl, SJ. Barbour, B.S. Freedman, KM. McNagny, Distinct functional re-
quirements for podocalyxin in immature and mature podocytes reveal
mechanisms of human kidney disease, Sci. Rep. 10 (2020) 1-14.

W.C. Prozialeck, P.C. Lamar, D.M. Appelt, Differential expression of E-cadherin,
N-cadherin and beta-catenin in proximal and distal segments of the rat
nephron, BMC Physiol. 17 (2004) 1-14.

R. Rao, Oxidative stress-induced disruption of epithelial and endothelial tight
junctions, Front. Biosci. 13 (2008) 7210—7226.

X. Yang, J.Y. Chung, U. Rai, N. Esumi, Cadherins in the retinal pigment
epithelium (RPE) revisited: P-cadherin is the highly dominant cadherin
expressed in human and mouse RPE in vivo, PloS One 16 (2018) 1-20.

K. Asanuma, E.Y. Asanuma, C. Faul, Y. Tomino, K. Kim, P. Mundel, Synapto-
podin orchestrates actin organization and cell motility via regulation of RhoA
signalling, Nat. Cell Biol. 8 (2006) 485—491.

K. Maruyama, S. Ebashi, Alpha-actinin, a new structural protein from striated
muscle. II. Action on actin, J. Biochem. 58 (1965) 13—19.

R. Lennon, M.J. Randles, M.J. Humphries, The importance of podocyte adhe-
sion for a healthy glomerulus, Front. Endocrinol. 14 (2014) 1-17.


http://refhub.elsevier.com/S0006-291X(21)01066-4/sref2
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref2
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref2
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref2
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref2
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref3
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref3
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref3
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref4
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref5
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref5
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref5
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref6
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref6
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref6
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref6
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref7
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref8
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref8
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref8
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref8
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref9
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref10
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref10
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref10
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref10
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref11
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref11
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref11
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref11
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref11
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref12
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref12
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref12
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref12
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref13
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref13
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref13
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref13
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref14
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref14
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref14
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref14
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref14
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref15
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref16
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref16
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref16
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref17
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref17
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref17
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref17
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref18
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref18
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref18
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref18
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref18
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref19
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref19
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref19
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref19
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref19
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref20
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref20
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref20
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref20
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref21
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref21
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref21
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref21
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref22
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref22
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref22
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref22
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref23
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref24
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref24
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref24
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref25
https://doi.org/10.1155/2013/839761
https://doi.org/10.1155/2013/839761
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref27
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref27
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref27
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref27
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref27
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref28
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref28
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref28
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref28
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref29
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref29
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref29
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref30
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref30
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref30
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref30
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref31
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref31
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref31
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref31
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref32
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref32
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref32
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref33
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref33
http://refhub.elsevier.com/S0006-291X(21)01066-4/sref33

	A novel method for successful induction of interdigitating process formation in conditionally immortalized podocytes from m ...
	1. Introduction
	2. Materials and methods
	2.1. Cell culture
	2.2. Induction of process formation and phase contrast imaging
	2.3. Immunofluorescence imaging
	2.4. Quantitative PCR
	2.5. Statistical analysis

	3. Results
	3.1. Optimizing culture condition for process formation
	3.2. Applying the induction culture condition to multi-species conditionally immortalized podocytes
	3.3. Localization patterns of cytoskeletal proteins
	3.4. Comparison of mRNA expression levels in HSMP between standard and induction culture condition

	4. Discussion
	Declaration of competing interest
	Acknowledgements
	References


