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TGF-� is a pleiotropic cytokine that accumulates during kid-
ney injuries, resulting in various renal diseases. We have
reported previously that TGF-�1 induces the selective up-regu-
lation of mitochondrial Nox4, playing critical roles in podocyte
apoptosis. Here we investigated the regulatory mechanism of
Nox4 up-regulation by mTORC1 activation on TGF-�1-in-
duced apoptosis in immortalized podocytes. TGF-�1 treatment
markedly increased the phosphorylation of mammalian target
of rapamycin (mTOR) and its downstream targets p70S6K and
4EBP1. Blocking TGF-� receptor I with SB431542 completely
blunted the phosphorylation of mTOR, p70S6K, and 4EBP1.
Transient adenoviral overexpression of mTOR-WT and consti-
tutively active mTOR� augmented TGF-�1-treated Nox4
expression, reactive oxygen species (ROS) generation, and apo-
ptosis, whereas mTOR kinase-dead suppressed the above
changes. In addition, knockdown of mTOR mimicked the effect
of mTOR-KD. Inhibition of mTORC1 by low-dose rapamycin or
knockdown of p70S6K protected podocytes through attenua-
tion of Nox4 expression and subsequent oxidative stress-in-
duced apoptosis by TGF-�1. Pharmacological inhibition of the
MEK-ERK cascade, but not the PI3K-Akt-TSC2 pathway, abol-
ished TGF-�1-induced mTOR activation. Inhibition of either
ERK1/2 or mTORC1 did not reduce the TGF-�1-stimulated
increase in Nox4 mRNA level but significantly inhibited total
Nox4 expression, ROS generation, and apoptosis induced by
TGF-�1. Moreover, double knockdown of Smad2 and 3 or only
Smad4 completely suppressed TGF-�1-induced ERK1/2-mTOR
activation. Our data suggest that TGF-�1 increases translation
ofNox4throughtheSmad-ERK1/2-mTORC1axis,whichisinde-
pendent of transcriptional regulation. Activation of this path-
way plays a crucial role in ROS generation and mitochondrial

dysfunction, leading to podocyte apoptosis. Therefore, inhibi-
tion of the ERK1/2-mTORC1 pathway could be a potential ther-
apeutic and preventive target in proteinuric and chronic kidney
diseases.

Podocyte damage is one of the key determinants of the
majority of diabetic and non-diabetic glomerular diseases, lead-
ing to chronic kidney diseases and end-stage renal disease (1).
Leakage of plasma proteins in the urine indicates the onset of
renal diseases that are associated with podocyte injury (2– 4).
Recent evidence has shown that mammalian target of rapa-
mycin (mTOR)3 signaling activation is an important mediator
of diabetic nephropathy in mice and humans (5, 6). Increased
mTOR activity has been reported in different glomerular dis-
eases, and mTORC1 inhibition by rapamycin and everolimus
shows beneficial effects against diabetic nephropathy, focal seg-
mental glomerulosclerosis, minimal change disease, membra-
nous nephropathy, etc. (7–10). But contrasting evidence also
indicates that mTORC1 inhibition by the immunosuppressive
drug rapamycin leads proteinuria and podocyte apoptosis and
develops primary focal segmental glomerulosclerosis in renal
transplant recipients (11). Therefore, it might be important to
investigate the detailed molecular mechanisms to answer this
puzzle and identify therapeutic targets.

mTOR is an atypical serine/threonine kinase belonging to
the phosphatidylinositol 3-kinase-related kinase and is con-
served from yeast to humans (12, 13). It forms two function-
ally different multiprotein complexes: mTOR complex 1
(mTORC1), sensitive to rapamycin, and mTOR complex 2
(mTORC2), rapamycin-insensitive (14). Functional mTORC1
consists of mTOR, mLST8, and raptor, whereas mTORC2
includes mTOR, mLST8, mSIN1, and rictor. These signaling
pathways regulate major physiological events, including ribo-
some biogenesis and protein translation (15), lipid homeostasis
(16), and mitochondrial biogenesis (17). However, it is also
implicated in various disease progressions, such as type 2 dia-
betes and obesity (14). mTORC1 activation results in phosphoryl-

* This work was supported by National Research Foundation (NRF-
2013R1A1A4A01010780) and Yonsei University Future-leading Research
Initiative of 2014 (2014-22-0127). The authors declare that they have no
conflicts of interest with the contents of this article.

1 To whom correspondence may be addressed: Dept. of Physiology, Yonsei
University Wonju College of Medicine, Wonju, Gangwon-Do 220-701,
Republic of Korea. Tel.: 82-33-741-0296; Fax: 82-33-745-6461; E-mail:
ranjan@yonsei.ac.kr.

2 To whom correspondence may be addressed: Dept. of Physiology, Institute
of Lifestyle Medicine, Yonsei University Wonju College of Medicine, Wonju,
Gangwon-Do 220-701, Republic of Korea. Tel.: 82-33-741-0294; Fax: 82-33-
745-6461; E-mail: qsang@yonsei.ac.kr.

3 The abbreviations used are: mToR, mammalian target of rapamycin; ROS,
reactive oxygen species; KD, kinase-dead; Fluc, firefly luciferase; t-, total;
TGF-�RI, TGF-� receptor I; simTOR, mTOR siRNA; sip70S6K, p70S6K siRNA.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 52, pp. 30830 –30842, December 25, 2015

© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

30830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 52 • DECEMBER 25, 2015

http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.703116&domain=pdf&date_stamp=2015-11-12


ation of ribosomal protein S6 via p70S6K and eukaryotic trans-
lation initiation factor 4E binding protein (4EBP), which
potentiates the initiation of protein translation (18, 19). How-
ever, mTORC2 regulates cell survival through phosphorylation
of Akt (Ser473) and cytoskeleton organization through phos-
phorylation of PKC� (20, 21). Tuberous sclerosis 1 (TSC1)/
hamartin forms a heterodimer with tuberous sclerosis 2
(TSC2)/tuberin to negatively regulate mTORC1 activity. Many
growth factors, including insulin, insulin-like growth factor,
and TGF-� and nutrients such as amino acids exert their cellu-
lar input through modulation of mTOR complexes (22, 23).
Akt, ERK1/2, and AMP-activated protein kinase are well known
intermediate signaling molecules that transmit extracellular
signals to mTOR (15, 24).

TGF-� is a multifunctional cytokine involved in many cellu-
lar processes, including migration, growth inhibition, invasion,
extracellular matrix remodeling, epithelial-mesenchymal tran-
sition, and fibrosis (25). Increased activity of TGF-� plays crit-
ical roles in the progression of renal diseases in animal models
and human renal diseases where podocyte loss is highly evident
(26, 27). Furthermore, accumulation of TGF-� and its patho-
genic roles in primary focal segmental glomerulosclerosis,
progressive glomerulosclerosis, and diabetic nephropathy have
been reported (26, 28). In addition, adenovirus-mediated
TGF-�1 gene transfer to kidney glomeruli leads to proteinuria
in rats (29). It has been reported recently that podocyte-specific
overexpression of TGF-� induces segmental glomerulosclero-
sis with dysfunction in endothelial cells and podocyte depletion
(30). We have also published previously that TGF-�1 induces
podocyte apoptosis through transcriptional up-regulation of
NADPH oxidase 4 (Nox4) by activation of the Smad pathway
(31). There is also evidence that high glucose-mediated inacti-
vation of AMP-activated protein kinase activates mTOR in a
TSC2-dependent manner, which accounts for Nox4-mediated
podocyte depletion in diabetic mice (32). However, the possi-
bility of mTOR activation by TGF-�1 in podocyte apoptosis has
not been addressed so far. Moreover, the molecular mechanism
of Nox4 regulation by the TGF-�1-mTOR axis has not yet been
explored in detail.

In this study, we observed that Nox4 is up-regulated by
TGF-�1 via rapamycin-sensitive mTORC1 activation because
Nox4-induced oxidative stress and mitochondrial dysfunctions
are ameliorated with rapamycin treatment or silencing of
mTOR or its downstream target p70S6K. ERK1/2 plays an
important role in TGF-�1-induced mTOR activation and
translational regulation of Nox4 protein. Finally, Smad signal-
ing regulates TGF-�1-mediated ERK1/2 phosphorylation in
podocytes. Therefore, we suggest that inhibition of the ERK1/
2-mTOR pathway could provide effective protection against
podocyte depletion in glomerular kidney diseases.

Experimental Procedures

Cell Culture and Drugs—Immortalized mouse podocytes
were obtained from the laboratory of Prof. Peter Mundel (Har-
vard Medical School) and cultured as described previously (31).
Cells were grown on collagen-coated 100-mm dishes using low-
glucose Dulbecco’s modified Eagles medium supplemented
with 5% FBS, 100 units/ml penicillin, and 100 �g/ml strepto-

mycin. Cell proliferation was achieved at 33 °C in the presence
of 20 units/ml mouse recombinant interferon �, and, for differ-
entiation, these cells were thermoshifted to 37 °C in the absence
of interferon� for 10�14 days. Before experiments, cells were
changed with media containing 0.2% FBS for 24 h.

Chemicals were purchased as follows: SB431542 (catalog no.
S4317) and rapamycin (catalog no. R8781) from Sigma, U0126
(catalog no. 9903) and PD184352 (catalog no. 12147) from Cell
Signaling Technology (Danvers, MA), and cycloheximide (cat-
alog no. 14126) from Cayman Chemical (Ann Arbor, MI).

Quantitative Real-time PCR—To isolate total RNA, podo-
cytes were grown on 100-mm dishes. Cells were washed twice
with PBS before trypsinization. RNA was isolated according to
the RNeasy kit (catalog no. 74134, Qiagen GmbH, Hilden, Ger-
many). cDNA was synthesized from 0.5–1 �g of RNA with a
reverse transcription kit (Applied Bioscience, Foster City, CA)
using oligo(dT) in a reaction volume of 20 – 40 �l according to
instructions of the company. cDNA was subjected to real-time
PCR to evaluate mRNA expression of Nox4 with the help of a
sequence-specific primer (forward, 5�-CCACAGACCTGGA-
TTTGGAT-3�; reverse, 5�-TGGTGACAGGTTTGTTGCTC-
3�). The �-actin (forward, 5�-AAGAGCTATGAGCTGCC-
TGA-3�; reverse, 5�-CACAGGATTCCATACCCAAG-3�)
primer was considered a reference control. Experiments were
performed in triplicate in a real-time PCR machine (7900HT,
Applied Bioscience) using SYBR Green PCR Master Mix (cata-
log no. 204143, Qiagen GmbH). Data analysis was performed
according to the ��CT method (33).

Western Blot Analysis—For isolation of total protein, podo-
cytes were differentiated in 100-mm dishes or on 6-well plates.
The cells were washed carefully twice with ice-cold PBS and
lysed with cold radioimmune precipitation assay buffer
(Thermo Scientific, Rockford, IL) containing protease and
phosphatase inhibitor mixture (Thermo Scientific, catalog nos.
88665 and 88667, respectively). The crude lysates were centri-
fuged in a tabletop centrifuge at 13,200 rpm for 20 min at 4 °C,
and clear supernatants were carefully transferred to a new
Eppendorf tube. A BCA protein assay kit (Thermo Scientific)
was used to determine the concentration of total protein. Equal
amounts of protein were loaded to 6%�10% SDS-PAGE and
transferred to a PVDF membrane (Millipore Corp., Billerica,
MA). The membrane was blocked with either with 6% skim
milk or 5% BSA, followed by primary antibody incubation at
4 °C overnight. Dilutions and catalog information for primary
antibodies is as follows: total and phospho-mTOR (1:5000 and
1:2000, respectively; catalog nos. 2983 and 5536, respectively),
total and phospho-p70S6K (1:2000 and 1:5000, respectively;
catalog nos. 9202 and 9204, respectively), total and phospho-
Smad2 (1:2500 and 1:1000, respectively; catalog nos. 5339 and
3108, respectively), total and phospho-ERK1/2 (1:10,000 each;
catalog nos. 9102 and 9101, respectively), phospho-4EBP1
(1:5000, catalog no. 2855), phospho-Akt (Thr308, 1:2500, cata-
log no. 9275), cleaved caspase-3 (1:1000, catalog no. 9661),
phospho-TSC2 (Ser939, 1:2000, catalog no. 3615), phospho-
TSC2 (Thr1462, 1:2000, catalog no. 3617), and total (t-)TSC2
(1:2500, catalog no. 4308) from Cell Signaling Technology; AU1
(1:1000, catalog no. PA1-26547) from Thermo Scientific; Nox4
(1:200, catalog no. sc-30141) from Santa Cruz Biotechnology;
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and Nox4 (1 �g/ml, catalog no. ab60940) and �-actin (1:10,000,
catalog no. ab6246) from Abcam (Cambridge, UK). HRP-con-
jugated goat anti-rabbit secondary antibody (catalog no. 31460)
was purchased from Thermo Scientific. All antibodies were
prepared in 0.1% Tris-buffered saline and Tween 20 (TBST)
containing 5% BSA. Secondary antibody was prepared in 6%
skim milk and incubated for 1 h at room temperature. Mem-
branes were developed using ECL solution (Luminata Forte,
Millipore Corp.), and the images were captured with a UVP
Biospectrum-600 imaging system.

Measurement of Reactive Oxygen Species (ROS)—Measure-
ment of reactive oxygen species in podocytes was performed as
described previously (31). Intracellular ROS generation was
detected by the fluorescent dye chloromethyl-H2-dichlorofluo-
rescein diacetate (catalog no. C6827, Molecular Probes). This
dye rapidly oxidizes to fluorescent 2,7-dichlorofluorescein in
the presence of intracellular ROS and produces a bright fluo-
rescent light. For ROS measurement, 5000 podocytes were
seeded on 12-mm coverslips and differentiated for 10 days
before application of TGF-�1 and other inhibitors. Cells were
washed out using Krebs-Ringer bicarbonate solution (135 mM

NaCl, 3.6 mM KCl, 2 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM

MgSO4, 1.5 mM CaCl2, and 10 mM HEPES (pH 7.4)) twice and
loaded with 5 �M chloromethyl-H2-dichlorofluorescein diace-
tate for 20 min at 37 °C. Images (excitation/emission, 490/535
nm) were captured using an inverted microscope (IX81, Olym-
pus, Tokyo, Japan) with a confocal spinning disk (CSU10, Yok-
ogawa Electric Corp., Tokyo, Japan), and images were analyzed
using Metamorph 6.1 software (Molecular Devices, Sunnyvale,
CA).

Detection of Mitochondrial Membrane Potential—The lipo-
philic cationic dye 5,5�,6,6�-tetrachloro-1,19,3,39-tetraethyl-
benzimidazolyl-carbocyanine iodide (catalog no. T3168,
Molecular Probes) was used to determine the mitochondrial
membrane potential in podocytes. 5,5�,6,6�-tetrachloro-
1,19,3,39-tetraethylbenzimidazolyl-carbocyanineiodidemono-
mers is a plasma membrane-permeable dye entering into
mitochondria depending on the mitochondrial membrane
potential. Inside mitochondria, monomers aggregate to form J
aggregates and transmit red fluorescence (excitation/emission,
540/590 nm), whereas the free monomers outside of mitochon-
dria transmit green fluorescence (excitation/emission, 490/535
nm). The ratio of red/green fluorescence is used as an indicator
to measure the mitochondrial membrane potential. This exper-
iment was performed in 96-well microplates (catalog no. 3603,
Corning Inc., Corning, NY). Podocytes, grown on collagen-
coated 96-well plates, were washed twice with warm Krebs-
Ringer bicarbonate solution, and 300 nM 5,5�,6,6�-tetrachloro-
1,19,3,39-tetraethylbenzimidazolyl-carbocyanine iodide was
loaded for 30 min. Fluorescence intensities were recorded by
a fluorescence microplate reader (Flexstation II, Molecular
Devices), and data were analyzed as described previously (34).

Measurement of total Nox Activity—Total NADPH oxidase
activity from podocyte lysate was measured as described previ-
ously (31). Podocytes were differentiated on 100-mm culture
dishes for 13 days. Cells were kept on ice for 15 min, washed
three times with ice-cold PBS, and collected from the dishes by
scrapers in PBS containing protease inhibitor. Cells were cen-

trifuged at 2000 rpm for 3 min at 4 °C. The supernatant was
discarded, and cell pellets were dissolved in lysis buffer (20 mM

KH2PO4, 1 mM EGTA, and protease inhibitor mixture (pH
7.0)). Using a Dounce homogenizer, cell suspensions were
homogenized with 100 strokes, and the homogenates were used
freshly to measure total Nox activity. 50 �g of homogenates was
added to 50 mM phosphate buffer (pH 7.0) containing 1 mM

EGTA, 150 mM sucrose, 5 �M lucigenin, and 100 �M NADPH.
Photoparticles generated during the reaction were detected by
a luminometer (Synergy 2, BioTek Instruments, Winooski, VT)
for 10 min continuously and expressed as relative light units.
Superoxide generation was expressed as relative light units per
minute per microgram of protein.

TUNEL Assay—Podocytes were grown on 12-mm cover-
glasses coated with rat collagen and were differentiated for 10
days at 37 °C without interferon �. Cells were exchanged with
0.2% FBS-containing medium 24 h before addition of TGF-�1
and inhibitors. In the case of siRNA treatment, 0.2% FBS-con-
taining medium was replaced 24 h after siRNA treatment.
TUNEL was performed according to the instructions of the
manufacturer using an ApopTag fluorescein in situ apoptosis
detection kit (catalog no. S7110, Millipore). Cells were counter-
stained with DAPI. Signals from the nuclei of apoptotic cells
merged with DAPI (blue) and fluorescein (green) were consid-
ered TUNEL-positive.

siRNA Transfection—Cells were grown on 6-well cell culture
dishes and allowed to differentiate for 10 days. The culture
medium was changed to antibiotic-free medium 1 day before
siRNA transfection. Transfection was carried out using Dhar-
maFECT 1 siRNA transfection reagent (catalog no. T-2001-03,
Thermo Fisher Scientific) according to the directions of the
manufacturer. Opti-MEM-reduced serum medium was used to
prepare the siRNA-transfection reagent complex. The medium
was changed 6 h after the addition of transfection reagent. Pro-
tein was isolated 72 h after siRNA treatment. SiGENOME
SMARTpool siRNA duplexes for Smad2, Smad3, Smad4, and
p70S6K were purchased from Dharmacon (Thermo Fisher Sci-
entific Inc.). TSC2 siRNA was purchased from Bioneer Inc.
(Daejeon, Korea). siRNAs for mTOR and non-targeting
sequences (siControl) were synthesized from Bioneer Inc. The
sequences for mTOR, TSC2, and non-targeting siRNA were
5�-CAUUCGCAUUCAGUCCAUA-3�, 5�-CAUCAUUGAAC-
GACUACUU-3�, and 5�-CCUACGCCACCAAUUUCGU-3�,
respectively. The sequence for mTOR siRNA was obtained
from a published article where the efficiency of siRNA had
already been tested (35).

Adenoviral Infection—Adenoviral mTOR constructs of wild-
type (mTOR-WT), constitutively active (mTOR�), kinase-
dead (mTOR-KD), and control virus expressing firefly lucifer-
ase (Fluc) were gifts from Prof. C. Rhodes (University of
Chicago, Chicago, IL). mTOR� was generated by deleting
amino acid sequences 2430 –2450 with 5-fold higher activity
compared with wild-type mTOR assayed under in vitro condi-
tions. mTOR-KD carried an Asp2338-to-Ala mutation render-
ing catalytic inactivation (36). Each mTOR construct was
attached to an N-terminal AU1 tag, facilitating identification of
exogenous mTOR expression. All four adenoviruses were
amplified in HEK293 cells and purified by an ibiPureTMAdeno
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adenovirus purification kit (catalog no. 60681) according to the
instructions of the manufacturer. For all experiments, infec-
tions with a multiplicity of infection of 100 were used to infect
podocytes as described previously (36).

Statistical Analysis—Experimental data are expressed as
mean � S.E. All data shown here represent three or more inde-
pendent experiments where n indicates the number of indepen-
dent experiments. Statistical comparisons were made by
Student’s t test or one-way analysis if not stated otherwise, and
p � 0.05 was considered to be significant.

Results

TGF-�1 Phosphorylates and Activates the mTOR Signaling
Cascade in Podocytes—Immortalized podocyte cell line
expressing the differentiation marker synaptopodin at 37 °C in
the absence of interferon � has been checked previously (31).
Under similar culture conditions, podocytes were treated with
TGF-�1 (5 ng/ml) in a time-dependent manner to check the
activation of mTOR signaling. Phosphorylation of mTOR at
Ser2448 was evident 5 min after TGF-�1 treatment and reached
its peak at 6 h. At the same time, p70S6K and 4EBP1, which are
the downstream targets of mTORC1, were phosphorylated at
Thr421/Ser424 and Thr37/46, respectively, reached a maximum
level at 6 h, and were reduced slightly at the 24-h time point. No
statistically significant changes in expression of t-mTOR and
t-p70S6K protein level were observed during this time interval.
Additionally, Akt, which is a well known upstream regulator of
the mTOR pathway, was also checked. Phosphorylation of Akt
(Thr308 and Ser473) was increased by TGF-�1, with a maximum
peak at 6 h (Fig. 1, A and B). The TGF-� receptor I (TGF-�RI)-

specific inhibitor SB431542 (10 �M) completely blocked the
activation of mTOR signaling. TGF-�1-mediated phosphoryla-
tions of mTOR, p70S6K, and 4EBP1 was prevented completely
in the presence of SB431542. Inhibition of p-Smad2 and
p-Smad3 by SB431542 was used as a positive control for TGF-�
signaling activation in this experiment (Fig. 1, C–E).

mTOR Regulates Nox4 Protein Synthesis in Podocytes—We
have described previously that TGF-�1-induced Nox4 is
responsible for TGF-�1-mediated podocyte apoptosis (31).
Different growth factors are known to regulate mTOR activity
to increase protein synthesis in a cell type-dependent manner.
Therefore, the role of mTOR on TGF-�1-mediated Nox4 pro-
tein synthesis was evaluated here in podocytes. To confirm the
role of mTOR in TGF-�1-mediated oxidative stress by Nox4,
mTOR was knocked down using siRNA (100 nM). Application
of simTOR significantly reduced the mTOR protein level, as
validated by Western blotting (Fig. 2A). Treatment with sim-
TOR suppressed TGF-�1-induced Nox4 protein up-regulation
and completely recovered TGF-�1-stimulated ROS generation
in podocytes (Fig. 2, B and C). The protein translation inhibitor
cycloheximide was applied to confirm the role of translational
regulation as one of the possible mechanisms for increased
Nox4 protein synthesis by TGF-�1 application. TGF-�1-medi-
ated Nox4 protein synthesis was abolished completely by cyclo-
heximide treatment (Fig. 2D). Using an adenoviral delivery sys-
tem, we further evaluated the effect of mTOR on Nox4 protein
expression through loss-of-function and gain-of-function
mutations in mTOR. Overexpression of mTOR constructs was
confirmed because t-mTOR expression was increased substan-

FIGURE 1. TGF-�1 activates mTOR signaling in podocytes. A, activation of mTOR was checked by TGF-�1 treatment in podocytes. Fully differentiated cells
were treated with 0.2% FBS for 24 h before treatment with 5 ng/ml TGF-�1 at different time points. p-mTOR (Ser2448), t-mTOR, p-p70S6K (Thr421/Ser424),
t-p70S6K, p-4EBP1 (Thr37/46), p-Akt (Thr308 and Ser473), and t-Akt and �-actin were detected by Western blot analysis. B, densitometry analysis of p-mTOR,
p-p70S6K, and p-4EBP1 from Fig. 1A (n � 3). C, inhibition of TGF-�1 and mTOR signaling using SB431542 (SB) was assessed. SB431542 (10 �M) was applied 1 h
before addition of TGF-�1, and protein was isolated after 6 h of TGF-�1 stimulation. Western blots for p-mTOR (Ser2448), t-mTOR, p-p70S6K (Thr421/Ser424),
t-p70S6K, p-4EBP1 (Thr37/46), p-Smad2, t-Smad2, p-Smad3, t-Smad3, and �-actin were performed. For Western blot analysis, 15 �g of protein was loaded for
each sample except �-actin (5 �g). Experiments were performed three times or more. D and E, quantitative analyses of p-mTOR and p-p70S6K from C. Values
are mean � S.E. *, p � 0.05; **, p � 0.01.
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tially and AU1 expression was clearly detected in all groups
except the control group (Fluc). p70S6K phosphorylation was
increased at the basal level as well as by TGF-�1 treatment in
podocytes expressing mTOR-WT and mTOR�, whereas
p-p70S6K was reduced in the mTOR-KD group in comparison
with the control (Fig. 2E). Overexpression of mTOR-WT
increased TGF-�1-stimulated Nox4 expression, ROS genera-
tion, and TUNEL-positive apoptotic nuclei compared with the
control vector. Expression of mTOR� further augmented the
Nox4 level, ROS generation, and podocyte apoptosis. However,

mTOR-KD completely abrogated the above changes under a
TGF-�1 stimulus (Fig. 2, F–H).

Activation of mTORC1 Mediates TGF-�1-induced Oxidative
Stress and Apoptosis in Podocytes—To deduce the involvement
of mTORC1 in TGF-�1-mediated oxidative stress by Nox4,
podocytes were treated with rapamycin, a well known pharma-
cological inhibitor for mTORC1. Low-dose (10 nM) rapamycin
treatment (1-h pretreatment) clearly reduced TGF-�1-induced
augmentation of the Nox4 protein level at 24 h (Fig. 3A). Inter-
estingly, when the Nox4 mRNA level was evaluated by real-time

FIGURE 2. mTOR regulates Nox4 expression and oxidative stress in podocytes. A, representative blot for t-mTOR and densitometry analysis showing the
effect of simTOR (100 nM)-mediated knockdown in podocytes (n � 3). B, Western blot for Nox4 in siControl- and simTOR-treated podocytes in the presence or
absence of TGF-�1 treatment for 24 h. C, t-mTOR was silenced using simTOR, and ROS generation was checked after 72 h of siRNA treatment (n � 3). D, the
protein level for Nox4 was detected after treatment with or without TGF-�1 and cycloheximide (2 and 10 �M, respectively) (n � 3). E, podocytes were infected
with adenovirus constructs (multiplicity of infection, 100) carrying Fluc, mTOR-WT, mTOR�, and mTOR-KD and treated with TGF-�1 for 6 h. Western blot
analysis was performed to check the expression of AU1, t-mTOR, and phospho- and total p70S6K. F, Western blot for Nox4 after adenoviral delivery of Fluc,
mTOR-WT, mTOR�, and mTOR-KD in podocytes treated with TGF-�1 for 24 h. G, ROS measurement using 2,7-dichlorofluorescein (DCF) after adenoviral
infection of Fluc, mTOR-WT, mTOR�, and mTOR-KD in podocytes treated with TGF-�1 for 24 h (n � 3). H, apoptosis was detected by TUNEL assay after TGF-�1
treatment in podocytes expressing Fluc, mTOR-WT, mTOR�, and mTOR-KD. All values are mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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PCR, no significant reduction of Nox4 mRNA was observed by
rapamycin pretreatment along with TGF-�1 stimulation
(Fig. 3B). In addition, 10 nM rapamycin treatment completely
prevented total Nox activity and ROS elevation by TGF-�1
treatment (Fig. 3, C and D). TGF-�1-mediated mitochon-
drial dysfunction was also recovered significantly by rapa-
mycin treatment (Fig. 3E). Podocyte apoptosis was evaluated
by expression of cleaved caspase-3 and TUNEL staining.
TGF-�1 significantly increased cleaved aspase-3 expression
and TUNEL-positive nuclei, which were inhibited by rapa-
mycin treatment (Fig. 3, F and G). To further confirm the
role of mTORC1, p70S6K was knocked down by siRNA (50
nM) treatment. sip70S6K significantly reduced the total
p70S6K protein level and protected TGF-�1-induced Nox4
expression, ROS generation, and apoptosis in podocytes
(Fig. 3, H–K).

Inhibition of ERK1/2 Phosphorylation Protects TGF-�1-in-
duced Nox4 Up-regulation and Apoptosis in Podocytes—We
also observed that TGF-�1 stimulation strongly phosphorylat-
ed ERK1/2 within 5 min and remained activated until 24 h, with

a maximum phosphorylation peak at 6 h (Fig. 4A). The TGF-
�RI kinase inhibitor SB431542 abrogated ERK1/2 phosphory-
lation (Fig. 4, B and C). We examined the effects of the ERK
inhibitors U0126 and PD184352 against TGF-�1-stimulated
Nox4 protein synthesis, ROS generation, loss of mitochondrial
membrane potential, and caspase-3 activation. Application of
U0126 (5 �M) and PD184352 (1 �M) completely abrogated
ERK1/2 phosphorylation (Fig. 4D). Both ERK inhibitors effi-
ciently prevented Nox4 protein up-regulation by TGF-�1 treat-
ment for 24 h (Fig. 4E). Similar to the effect of rapamycin, inhi-
bition of the ERK1/2 pathway by U0126 (5 and 10 �M) did not
reverse the mRNA level of Nox4 up-regulated by TGF-�1 (Fig.
4F). Preincubation with U0126 for 1 h completely blocked
TGF-�1-mediated total Nox activity (Fig. 4G). Application of
PD184352 significantly inhibited TGF-�1-mediated total reac-
tive oxygen species generation by podocytes (Fig. 4H). The pro-
tective effect of U0126 was also observed against the loss of
mitochondrial membrane potential mediated by TGF-�1 at the
24-h time point (Fig. 4I). Apoptosis marker caspase-3 activation
and increase of TUNEL-positive apoptotic nuclei by TGF-�1

FIGURE 3. Inhibition of mTORC1 protects podocytes from TGF-�1-induced oxidative stress and apoptosis. Total protein and RNA were extracted after
24 h of TGF-�1 treatment with or without rapamycin (10 nM) treatment. A, 30 �g of total lysate was loaded to detect Nox4 by Western blot analysis. B, the mRNA
level of Nox4 was detected by real-time PCR (n � 4). C, quantitative analysis of total Nox activity was performed with cultured podocytes after 24 h of TGF-�1
treatment (n � 3). RLU, relative light units. D, analysis of 2,7-dichlorofluorescein (DCF) intensity indicating the inhibitory effect of rapamycin on cellular ROS
generation after 24 h of TGF-�1 stimulation (n � 4). E, using the fluorescence dye 5,5�,6,6�-tetrachloro-1,19,3,39-tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1), the mitochondrial membrane potential was assessed (n � 5). F, 40�50 �g of protein was loaded to check the expression of cleaved caspase-3 after 48 h
of TGF-�1 and rapamycin treatment (n � 3). G, TUNEL assay indicating the protecting effect of rapamycin against TGF-�1-mediated podocyte cell death (n �
3). H, densitometry analysis showing the reduction in p70S6K protein level after siRNA-mediated knockdown of p70S6K (n � 3). I, Western blot analysis was
performed with si-p70S6K-treated podocytes, and the Nox4 level was assayed. J, ROS measurements in p70S6K-silenced podocytes with TGF-�1 treatment for
24 h. K, TUNEL assay indicating TGF-�1-stimulated podocyte apoptosis in the control and si-p70S6K-treated groups (n � 3). All values are mean � S.E. *, p �
0.05; **, p � 0.01; ***, p � 0.001.
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FIGURE 4. Inhibition of the ERK1/2 pathway prevents podocyte apoptosis by TGF-�1. Inhibition of ERK1/2 was carried out by 1-h pretreatment with U0126 (5 �M)
and PD184352 (1 �M), which prevented TGF-�1-induced podocyte apoptosis. A, time-dependent ERK1/2 phosphorylation was checked by Western blotting (n � 4).
B and C, TGF-�1-mediated ERK1/2 phosphorylation was blocked by 1-h pretreatment with the TGF-�RI inhibitor SB431542 (SB) (n � 3). D, the specificities of ERK
inhibitors were confirmed by Western blot analysis showing a marked reduction of p-ERK1/2 by U0126 and PD184352 treatment (n � 2). E, Western blot analysis for
Nox4 in the presence of U0126 and PD184352 under TGF-�1 treatment (n �3). F–I, real-time PCR data showing no reduction in TGF-�1-induced Nox4 mRNA by U0126
(5 and 10 �M) treatment (F, n � 4). Cells were stimulated with TFG-�1 for 24 h, and total Nox activity (G, n � 4), ROS generation (H, n � 4), and mitochondrial membrane
potential (I, n � 4) were assessed after ERK inhibition. RLU, relative light units; DCF, 2,7-dichlorofluorescein; JC-1, 5,5�,6,6�-tetrachloro-1,19,3,39-tetraethylbenzimida-
zolyl-carbocyanine iodide. J, Western blot analysis showing inhibition of cleaved caspase-3 activation by U0126 treatment (n � 3). K, podocyte apoptosis detected by
TUNEL assay in the presence and/or absence of TGF-�1 and PD184352. All values are mean � S.E. *, p � 0.05; **, p � 0.01.
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treatment were diminished by U0126 or PD184352 treatment,
respectively (Fig. 4, J and K).

ERK1/2 Regulates TGF-�1-induced mTOR Activation in a
TSC2-independent Manner in Podocytes—Previous literature
has shown that phosphorylation of ERK1/2 regulates mTOR
activation in different cell types (24, 37, 38). To elucidate the
role of ERK1/2 in mTOR activation by TGF-�1, ERK1/2 acti-
vation was inhibited by U0126 and PD184352, and 1 h of pre-
incubation with these inhibitors significantly reduced mTOR
and p70S6K phosphorylation by TGF-�1 (Fig. 5, A–C). Next we
wanted to identify the mechanism of mTOR phosphorylation
by ERK1/2. PMA-induced TSC2 phosphorylation at position
Ser664 via ERK has been described by Ma et al. (38). Stimulation
with TGF-�1 significantly phosphorylated TSC2 (Ser664) at 6 h,
and this phosphorylation was inhibited completely by U0126
and PD184352. As a positive control, HeLa cells were treated
with nocodazole (10 �M) for 1 h to stimulate phosphorylation of
TSC2 at Ser664 (Fig. 5D). Another potential target of mTOR
activation by TGF-�1 is protein kinase B or Akt. Akt (Thr308)
phosphorylation was clearly detected after 1 h of TGF-�1 treat-
ment, and the downstream target TSC2 was phosphorylated
simultaneously (Ser939 and Thr1462) by TGF-�1. These phos-
phorylations were clearly inhibited by the PI3K inhibitor wort-
mannin in a dose-dependent manner (Fig. 5E). However, wort-
mannin did not show any significant inhibition of p70S6K
phosphorylation mediated by TGF-�1 stimulation in podo-
cytes (Fig. 5F). To confirm the role of ERK1/2-p-TSC2 (Ser664)
in the activation of mTOR by TGF-�1, TSC2 was knocked
down by specific siRNA oligos (100 nM). The TSC2 protein level
was reduced significantly by siRNA-mediated TSC2 knock-
down. However, TGF-�1-induced phosphorylation of p70S6K
was not changed by silencing of TSC2 in podocytes. When
U0126 and rapamycin were added to siTSC2-treated groups,
phosphorylation of p70S6K by TGF-�1 was diminished com-

pletely. Moreover, insulin-induced phosphorylation of p70S6K
was also not inhibited by TSC2 knockdown in podocytes (Fig.
5G).

The Smad Pathway Stimulates TGF-�1-induced ERK1/2-
mTOR Activation in Podocytes—We have published previously
that Nox4 mRNA was transcriptionally up-regulated by Smad2
or Smad3 upon TGF-�1 addition. Here we observed that
mTOR activation facilitated translation of the Nox4 protein
level (Fig. 2B). Therefore, we were interested to verify the
possibility of ERK1/2 activation by Smad2 and Smad3.
siRNA-mediated combined knockdown of Smad2 and 3 (50 nM

each) completely inhibited phosphorylation of ERK1/2 and
p70S6K (Fig. 6, A–C). Similar events were observed when
Smad4 was knocked down. siSmad4 (50 nM) completely
reversed TGF-�1-induced ERK1/2, mTOR, and p70S6K phos-
phorylation (Fig. 6, D–F). Interestingly, none of the individual
knockdowns of Smad2 or Smad3 was effective to suppress
TGF-�1-stimulated ERK1/2 and p70S6K phosphorylation (Fig.
6, G–I).

Discussion

Here we report on TGF-�1-stimulated Nox4 up-regulation
through ERK1/2 and mTOR signaling, which accelerates oxi-
dative stress-induced mitochondrial dysfunction and apoptosis
in immortalized podocytes. Inhibition of either mTORC1 by
low-dose rapamycin and p70S6K siRNA treatment or of
ERK1/2 by U0126 and PD184352 protected podocytes from
activation of caspase-3 and apoptosis. Previously, we have
reported that TGF-�1 selectively up-regulates the transcription
of Nox4 mRNA by Smad2/3, resulting in an elevated mitochon-
drial Nox4 protein level, oxidative stress, mitochondrial dys-
function, and apoptosis in podocytes (31). This study identifies
a distinct molecular mechanism of translational regulation of
Nox4 protein that is considered another crucial step in TGF-�1

FIGURE 5. ERK1/2 phosphorylation mediates mTOR activation in a tuberin-independent manner. A and B, phosphorylation of mTOR and p70S6K was
checked by Western blot analysis after TGF-�1 treatment for 6 h. Pretreatment with U0126 and PD184352 reduced mTOR and p70S6K activation (n � 3). C,
densitometry analysis of B. D, Western blot analysis result showing that treatment of TGF-�1 for 6 h increased phosphorylation of TSC2 (Ser664), which was
blocked by U0126. The total cell lysate from HeLa cell treated with nocodazole (10 �M) for 1 h was loaded as a positive control (n � 4). E, Western blot analysis
for p-Akt (Ser308), p-TSC2 (Ser939 and Thr1462), and t-TSC2. Wortmannin (50 and 100 nM) inhibited TGF-�1-induced Akt and TSC2 phosphorylation. F, Western
blot analysis showing that 100 nM wortmannin blocked insulin-induced p70S6K phosphorylation but not TGF-�1-induced p70S6K phosphorylation (n � 3). G,
Western blot analysis showing that siTSC2 did not reverse TGF-�1- and insulin-induced p70S6K phosphorylation and that addition of U0126 and rapamycin
completely prevented TGF-�1-induced p-p70S6K in siTSC2-treated groups (n � 3). Values are mean � S.E. *, p � 0.05.
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signaling to augment oxidative stress in podocytes. Activation
of ERK1/2-mTORC1 signaling by TGF-�1 occurs in a Smad-
dependent pathway, leading to an increased Nox4 protein level.
We also show that mTOR activation is independent of ERK1/2
or Akt-targeted TSC2 phosphorylation. Taken together, we
suggest that TGF-�1-induced transcriptional regulation of
Nox4 mRNA by the Smad-dependent pathway converges with
translational regulation by the Smad-ERK1/2-mTORC1 path-
way, accounting for oxidative stress-induced apoptosis in cul-
tured podocytes.

Although the main function of mTORC1 is in growth con-
trol, recent findings suggest its overactivity in the progres-
sion of different glomerular diseases in human and animal
models. In contrast, inhibition of mTORC1 also leads to
pathogenic alterations such as podocyte apoptosis and pro-
teinuria (11). Several pieces of evidence suggest that TGF-�1
can stimulate mTORC1 and mTORC2 activation in a cell
type-dependent manner (39 – 42). We observed rapid mTOR
phosphorylation in podocytes after 5 min of TGF-�1 treat-
ment. Within the same time window, Smad2, Smad3 (31),
and mTOR signaling are activated when podocytes are chal-

lenged with exogenous TGF-�1 (Fig. 1A). This observation
led us to identify a possible cross-talk between Smad signal-
ing and mTOR activation in podocytes. Upon binding of
TGF-�1 to TGF-�RII on the extracellular surface, it trans-
mits a signal by phosphorylating TGF-�RI, which activates
either Smad-dependent or -independent signaling. TGF-�RI
kinase activity is a prerequisite for phosphorylation of
Smad2 and 3, which can be inhibited completely by
SB431542, a potent inhibitor of TGF-�RI. However, Smad-
independent activation of p38 MAPK in mesangial cells does
not rely on TGF-�RI kinase activity (43, 44). In our results,
phosphorylation of mTOR and p70S6K was inhibited com-
pletely by SB431542, implying that TGF-�RI kinase activity
is a mandatory to initiate mTORC1 (Fig. 1, C–E). It has been
observed previously that TGF-�1 stimulation induces apo-
ptosis in undifferentiated podocytes cultured at 33 °C (27).
We also observed strong phosphorylation of p70S6K by
TGF-�1 treatment to undifferentiated podocytes and inhi-
bition of caspase-3 activation by rapamycin, indicating con-
servation of the mTORC1-mediated apoptotic signal even in
undifferentiated podocytes (data not shown).

FIGURE 6. Smad regulates phosphorylation of ERK1/2 and mTOR activation in podocytes. A, podocytes were transfected with a mixture of siSmad2 (50 nM)
and siSmad3 (50 nM), and expression levels of p-ERK1/2, t-ERK1/2, p-p70S6K, t-p70S6K, t-Smad2, and t-Smad3 were checked by Western blot analysis after
TGF-�1 treatment for 6 h. �-actin was used as a loading control. B and C, densitometry analyses of p-ERK1/2 and p-p70S6K from A, respectively (n � 3). D, cells
were treated with 50 nM of siSmad4 and TGF-�1 for 6 h. Western blot analysis was performed for p-ERK1/2, t-ERK1/2, p-mTOR, t-mTOR, p-p70S6K, t-p70S6K,
Smad4, and �-actin. E and F, densitometry analyses of p-ERK1/2 and p-p70S6K from D, respectively (n � 3). G, Western blot analysis showing that
siRNA-mediated individual knockdown of Smad2 or Smad3 (100 nM each) did not recover TGF-�1-induced p-ERK1/2 and p-p70S6K phosphorylation (n � 3). H
and I, densitometry analyses of p-ERK1/2 and p-p70S6K from G, respectively. All values are mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant.
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The roles of Nox4 in the effacement and apoptosis of podo-
cytes have been studied in an experimental diabetic mice model
and in a puromycin aminonucleoside-induced rat model of
focal segmental glomerulosclerosis (32, 45– 47). We also have
reported, in a previous publication, that inhibition of Nox4 by
the pharmacological inhibitor diphenyleneiodonium or RNA
interference ameliorates TGF-�1-mediated oxidative stress,
mitochondrial dysfunction, and apoptosis in podocytes (31).
Here we observed that change in mTOR protein expression
modulates the Nox4 level in podocytes. Gain-of-function
(using mTOR-WT and mTOR�) and loss-of-function (using
mTOR� and simTOR) studies indicate that mTOR kinase
activity is crucial for Nox4 protein expression, determining the
ROS level and apoptosis (Fig. 2, B, C, and E–H). Additionally,
pharmacological inhibition of mTORC1 by rapamycin sup-
pressed TGF-�1-stimulated Nox4 protein up-regulation and
total Nox activity, dissipated ROS generation, and recovered
from loss of mitochondrial membrane potential, caspase-3 acti-
vation, and apoptosis (Fig. 3, A and C–G). Moreover, silencing
of p70S6K showed a reduction in Nox4 and ROS generation to
the level similar to rapamycin treatment, confirming the role of
mTORC1 in the regulation of Nox4 in podocytes (Fig. 3, H–K).
However, the up-regulated Nox4 mRNA level was not changed
at all when rapamycin was applied (Fig. 3B). This implies that
mTOR may up-regulate translation mechanism or increase
protein stability by inhibiting the proteasomal degradation of
Nox4 under TGF-�1 treatment in podocytes. To confirm this
finding, cycloheximide, a protein translation inhibitor, was
employed, and, indeed, pretreatment with cycloheximide
blocked up-regulation of Nox4 protein, confirming that mTOR
activation by TGF-�1 regulates the translation of the Nox4 pro-
tein level in podocytes (Fig. 2D).

Evidence shows that activation of the ERK MAPK pathway
induces pathogenic changes in podocytes. Gain-of-function
mutation in the transient receptor potential C6 (TRPC6) chan-
nel facilitates a Ca2� influx that activates ERK signaling (48). Yu
et al. (49) have shown that TGF-�1-induced Smad3-ERK1/2-
NF-�B activation and Fyn-dependent TRPC6 phosphorylation
lead to podocyte apoptosis. Interestingly, we observed that
TGF-�1 mediates biphasic phosphorylation of ERK1/2 in
podocytes (Fig. 4A). Rapid phosphorylation of ERK1/2 at 5 min
may be due to Smad-independent direct phosphorylation of
ShcA by TGF-�RI, which associates with Grb2 and Sos, leading
to Ras-Raf-MEK-ERK pathway activation (50). The later peak
at 6 h might result from a Smad-dependent increase in mRNA
transcription and translation of ERK1/2 (51). However, we did
not further investigate this mechanism in this study. We
observedthatNox4proteinup-regulationdependsonERKphos-
phorylation because U0126 and PD184352 completely inhib-
ited the increase in Nox4 protein level and total Nox activity in
podocytes (Fig. 4, E–G). Similar to rapamycin treatment, ERK
inhibition did not show any reduction in Nox4 mRNA level
increased by TGF-�1 (Fig. 4F), implying regulation of the Nox4
translation process by the ERK pathway. Moreover, ERK inhi-
bition also partially recovered loss of the mitochondrial mem-
brane potential, reduced ROS generation, and prevented
caspase-3 activation and apoptosis (Fig. 4, H–K). These results
clearly suggest that podocyte apoptosis is mediated via ERK1/2

activation and that a probable cross-talk exists between ERK
and mTOR signaling in podocytes.

We considered three possible intermediate pathways that
might regulate TGF-�1-induced mTOR activation. These are
the Akt, ERK, and Smad pathways, and they were explored to
find the potential upstream regulator of mTOR in podocytes.
Lamouille et al. (41) observed that translational regulation of
epithelial-mesenchymal transition genes is mediated by TGF-
�-induced mTOR activation through PI3K and Akt. Akt is con-
sidered a prosurvival pathway, and TGF-�1 is known to activate
Akt through CD2AP in podocytes (52). Similar to the observa-
tion by Abe et al. (53), we detected TSC2 phosphorylation at
Thr1462. In addition, p-TSC2 at Ser939 by TGF-�1 was also
detected (Fig. 5E). Phosphorylation of these two positions on
TSC2 by TGF-�1 indicates the possible involvement of Akt in
mTOR activation (15). Surprisingly, inhibition of PI3K-Akt
signaling using wortmannin did not significantly suppress
mTORC1 activation, as assessed by phosphorylation of p70S6K
(Fig. 5F). A similar result was obtained when Akt was blocked
directly by triciribine, an Akt inhibitor (data not shown). The
significance of in vitro phosphorylation of TSC2 at Ser939 and
Thr1462 by TGF-�1 was hardly conceivable to us until now.
However, these data clearly indicate that the PI3K-Akt pathway
is not involved in TGF-�1-mediated mTOR activation in podo-
cytes. The role of Akt in mTOR phosphorylation in vivo may
also be excluded by the observation that there is no increase
but, rather, a decrease in p-Akt in the isolated glomeruli from
db/db mice compared with db/� mice (54). Notably, TGF-�1
expression is increased in the kidney cortex of db/db mice (55).

There is evidence of Smad pathways regulating ERK1/2 and
mTOR signaling. Phosphorylation of Smad3 stimulates mTOR
activation to increase the synthesis of collagen in mesangial
cells (42). In another study, sustained activation of Smad3 by
TGF-�1 suppresses deptor expression to activate mTORC1
and mTORC2 in a similar cell type (39). In renal fibroblasts,
Smad3-Nox4-induced ROS generation phosphorylates ERK1/2,
leading to myofibroblastic transformation (56). In podocytes,
Smad3 phosphorylation has been reported previously to regu-
late ERK1/2 activation (49). However, their study has limita-
tions because no inhibitory evidence of Smad3 for ERK1/2 acti-
vation is presented. Combined silencing of Smad2 and 3 or only
Smad4 completely suppressed TGF-�1-stimulated ERK1/2,
mTOR, and p70S6K phosphorylation, indicating that Smad
activation is upstream of the ERK-mTOR cascade (Fig. 6,
A–F). Surprisingly, knockdown of either Smad2 or Smad3
did not prevent TGF-�1-induced ERK1/2 and p70S6K phos-
phorylation (Fig. 6, G–I). This observation shows the redun-
dancy of Smad2 and 3 in ERK1/2-mTOR activation and dif-
fers from the transcriptional regulation of Nox4 mRNA (31).
Therefore, Smad signaling simultaneously initiates two inde-
pendent pathways. One pathway regulates transcription in
the nucleus and increases the concentration of Nox4 mRNA,
whereas the other one activates translation machineries in
the cytoplasm to accelerate Nox4 protein synthesis in podo-
cytes. Our data also indicate that ERK1/2 activation by
TGF-�1 varies between podocytes and mesangial cells and,
therefore, should be considered carefully when developing
new therapeutic strategies.
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Activation of mTOR by ERK1/2 plays a critical role in cancer
progression, and it occurs through phosphorylation of TSC2 at
Ser664. Inactivation of TSC2 by ERK1/2-mediated phosphory-
lation accelerates mTOR activation (37, 38). ERK1/2 can also
phosphorylate raptor through phosphorylation of the p90 ribo-
somal S6 kinase and, thereby, phosphorylates mTOR (57).
Direct phosphorylation of raptor by ERK1/2 is also known to
activate mTOR by phosphorylation (58). We identified that
ERK1/2 is a potential upstream regulator of TGF-�1-induced
mTOR activation in podocytes because U0126 and PD184352
clearly inhibited mTOR and p70S6K phosphorylation (Fig. 5,
A–C). We also detected Ser664 phosphorylation on TSC2 after
TGF-�1 treatment, which was completely inhibited by U0126
(Fig. 5D). Surprisingly, siRNA-mediated knockdown of TSC2
did not suppress TGF-�1-stimulated p70S6K phosphorylation,
indicating that TSC2 phosphorylation does not play any role in
TGF-�1-ERK1/2-mediated mTOR activation (Fig. 5G). How-
ever, when the ERK1/2 inhibitor U0126 was applied to siTSC2-
treated groups, p-p70S6K disappeared completely. These
observations clearly point out that TSC2-independent activa-
tion of mTOR occurs through ERK1/2 in podocytes. Studies
have also shown that TSC2 is not a critical target of Akt during
Drosophila development (59) and that Akt can activate mTOR
by regulating ATP and AMP-activated protein kinase activity
(60). Therefore, the role of TSC2 phosphorylation by ERK1/2 in
mTOR activation is questionable in podocytes. The detailed
mechanism of mTOR activation remains to be elucidated, and
we are working in that direction at present. However, in this
manuscript, we clearly demonstrate the role of ERK1/2 in TGF-
�1-mediated mTOR activation, which occurs in a TSC2-inde-
pendent pathway in cultured podocytes. It should also be noted
that insulin-induced mTOR activation was not prevented by
TSC2 knockdown, suggesting the existence of some other sig-
naling routes transmitting a physiologic and pathophysiologic
response across the cell membrane. A report has shown that
insulin can bypass TSC2 phosphorylation in Akt-dependent
mTOR activation through PRAS40 (proline-rich Akt/PKB sub-
strate, 40 kDa) (61). A recent study has also shown that regula-
tion of TSC2 by TGF-�1 is cell type-specific. Reduction of
TSC2 in renal tubular cells mediates EMT and tubulointersti-
tial fibrosis by TGF-�1 (62). Therefore, although TSC2-medi-
ated mTOR activation has been documented as a mediator of
diabetic nephropathy (6, 32), TSC2-independented mTOR
activation may participate in diabetes and/or other different
types of nephritic diseases.

In summary, using a differentiated podocyte cell line, we
demonstrated the role of the ERK1/2-mTORC1 signaling axis
in TGF-�-induced podocyte apoptosis. Activation of Nox4 by
mTOR produces oxidative stress-induced mitochondrial dysfunc-
tion and apoptosis in podocytes. The TGF-�1-induced ERK1/2-
mTORC1 pathway accelerates the translation of Nox4 protein
without participating in the transcription of Nox4 mRNA, which is
primarily mediated by Smad2 and 3 (Fig. 7). Moreover, this mech-
anism of disease progression may not be restricted to Nox4 regu-
lation and may be applicable to other TGF-� target genes in podo-
cytes and other cell types. We also propose the beneficial effect of
rapamycin against proteinuric kidney diseases caused by elevated
TGF-�1. Moreover, the prosurvival effect of the ERK pathway

inhibitor could be another promising therapy against podocyte
depletion, especially PD184352, which may need more attention
because it is used frequently in cancer research and is already being
tested in clinical trials (63).
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FIGURE 7. The proposed mechanism of TGF-�1-stimulated podocyte apo-
ptosis. This schematic illustrates the mechanism of Nox4 up-regulation and
oxidative stress-induced apoptosis by TGF-�1 in podocytes. We have
reported previously that activation of the transcription factors Smad2 and
Smad3 increases the Nox4 mRNA level (dotted lines). Here we show that simul-
taneous Smad-dependent activation of the ERK1/2-mTORC1 axis augments
translation of the elevated Nox4 mRNA pool to elevate Nox4 protein to a
pathogenic level, resulting in oxidative stress and podocyte apoptosis (solid
lines). A detailed explanation of this figure is provided under “Discussion.” DPI,
diphenyleneiodonium; NAC, N-acetylcysteine.
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