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Reactive oxygen species (ROS) are an important endogenous source of DNA dam-

age and oxidative stress in all cell types. Deficiency in tuberin resulted in

increased oxidative DNA damage in renal cells. In this study, the role of tuberin

in the regulating of ROS and NADPH oxidases was investigated. Formation of

ROS and activity of NADPH oxidases were significantly higher in mouse embry-

onic fibroblasts and in primary culture of rat renal proximal tubular epithelial

tuberin-deficient cells compared to wild-type cells. In addition, expression of

NADPH oxidase (Nox)1, Nox2, and Nox4 (Nox isoforms) was higher in mouse

embryonic fibroblasts and renal proximal tubular epithelial tuberin-deficient cells

compared to wild-type cells. Furthermore, activity levels of NADPH oxidases and

protein expression of all Nox isoforms were higher in the renal cortex of rat defi-

cient in tuberin. However, treatment of tuberin-deficient cells with rapamycin

showed significant decrease in protein expression of all Nox. Significant increase

in protein kinase C bII expression was detected in tuberin-deficient cells, whereas

inhibition of protein kinase C bII by bisindolylmaleimide I resulted in decreased

protein expression of all Nox isoforms. In addition, treatment of mice deficient in

tuberin with rapamycin resulted in significant decrease in all Nox protein expres-

sion. Moreover, protein and mRNA expression of all Nox were highly expressed

in tumor kidney tissue of patients with tuberous sclerosis complex compared to

control kidney tissue of normal subjects. These data provide the first evidence

that tuberin plays a novel role in regulating ROS generation, NADPH oxidase

activity, and Nox expression that may potentially be involved in development of

kidney tumor in patients with tuberous sclerosis complex.

R eactive oxygen species (ROS) originate from different
sources, including the mitochondrial electron transport

chain, xanthine oxidase, myeloperoxidase, NADPH oxidases
(Nox enzymes), and lipoxygenase.(1–3) Organisms also possess
enzymatic systems that physiologically generate ROS. The cat-
alytic core of the phagocyte NADPH oxidase is the mem-
brane-integrated flavocytochrome b558, comprising the two
subunits p22phox and gp91phox, the latter of which contains a
complete electron-transferring apparatus (from NADPH to
molecular oxygen) with binding sites for heme, flavin adenine
dinucleotide (FAD), and NADPH.(4,5) NADPH oxidase
enzymes and lipoxygenase are responsible for the production
of ROS in response to hormones, growth factors, and
cytokines.(6–8) Among these oxygen metabolites are superoxide
anions (O2

�), hydrogen peroxide (H2O2), and hydroxyl radicals
(∙OH).(9) These species are not all equally reactive with their
prospective targets. Many of them have very short half-lives,
leading to little relevance in terms of signaling. The NADPH
oxidases of the Nox family have been shown to generate ROS
in certain cancer cells.(10) These oxidases are proposed to play
a role in a variety of events such as signaling for cell growth
or cell death, oxygen sensing, and inflammatory processes.(11)

Reactive oxygen species product has deleterious effects
on DNA, lipids, and proteins. Several studies have high-
lighted the importance of ROS as a second messenger in numer-
ous cellular processes, including cell proliferation, gene
expression, adhesion, differentiation, senescence, and apopto-
sis.(12,13) In addition, the superoxide-generating oxidase Mox1,
homologous to gp91phox, is highly expressed in colon and to a
lesser extent in prostate, uterus, and vascular smooth muscle.(14)

NADPH oxidase 4 was found to be highly expressed in kid-
ney,(15) suggesting the significant role of Nox in ROS genera-
tion. Protein kinase C (PKC) is also known to induce cellular
ROS and PKC-dependent activation of the reduced form of
NADPH oxidase has been shown to be responsible, in part, for
increased oxidative stress.(16)

Renal tumors found in patients with tuberous sclerosis com-
plex (TSC) are mainly benign angiomyolipoma and are rarely
renal cell carcinoma.(17) Tuberin encodes by tuberous sclerosis
complex 2 (TSC2) and its deficiency resulted in accumulation
of significant levels of oxidative DNA damage, in the form of
8-oxo-7,8-dihydro-20-deoxyguanosine, in kidney tumor of Eker
rat.(18) The precise mechanism by which tuberin regulates ROS
generation and Nox expression in renal cells is not known.
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These data showed a novel role of tuberin as a key molecule
in the regulation of ROS generation, superoxide-producing
NADPH oxidases, Nox isoforms in renal cells, in kidney from
rodents and in tumor kidney of TSC patients.

Materials and Methods

Cell culture. Mouse embryonic fibroblast (MEF) cells.
Tsc2�/�, Tsc2+/�, and Tsc2+/+ mouse embryonic fibroblast
(MEF) cells were generously provided by Dr. D. J. Kwiat-
kowski (Harvard Medical School, Boston, MA, USA). The
cells were tested and authenticated by Dr. Kwiatkowski’s labo-
ratory. Cells were grown in DMEM supplemented with 10%
FBS and serum-deprived overnight. All cell lines were grown
at 37°C in a humidified atmosphere of 5% CO2.
Renal primary proximal tubular epithelial cells. Fresh renal

primary proximal tubular epithelial (RPTE) cells were isolated
from kidney cortex of wild-type and Tsc2+/� rats at age of
4 months and cultured as previously described.(19) The cells
were tested and characterized for mutation in TSC2 by geno-
typing as previously described.(20)

Measurement of intracellular ROS production. The perox-
ide-sensitive fluorescent probe 20,70-dichlorodihydrofluorescein
diacetate (DCF-DA; Molecular Probes, Carlsbad, CA, USA)
was used to assess the generation of intracellular ROS as
described previously.(21) Cells were grown in 6-well plates and
serum-deprived overnight. Cells were washed with Hanks’ bal-
anced salt solution without phenol red and then incubated for
30 min in the dark at 37°C with the same solution containing

the peroxide-sensitive fluorophore DCF-DA (Molecular Probes)
at 5 lmol/L. The DCF-DA fluorescence was detected at excita-
tion and emission wavelengths of 488 and 520 nm, respectively,
as measured with a multiwall fluorescence plate reader (Wallac
1420 Victor2; PerkinElmer Life Sciences, Waltham, MA).
Nicotinamide adenine dinucleotide phosphate oxidase assay.

The NADPH oxidase activity was measured by the lucigenin-
enhanced chemiluminescence method using a microplate
reader counter as described previously.(22) Photon emission
expressed as relative light units (RLU) was measured every
30 s for 5 min in a luminometer. A buffer blank was sub-
tracted from each reading before calculation of the data.
Superoxide production was expressed as the rate of RLU/min/
mg protein. Protein concentration was determined with the
Bradford reagent(23) using BSA as a standard.
Treatment with mammalian target of rapamycin and PKC

inhibitor. The MEF cells were grown to 80–90% confluency
in 60-mm Petri dishes and serum-deprived overnight. Cells
were then treated with different concentrations of rapamycin
(0, 20, 40, 60, or 100 nM) or bisindolylmaleimide I (BMI;
PKC inhibitor) (0, 2.5, or 5 lM) for 24 h. Rapamycin and
BMI were purchased from Cayman Chemical (Ann Arbor, MI,
USA). Cells were lysed in a lysis buffer as described previ-
ously.(24) Cell lysates were used for Western blot analysis.
Protein extraction and immunoblot analysis. Protein concen-

tration of the cell lysates was determined with the Bradford
reagent(23) using BSA as a standard. Western blot analysis was
carried out as previously described.(25) Tuberin, p-p70S6K, and
p70S6K antibodies were purchased from Cell Signaling

Fig. 1. Tuberin deficiency increases reactive
oxygen species (ROS) formation and NADPH-
dependent oxidase activity in renal primary
proximal tubular epithelial (RPTE) cells isolated
from wild-type and TSC2+/� rats. (a) Intracellular
ROS production was measured using the
peroxide-sensitive fluorescent probe 20,70-
dichlorodihydrofluorescein diacetate (DCF-DA) in
RPTE cells. Deficiency in tuberin significantly
increased ROS formation in TSC2+/� cells compared
to wild-type cells. The data were quantitated, and
the results are expressed as the means � SE. (b)
NADPH oxidase activity measured by lucigenin-
enhanced chemiluminescence in RPTE cell
homogenates. Significant increases in NADPH
oxidase activity were detected in TSC2+/� cells
compared to wild-type cells. Production of NADPH
oxidase activity is expressed as relative light units
(RLU)/mg protein/min and normalized as a
percentage of the control. **P < 0.01, significant
difference from wild-type cells. (c) Deficiency in
tuberin results in upregulation of NADPH oxidase
(Nox) expression in primary culture of RPTE cells.
Cell lysates were prepared and protein extracts
were loaded onto 7% SDS–polyacrylamide gels and
transferred to a PVDF membrane. The membrane
was incubated with anti-tuberin or anti-Nox1, anti-
Nox2, anti-Nox4, anti-P-p70S6K, and anti-p70S6K
followed by specific HRP-conjugated secondary
antibodies. Actin was used as a loading control.
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Technology (Danvers, MA). GAPDH, PKCbII, and Nox4 anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Nox1 was purchased from EMD Millipore (Billerica,
MA, USA) and Nox2 from Abcam (Cambridge, MA, USA).
Mouse b-actin antibody was purchased from Oncogene Research
Products (La Jolla, California). Rapamycin was purchased from
Calbiochem (Billerica, MA, USA). Proteins were visualized by
ECL solution. Expression of each protein was quantified by den-
sitometry using NIH Image 1.62 software (Imagej.NIH.gov).
mRNA analysis by RT-PCR. RNA was extracted from kid-

ney tissue or MEF cells using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA). RNA was quantitated by spectrophotom-
etry at 260 nm, and its integrity tested by formaldehyde/agar-
ose gel electrophoresis. Primer sequences of Nox1, Nox2, and
Nox4 as well as GAPDH were used as described by Li
et al.(26) The amplification for each Nox and GADPH was car-
ried out using a Mastercycler Thermal Cycler (Eppendorf,
Hauppauge, NY) programmed for 25 cycles. The amplified
PCR products were separated on 2% agarose gels. The PCR
products were analyzed on ethidium bromide stained gel. The
yield was integrated for each sample on an image analyzer and
the ratio of each isoform of Nox to GAPDH then calculated.

Animals. Rats. Male wild-type (TSC2+/+) and Eker mutant
(TSC2+/�) rats were purchased from a breeding colony main-
tained in-house at the University of Texas M.D. Anderson
Cancer Center (Smithville, TX, USA). The animals were
allowed food and water ad libitum during the experiments.
Animals were killed at 4 months for nephrectomy. Kidneys
were quickly removed and snap frozen in liquid nitrogen for
biochemical analysis.
Mice. Two-month-old male TSC2-deficient (TSC2+/�) mice

were purchased from The Jackson Laboratory (Bar Harbor,
MN, USA). The animals were allowed food and water ad libi-
tum prior to and during the experiments. At age of 3 months,
mice were divided into two groups of four mice each. Group 1
mice (controls) were injected with an equal amount of DMSO.
Group 2 mice were injected i.p. with 2 mg/kg body weight
rapamycin in DMSO 5 days/week for 4 weeks. Injections were
carried out under isoflurane inhalation anesthesia (Abbott,
Abbott Park, IL, USA). Animals were euthanized and the kid-
neys were removed rapidly for dissection and biochemical
analysis. The Institutional Animal Care and Use Committee of
the University of Texas Health Science Center at San Antonio
(San Antonio, TX, USA) approved these animal studies.

Human tissues. Human kidney tissues from de-identified
cases from TSC patients with renal angiomyolipoma and unre-
lated healthy people were obtained from the Tissue Bank for
Development Disorders (University of Maryland, Baltimore,
MD, USA) and San Antonio Cancer Institute Core (San Anto-
nio, TX, USA). The study was approved by the Institutional
Review Board of The University of Texas Health Science Cen-
ter at San Antonio.

Statistics. Data are presented as mean � standard error. Sta-
tistical differences were determined using ANOVA followed by
Student Dunnett’s (Treatment. vs. Control) test using one trial
analysis. P-values <0.01 and 0.05 were considered statistically
significant.

Results

Tuberin regulates ROS, NADPH-dependent oxidase activity, and

Nox expression in RPTE cells. Production of ROS in primary
proximal tubular epithelial cells isolated from kidney of wild-
type and mutant Eker rats were evaluated. Intracellular ROS

production was measured using the peroxide-sensitive fluores-
cent probe DCF-DA. The data in Figure 1(a) show that defi-
ciency in tuberin resulted in more than 3-fold increase in ROS
formation in TSC2+/� cells compared to wild-type cells. In
addition, NADPH-dependent ROS generation measured by
lucigenin-enhanced chemiluminescence was significantly
increased in TSC2+/� cells compared to wild-type cells
(Fig. 1b). Moreover, cells expressing low levels of tuberin pro-
tein showed higher protein expression of Nox1, Nox2, and

Fig. 2. Deficiency in tuberin increases NADPH-dependent oxidase
generation in kidney cortex of TSC2+/� Eker rat. (a) NADPH-dependent
superoxide generation was measured in control and tuberous sclerosis
complex (TSC) kidney cortex. Values are the means � SE of three inde-
pendent experiments. *P < 0.01, significant difference from wild-type
rats. RLU, relative light units. (b) Deficiency in tuberin is associated
with increased NADPH oxidase (Nox)1, Nox2, and Nox4 expression in
kidney tissue of Eker rat. GAPDH were used as a loading control. (c)
Histograms represent means � SE. **P < 0.01, significant difference
from wild-type rats.
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Nox4 that associated with increase in mammalian target of
rapamycin (mTOR) activity (measured by protein expression
of P-p70S6K) compared to wild-type cells (Fig. 1c). These
data indicate that loss of one allele of TSC2 is sufficient to
regulate ROS generation and increase the downstream expres-
sion of Nox protein.

Tuberin deficiency resulted in increased NADPH oxidase activity

and Nox protein expression in kidney cortex of Eker rat. To
determine if tuberin deficiency in kidney of Eker rat is associ-
ated with upregulation of NADPH oxidase and Nox expres-
sion, kidney cortex homogenates from wild-type and normal
Eker rat were analyzed by Western blot. Tuberin deficiency is
associated with significant increase in NADPH oxidase activity
compared to kidney tissue from wild-type rats (Fig. 2a).
Tuberin expression in kidney from Eker rats is significantly
reduced compared to wild-type rats (Fig. 2b). In addition, kid-
ney tissues from Eker rats showed significant increase in
Nox1, Nox2, and Nox4 protein expression that associated with
increase in mTOR activity (measured by protein expression of
P-p70S6K) compared to kidney tissue from wild-type rats
(Fig. 2b,c). These data demonstrate that tuberin is an important
regulator of most of Nox isoforms.

Loss of tuberin increases ROS formation, NADPH-dependent

oxidase activity, and Nox expression in MEF cells. To determine
whether complete genetic deficiency of tuberin is similarly
associated with increase ROS generation and NADPH oxidase
activity, cell lysates of MEF expressing different copy numbers
of TSC2 (TSC2+/+, TSC2+/�, and TSC2�/�) were analyzed.
Loss of tuberin in null cells or deficiency of tuberin in
heterozygous cells was associated with significant increase in
intracellular ROS production compared to wild-type MEF cells
(Fig. 3a). In addition, loss of tuberin in MEF cells showed 6-
fold increase in NADPH oxidase activity, whereas deficiency
in tuberin showed approximately 2.5-fold increase compared to
wild-type cells, suggesting the important role of tuberin in reg-
ulating NADPH oxidase activity in cells (Fig. 3b). Moreover,
loss of tuberin in TSC2�/� cells resulted in significant increase

in Nox1, Nox2, and Nox4 protein (Fig. 3c) and mRNA expres-
sion (Fig. 3d) compared to wild-type cells. Furthermore,
TSC2+/� cells showed a significant increase only in Nox2 and
Nox4 protein and mRNA expression compared to wild-type
cells (Fig. 3c,d). These data suggest that tuberin is involved in
the regulation of most Nox isoforms and indicate the important
role of tuberin as a key molecule in protecting cells from accu-
mulation of ROS and Nox generation.

Introduced tuberin into tuberin-null cells decreases ROS gener-

ation, NADPH oxidase activity, and Nox expression. To confirm
the role of tuberin as a key molecule in regulation of oxidative
stress in cells, tuberin-null cells were infected with Ad-TSC2.
The MEF TSC2�/� cells were used to measure ROS generation
using the peroxide-sensitive fluorescent probe DCF-DA. Data
in Figure 4(a) show that introducing tuberin into null MEF
cells resulted in significant decrease in ROS generation, close
to the levels in wild-type cells. In addition, introducing tuberin
into null cells resulted in significant decrease in NADPH oxi-
dase to 50% less than in wild-type cells (Fig. 4b). Moreover,
introducing tuberin to null cells (confirmed by Western blot
analysis) resulted in decrease Nox2 and Nox4 protein expres-
sion to the levels expressed in wild-type cells (Fig. 4c). These
data confirm that tuberin is an upstream target of Nox.

Inhibition of mTOR decreases Nox expression in MEF cells. We
explored the role of mTOR in the regulation of Nox protein
expression in all three MEF cell types. To investigate whether
rapamycin can decrease Nox protein expression, MEF cells
were treated with rapamycin. A significant decrease in Nox1
protein expression was evident in wild-type and TSC2+/� cells
treated with 10–100 nM rapamycin (Fig. 4d–f), whereas slight
decrease in Nox1 was shown in TSC2�/� cells treated with
100 nM rapamycin compared to non-treated cells. In addition,
rapamycin treatment at higher concentrations 40–100 nM
showed a decrease in protein expression of Nox2 in all three
cells compared to non-treated cells (Fig. 4d–f). In contrast,
treatment with 100 nM rapamycin significantly decreased
Nox4 expression in wild-type cells, whereas 40 nM rapamycin

Fig. 3. Deficiency in tuberin increases reactive
oxygen species (ROS) formation and NADPH-
dependent oxidase activity in mouse embryonic
fibroblast (MEF) cells. (a) 20,70-Dichlorodi-
hydrofluorescein diacetate (DCF-DA) fluorescence in
MEF cells. Intracellular ROS production was
measured using the peroxide-sensitive fluorescent
probe DCF-DA. The data were quantitated and the
results are expressed as the means � SE. (b) NADPH-
dependent ROS generation measured by lucigenin-
enhanced chemiluminescence in MEF cell
homogenates. Production was expressed as relative
light units (RLU)/mg protein/min and normalized as a
percentage of the control. **P < 0.01, significant
difference from wild-type cells. (c, d) Deficiency in
tuberin results in upregulation of NADPH oxidase
(Nox) expression in MEF cells. Western blot analysis
(c) and RT-PCR analysis (d) showed that loss of
tuberin in TSC2�/� cells resulted in significant
increase in protein and mRNA of Nox1, Nox2, and
Nox4. TSC2+/� cells showed a significant increase in
protein and mRNA of Nox2 and Nox4 compared to
wild-type cells. GAPDH was used as loading control.
PCR products were analyzed on an ethidium
bromide stained gel.
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(a) (b) (c)

(d)

(g) (h)

(e) (f)

Fig. 4. Introduction of TSC2 cDNA into tuberin-deficient cells restored the wild-type pattern of reactive oxygen species (ROS), decreased NADPH
oxidase (Nox) activity, and abolished Nox isoform expression. Tuberin-null cells were grown on a 6-well plate and infected with an adenovirus
expressing tuberin (Ad-TSC2). An otherwise identical adenovirus expressing b-Gal (Adb-Gal) was used as a control. (a) Intracellular ROS produc-
tion was measured using the peroxide-sensitive fluorescent probe 20,70-dichlorodihydrofluorescein diacetate (DCF-DA) in wild-type and infected
null-tuberin cells with b-Gal or Ad-TSC2 (AD 6.01). The data were quantitated and the results are expressed as the means � SE. (b) NADPH-
dependent ROS generation measured by lucigenin-enhanced chemiluminescence in wild-type and infected null-tuberin cells with b-Gal or Ad-
TSC2 (AD 6.01) homogenates. Production is expressed as relative light units (RLU)/mg protein/min and normalized as a percentage of the control.
**P < 0.01, significant difference from wild-type cells. (c) Introduction of TSC2 cDNA into tuberin-deficient cells abolished Nox protein expression.
Cell lysates of wild-type and infected null-tuberin cells with b-Gal or Ad-TSC2 (AD 6.01) were prepared. Western blot was carried out and the
membrane was incubated with antibody specific for tuberin, Nox2, and Nox4, followed by HRP-conjugated secondary antibody. The proteins
were visualized with ECL. Actin expression served as a loading control. (d–f) Rapamycin blocks activation of mammalian target of rapamycin
(mTOR) activation to decrease expression of Nox subunits in mouse embryonic fibroblast (MEF) cells. MEF cells were treated with different con-
centrations of rapamycin (0–100 nM) for 24 h. MEF cell lysates of TSC2+/+, TSC2+/�, and TSC2�/� were prepared and protein extracts and analyzed
by Western blot. Data showed a slight decrease in Nox1 in TSC2+/� cells treated with 100 nM rapamycin. Rapamycin treatment at concentrations
40–100 nM showed a decrease in protein expression of Nox2. In addition, the higher concentration of rapamycin (40 nM) showed a significant
decrease in Nox4 in TSC2+/� and TSC2�/� cells. (g, h) Tuberin-deficient cells expressed higher protein kinase C (PKC) protein; treating the cells
with PKC inhibitor significantly decreased Nox protein expression. (g) Significant increase in PKCbII expression was detected in TSC2�/� and
TSC2+/� cells compared to TSC2+/+ cells by Western blot analysis. (h) TSC2�/� cells showed higher expression of all Nox isoforms were treated with
2.5 and 5.0 nm of bisindolylmaleimide I (BMI; PKC inhibitor) for 24 h before harvesting for Western blot analysis. Data showed significant
decrease in the protein expression of Nox1, Nox2, and Nox4 compared to non-treated cells, suggesting that PKC is an upstream target of Nox.
GAPDH was used as loading control.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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significantly decreased Nox4 expression in TSC2+/� and
TSC2�/� cells. Note that TSC2�/� cells showed higher levels
of mTOR activity compared to TSC2+/� cells and wild-type
cells, but the activity was completely blocked by rapamycin
treatment.

Tuberin deficiency increases PKC expression, while inhibition

of PKC decreases Nox expression in MEF cells. We explored the
mechanism by which PKC is involved in the regulation of
Nox in MEF cells. To investigate whether tuberin is associated
with decreased PKC expression and regulates Nox expression,
MEF wild-type (TSC2+/+), hetero (TSC2+/�), and null (TSC2�/

�) cell lysates were subjected to Western blot analysis. Both
TSC2+/� and TSC2�/� cells showed high expression of PKCbII
compared to its non-detectable expression in wild-type cells
(Fig. 4g). Cells were treated with different concentrations of
PKC inhibitor BMI (0, 2.5, and 5 lM) to test whether inhibi-
tion of PKC can decrease Nox expression in tuberin-null cells.
Cells treated with BMI showed significant decrease in Nox1,
Nox2, and Nox4 protein expression (Fig. 4h). These data sug-
gest that tuberin blocks the protein expression of PKC and
controls expression of all Nox isoforms.

Inhibition of mTOR decreases Nox expression in kidney of

tuberin-deficient mice. To confirm the in vitro data that rapa-
mycin blocks mTOR and downregulates Nox expression in
tuberin-deficient cells, TSC2+/� mice were treated with

rapamycin (2 mg/kg body weight), or with vehicle (DMSO)
for 4 weeks. Homogenates of kidney cortex were examined for
Nox1, Nox2, Nox4, and P-p70S6K activity protein expression
by Western blot analysis. Kidney tissues from mice treated
with rapamycin showed decrease in expression of all Nox pro-
teins in kidney compared to non-treated mice (Fig. 5). Inhibi-
tion of mTOR activity (measured by p70S6K phosphorylation)
by rapamycin is associated with decrease in expression of all
Nox proteins. Collectively, these data obtained in vitro and
in vivo strongly suggest that tuberin/mTOR is an upstream tar-
get of Nox.

Tuberin deficiency resulted in increased protein expression and

mRNA of Nox in kidney tumor of TSC patients. To determine the
relevance of our findings in different cell lines and two animal
models of TSC2+/� to humans, tissue homogenates of control
kidney and kidney tumors from patients with TSC were ana-
lyzed. Normal kidney tissues from control group showed
higher protein expression of tuberin compared to kidney
tumors from TSC patients. The decrease in tuberin expression
in kidney tumor was associated with significant increase in
Nox1, Nox2, and Nox4 protein expression (Fig. 6a,b) as well
as mRNA expression (Fig. 6c,d). In addition, decrease in
tuberin expression was associated with significant increase in
mTOR activity in tumor tissue compared to control tissue
(Fig. 6a,b). These data confirmed that tuberin is the key mole-
cule in regulating oxidative stress and Nox expression in renal
cells.

Discussion

This study identifies tuberin as a key molecule in regulating
ROS generation, NADPH oxidase activity, and Nox expres-
sion. Several approaches were used to conclusively show that
tuberin regulates ROS generation and Nox expression. First,
measurement of ROS levels, NADPH oxidase activity, and
Nox expression in primary culture of rat renal proximal tubular
epithelial cells showed that deficiency in tuberin resulted in
higher levels of ROS and NADPH oxidase activity as well as
higher Nox protein expression compared to wild-type cells.
Second, kidney cortex of Eker rats showed higher activity of
NADPH and Nox protein expression, associated with increased
mTOR activity, compared to kidney cortex from wild-type
rats. Third, MEF cells genetically deficient in tuberin showed
higher levels of ROS and NADPH oxidase activity, and
expressed higher protein and mRNA levels of all Nox iso-
forms, compared to wild-type cells. Fourth, upregulation of
tuberin by introduction of TSC2 cDNA into tuberin-deficient
cells resulted in significant decreases in ROS generation,
NADPH oxidase activity, and protein expression of Nox iso-
forms. Moreover, to investigate the mechanism by which the
tuberin/mTOR pathway regulates Nox expression, MEF cells
treated with rapamycin showed a significant decrease in Nox
protein expression, associated with decreased mTOR activity.
In addition, inhibition of PKC activity by BMI inhibitor
resulted in significant decrease in expression of all Nox, indi-
cating the role of tuberin in regulating PKC to decrease ROS
and Nox expression. Furthermore, rapamycin treatment of mice
deficient in tuberin resulted in significant decreases in protein
expression in all Nox isoforms. Lower levels of tuberin expres-
sion were associated with increases in protein and mRNA
expression in all Nox in tumor tissue from TSC patients com-
pared to control kidney tissue from healthy subjects. Taken
together, these data suggest the strong role of tuberin in regu-
lating oxidative stress and ROS generation in renal cells.

Fig. 5. Rapamycin blocks mammalian target of rapamycin (mTOR)
activation-decreased NADPH oxidase (Nox) subunit expression in kid-
ney tissue of TSC2+/� mice. (a) Western blot analysis was carried out
using kidney cortex homogenate of mice treated or not treated with
rapamycin (Rap). Mice treated with rapamycin showed a significant
decrease in phosphorylation of p70S6K at Thr389. Inactivation of mTOR
resulted in decrease the protein expression of Nox in rapamycin-trea-
ted mice. GAPDH was used as a loading control. (b) Histograms repre-
sent means � SE. **P < 0.01, significant difference from non-treated
mice.
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A major source of ROS is a family of NADPH oxidases that
includes Nox1, Nox2, and Nox4. Nox4 is highly expressed in
kidney compare to other Nox isoforms. Nox4 a major candi-
date for the origin of kidney.(27–30) Reactive oxygen species
are chemically reactive products that damage several biomole-
cules including DNA, protein, and lipids. The data of renal pri-
mary tubular cells showed that cells deficient in tuberin
accumulate excessive amounts of ROS and NADPH oxidase
activity compared to cells isolated from wild-type rats. In addi-
tion, tuberin-deficient cells clearly expressed higher protein
levels of Nox, Nox2, and Nox4, associated with increased
mTOR activity, compared to wild-type cells. These data sug-
gest that tuberin blocks generation of ROS through inhibiting
the activity of PKC and mTOR. Moreover, higher levels of
Nox protein and mRNA expression in tubular cells suggest its
function as an oxygen sensor for ROS production.
Acute tubular necrosis secondary to ischemic renal failure is

a serious clinical problem. Nox-generated ROS are implicated
in the pathogenesis of a variety of kidney-related diseases such
as renal hypertension, diabetic nephropathy, and atherosclero-
sis.(31) Our data of kidney cortex from tuberin-deficient rats
showed higher activity of NADPH oxidase and higher protein
expression of Nox1, Nox2, and Nox4 compared to kidney cor-
tex from wild-type rats. These data confirm the specificity of
tubular cells in expressing most Nox isoforms, as more than
80% of tubular cells are present in the cortex region of the
kidney. In addition, tubular cells are the cells of origin of renal

cell carcinoma and most other tumors in kidney. Therefore,
these data suggest that higher expression of Nox and excessive
levels of ROS may cause genetic mutations that are involved
in kidney tumorigenesis.
Reactive oxygen species are known to be important media-

tors of many pathophysiological processes in renal diseases,
probably by causing cell death through necrosis or apopto-
sis.(32) MEF cells that are genetically null in tuberin show sig-
nificant accumulation of ROS levels as well as higher activity
of NADPH oxidase activity compared to heterozygous cells
and wild-type cells. In addition, higher expression of protein
and mRNA of Nox1, Nox2, and Nox4 were detected in null-
tuberin cells compared to heterozygous cells and wild-type
cells, suggesting that tuberin strongly contributes to the regula-
tion of ROS, NADPH oxidase activity, and increased Nox
expression. These data were further confirmed when cDNA
carrying tuberin was introduced into null cells and showed sig-
nificant decrease in ROS generation, NADPH oxidase activity,
and protein expression of Nox isoforms, indicating the novel
role of tuberin as a key molecule in controlling ROS genera-
tion.
The serine–threonine kinase mTOR controls a variety of cel-

lular functions and is implicated in a variety of cancers.(33)

Tuberin-deficient cells as well as kidney cortex of TSC2+/�

mice express higher levels of mTOR activity, which was
completely abolished by treating the cells and mice with
rapamycin. Inhibition of mTOR activity by rapamycin in

Fig. 6. Tuberin deficiency increases expression of
NADPH oxidase (Nox) subunits in tumor tissue of
patients with tuberous sclerosis. (a) Western blot
analysis showed that tuberin deficiency increases
Nox1, Nox2, and Nox4 protein expression in tumor
tissues. Deficiency in tuberin is associated with
higher mammalian target of rapamycin (mTOR)
activity (measured by phosphorylation of p70S6K at
Thr389) in tumor tissue of patients compared to
control kidney samples. (c) RT-PCR was carried out
in RNA isolated from normal and tumor tissue
using specific human Nox PCR primers (Nox1, Nox2,
and Nox4) or GAPDH as loading control. PCR
products were analyzed on an ethidium bromide
stained gel. Tuberin deficiency increases mRNA
expression of Nox subunits in tumor tissues
compared to normal control tissues. (b, d)
Histograms represent means � SE (n = 4).
**P < 0.01, significant difference from normal
subjects. GAPDH was used as loading control. (e)
Proposed model of the regulation of reactive
oxygen species (ROS) and Nox by tuberin. Tuberin
blocks protein kinase C (PKC) and mTOR activities
to decrease ROS generation and Nox expression,
indicating that tuberin is the key molecule that
controls ROS generation and Nox expression in
renal cells. Inhibition of PKC by bisindolylmaleimide
I (BMI) and mTOR by rapamycin results in decreased
ROS generation and Nox expression.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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TSC2+/� mice resulted in downregulation of Nox1, Nox2, and
Nox4 protein expression. In addition, null-tuberin cells treated
with rapamycin showed significant decreases in protein expres-
sion of Nox2 and Nox4 but not in Nox1, suggesting an alterna-
tive mechanism of regulation of Nox1.
Protein kinase C isoforms are involved in a variety of cellu-

lar signaling pathways.(34) These proteins have been shown to
contain a unique structural feature that is susceptible to oxida-
tive modification. Previous studies showed that PKCbII is
required for TPA-induced ROS production in myeloid leuke-
mia cells.(35) Another study showed that PKCbII mediated
invasion that its plays, suggesting a major role in the promo-
tion of colon carcinogenesis.(36) In addition, a previous study
showed that mutations in TSC2 activates Rac1 and increases
ROS production.(37) Another study showed that TSC2 responds
to ROS at the peroxisome and identified that peroxisomes are
signal organelles involved in mTOR regulation.(38) Our
tuberin-null cells treated with PKC inhibitor showed significant
decreases in protein expression of Nox1, Nox2, and Nox4
compared to non-treated cells, suggesting the deficiency in
tuberin resulted in increased PKC activity and led to accumu-
lation of Nox protein. These data suggest that inhibition of
PKC activity in tuberin-deficient cells is an important step to
prevent accumulation of ROS and oxidative stress.
Several studies have shown increased cell proliferation is

due to the overproduction of ROS, whereas inhibition of
NADPH oxidases was associated with decreased proliferation
of cancer cells. Different organs with cancer show higher
levels of Nox expression, including Nox4 in melanoma, Nox5
in prostate cancer, and Nox1 in glioblastoma and colon
cancer.(39–45) Other studies also showed that protein and
mRNA of Nox1 are overexpressed beginning at the adenoma

(precancerous) stage,(46) consistent with our data in tumor tis-
sue of TSC patients. Overexpression of Nox1, Nox2, and
Nox4 protein and mRNA was correlated with deficiency in
tuberin expression and elevated mTOR activity in tumor tis-
sues. Although Nox overexpression seems to be a feature of
many cancer cells, altered expression of many genes is a fre-
quent feature of cancer.
In summary, these data comprise the first report of a novel

role of tuberin in regulating ROS generation and Nox expres-
sion. These data confirmed the important role of tuberin as a
key molecule in protecting cells from oxidative stress and from
accumulating ROS. In addition, the data showed a novel mech-
anism by which the tuberin/PKC/mTOR pathway regulates
ROS and Nox protein in several cell lines and animal models
as well as human kidney tumor from TSC patients (Fig. 6e).
These data shed light on the molecular mechanisms by which
tuberin regulates Nox-derived ROS in kidney tumorigenesis.
Further studies to investigate the link between Nox isoforms
and tumor cell phenotype is required to justify the considera-
tion of Nox enzymes as drug targets for certain cancer treat-
ments.
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