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RTP801 Is Elevated in Parkinson Brain Substantia Nigral
Neurons and Mediates Death in Cellular Models of
Parkinson’s Disease by a Mechanism Involving Mammalian
Target of Rapamycin Inactivation
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The molecules underlying neuron loss in Parkinson’s disease (PD) are essentially unknown, and current therapies focus on diminishing
symptoms rather than preventing neuron death. We identified RTP801 as a gene whose transcripts were highly induced in a cellular
model of PD in which death of neuronal catecholaminergic PC12 cells was triggered by the PD mimetic 6-OHDA. Here, we find that
RTP801 protein is also induced in this and additional cellular and animal PD models. To assess the relevance of these observations to PD,
we used immunohistochemistry to compare RTP801 expression in postmortem brains from PD and control patients. For all PD brains
examined, expression was highly elevated within neuromelanin-containing neurons of the substantia nigra but not in cerebellar neurons.
Evaluation of the potential role of RTP801 induction in our cellular model revealed that RTP801 overexpression is sufficient to promote
death but does not further elevate death caused by 6-OHDA. Furthermore, RTP801 induction is requisite for death in our cellular PD
models and in 6-OHDA-treated cultured sympathetic neurons in that its knockdown by short hairpin RNAs (shRNAs) is protective. The
mechanism by which 6-OHDA and RTP801 induce neuron death appears to involve repression of mammalian target of rapamycin
(mTOR) kinase activity, and such death is inhibited by shRNAs targeting TSC2 (tuberous sclerosis complex), a protein with which RTP801
interacts to block mTOR activation. Our findings thus suggest that the elevation of RTP801 we detect in PD substantia nigral neurons may
mediate their degeneration and death and that RTP801 and its signaling cascade may be novel potential therapeutic targets for the
disease.
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Introduction
Parkinson’s disease (PD) is characterized by progressive loss of
neuronal populations, including those of the substantia nigra
pars compacta (SNpc). The basis for such degeneration are pres-
ently unknown, and current therapies offer symptomatic treat-
ment rather than prevention of neuron death (Hughes et al.,
1993; Fahn, 1998). Identification of novel proteins involved in
the pathophysiology of PD thus provides potential targets for
therapeutic intervention.

Observations that PD-like syndromes and selective death of
substantia nigral neurons are triggered by rotenone (Gorell et al.,

1998; Sherer et al., 2003), 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Thoenen and Tranzer, 1968; Davis
et al., 1979), and 6-OHDA (Thoenen and Tranzer, 1968) support
their use to model PD in vivo and in vitro. Although these toxins
have limitations, their selective destruction of catecholaminergic
neurons and promotion of cellular stress by inhibition of mito-
chondrial complex I and impairment of electron transport
(which appear highly relevant to PD) (Blum et al., 2001; Dawson
and Dawson, 2003; Beal, 2004; Tretter et al., 2004) make them
valuable tools for studying PD-related neuron death mechanisms
(Dauer and Przedborski, 2003)

Neuron death in many instances, including PD models, re-
quires changes in gene expression. We previously used serial
analysis of gene expression (SAGE) to detect regulated genes in a
cellular PD model (Ryu et al., 2002, 2005). The intention was to
identify genes with previously unrecognized roles in promoting
neuron degeneration in PD. Neuronal [nerve growth factor
(NGF)-treated] PC12 cells were exposed to 6-OHDA for 8 h (a
time before overt signs of death and sufficient for transcriptional
responses), and their transcriptome was compared with that of
controls. Neuronal PC12 cells were used because these are cat-
echolaminergic, resemble sympathetic neurons (a population af-
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fected in PD), and have well characterized 6-OHDA responses
and transcriptomes (Walkinshaw and Waters, 1994; Blum et al.,
1997; Ryu et al., 2002, 2005)

Of �1200 significantly regulated transcripts detected, the
most induced (97-fold) encoded the recently described RTP801/
Redd1/dexamethasone induced gene 2 (Ellisen et al., 2002; Shos-
hani et al., 2002; Wang et al., 2003). RTP801 is upregulated by
stresses, including DNA damage, oxidative stress, hypoxia, and
energy depletion (Ellisen et al., 2002; Shoshani et al., 2002; Frolov
et al., 2003; Sofer et al., 2005). Among its actions, it may either
cause or prevent death, depending on cell type and conditions. Of
relevance, RTP801 overexpression protected non-neuronally dif-
ferentiated PC12 cells from death induced by hypoxia or H2O2,
whereas it caused death of neuronally differentiated PC12 cells
and increased their sensitivity to oxidative stress and ischemia
(Shoshani et al., 2002). How RTP801 triggers such different
context-dependent responses is unknown. Recent studies in
transformed cells indicate that RTP801 suppresses activation of
mammalian target of rapamycin (mTOR) kinase by the
G-protein Rheb and does so through interaction with the tuber-
ous sclerosis complex (TSC) (Brugarolas et al., 2004; Corradetti
et al., 2005).

Here, we explore the role of RTP801 in neuron death associ-
ated with PD. We find that RTP801 is elevated in substantia nigral
neurons of both MPTP-treated mice and PD patients, is essential
for death in cellular models of PD, and induces neuron death by
a mechanism involving repression of mTOR kinase activity.

Materials and Methods
Antibodies, plasmids, and materials. Anti-RTP801 antiserum and mono-
clonal anti-tyrosine hydroxylase (TH) were purchased from Chemicon
(Temecula, CA). Anti-Redd1/RTP801(N-20), anti-TSC2, and anti-
extracellular signal-regulated kinase 1 (ERK1) antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-V5 antibody was
from Invitrogen (Carlsbad, CA). Anti-phospho-Ser371 p70S6K1, anti-
phospho-mTOR (Ser2448) (49F9), rabbit monoclonal antibody (IHC
Specific), and anti-p70S6K1 were purchased from Cell Signaling Tech-
nology (Beverly, MA). Anti-horseradish peroxidase-, FITC-, or tetram-
ethylrhodamine isothiocyanate-conjugated secondary antibodies were
obtained from Pierce (Rockford, IL) and Jackson ImmunoResearch
(West Grove, PA). RTP801 constructs were generated by PCR cloning
(RTP801 forward, 5�-GAATTCGAACCATGCCTAGCCTTTGGGAT-
CG-3�; RTP801 reverse, 5�-GTCGACTCAACACTCTTCAATGAGCA-
3�) from a cDNA library derived from neuronal PC12 cells and ligated to
the phosphorylated camelpox virus strain (pCMS)– enhanced green flu-
orescent protein (eGFP) vector or the pcDNA3–V5 vector (Invitrogen).
All newly made constructs were verified by DNA sequencing. 6-OHDA
and MPTP-HCl were purchased from Sigma (St. Louis, MO), and
1-methyl-4-phenylpyridinium (MPP�) and rotenone were obtained
from Calbiochem (San Diego, CA).

Cell culture. PC12 cells were cultured and treated with NGF as de-
scribed previously (Greene and Tischler, 1976; Yan and Greene, 1998).
For NGF treatment, the cells were cultured in RPMI 1640 medium (Cell-
gro, Herndon, VA) supplemented with 1% horse serum, penicillin/strep-
tomycin, and 50 ng/ml recombinant human NGF (a kind gift from Ge-
nentech, South San Francisco, CA) for 8 –10 d. Medium was changed
every other day and immediately before treatments. 6-OHDA, MPP�,
and rotenone were prepared before use in 10 mM stocks and diluted in
medium to the indicated final concentrations. NGF withdrawal was per-
formed as described previously (Rukenstein et al., 1991). Neonatal rat
superior cervical ganglion (SCG) sympathetic neurons were cultured as
described previously (Troy et al., 2000; Ryu et al., 2002). Treatments with
6-OHDA and NGF withdrawal were performed at day 7 in vitro, and cell
viability was assessed 24 and 48 h later, respectively. Values represent the
mean � SEM of at least three different experiments.

Survival assay. Neuronal PC12 cells cultured in 24-well plates were

treated as described with 6-OHDA, MPP�, rotenone, or H2O2 or sub-
jected to NGF deprivation at days 7–9. At 24 h later, cells were lysed and
viable nuclei were counted under the microscope in a Neubauer chamber
as described previously (Rukenstein et al., 1991). Cell survival was ex-
pressed as the percentage of viable cells compared with sister control
cultures. For transfection experiments, strips or whole wells were evalu-
ated for numbers of surviving transfected cells as described previously
(Xu et al., 2001; Biswas et al., 2005). Values represent the mean � SEM of
at least three different experiments, using at least three wells per condi-
tion in each independent experiment.

Reverse transcription-PCR. Each sample of total RNA was isolated us-
ing Tri reagent (Molecular Research Center, Cincinnati, OH) from one
well of six-well plates of neuronal PC12 cells treated or not with 6-OHDA
for different periods of time. Specific primers used for PCR analyses were
as follows: RTP801 reverse primer, 5�-GAATTCGAACCATGCCTAGC-
CTTTGGGATCG-3�; RTP801 forward primer, 5�-GTCGACTCAA-
CACTCTTCAATGAGCA-3�; �-tubulin forward primer, 5�-ATGAG-
GCCATCTATGACATC-3�; and �-tubulin reverse primer, 5�-
TCCACAAACTGGATGGTAC-3�. PCR conditions used were 95°C (for
30 s), 50°C (for 1 min), and 72°C (for 45 s) for 35 cycles in PCR buffer
(Ryu et al., 2002) containing a final concentration of 16.6 mM ammo-
nium sulfate, 67 mM Tris, pH 8.8, 6.7 mM magnesium chloride, 0.6 mM

dNTP, 10 mM �-mercaptoethanol plus 6% DMSO, 0.1 �M forward and
reverse primers, and 2.5 U of platinum TaqDNA polymerase (Invitro-
gen). The amount of cDNA template used for each PCR analysis was
adjusted to have the same levels of �-tubulin products among all sam-
ples. PCR products were resolved on an agarose gel and photographed.

Short hairpin RNA production. Three different RTP801 short hairpin
RNA (shRNA) and two different TSC2 shRNA were prepared in pSIREN
vector by using BD KnockOut RNAi systems according to the instruc-
tions of the manufacturer (BD Biosciences, San Jose, CA) based on the
following sequences: for RTP801, A, 5�-AAG ACT CCT CAT ACC TGG
ATG-3�, targeting mouse and rat RTP801 sequence; B, 5�-AAC CTG
ATG CAG CTG CTG CAG-3�, targeting human, mouse, and rat RTP801
sequence; C, 5�-AAG AGC TGC CAT AGT GTG GCT-3�, targeting
mouse and rat RTP801 sequence; for TSC2, A, 5�-AAC ATG TGC CGT
ATC ATG GAG-3�; B, 5�-AAG ACG GCA GTC CTC GGG CTC-3�. As
indicated by BLAST (basic local alignment search tool) searches, none of
these sequences showed significant homology with other rat sequences.
Because of their low transfection efficiency and high background staining
observed with anti-RTP801, we were unable to directly assess the efficacy
of our shRNA in neuronal PC12 cells. The efficacy of the action of the
RTP801 shRNAs was therefore assessed by cotransfecting HEK293 cells
with pSIREN shRTP801 and pcDNA3.1/V5-His RTP801. Sister cultures
were cotransfected with pSIREN shLuciferase and pcDNA3.1/V5-His
RTP801 as a control. After 48 h, cell extracts were collected and analyzed
by Western blot with anti-V5 mouse monoclonal antibody (Invitrogen).
The efficacy of TSC2 shRNA was tested by immunocytochemistry with
an antibody against TSC2 in transfected neuronal PC12 cells with pSI-
REN shLuciferase or pSIREN shTSC2.

Transfection. Neuronal PC12 cells and rat sympathetic neurons were
transfected with Lipofectamine 2000 (Invitrogen) according to the in-
structions of the manufacturer. At 48 h after transfection, cells were
treated with 6-OHDA, MPP�, rotenone, H2O2, or tunicamycin or were
deprived of NGF. At 24 or 48 h after the treatments, viable transfected (as
judged by expression of fluorophore) neuronal PC12 or sympathetic
neurons were scored by strip counting or whole-well counting, respec-
tively, under an epifluorescence microscope (Xu et al., 2001).

Western blot analysis. Whole-cell extracts were collected in lysis buffer
(Cell Signaling Technology), sonicated, and centrifuged at 14,000 � g.
Protein concentration was determined with Bradford reagent (Bio-Rad,
Hercules, CA), and 35 �g of protein of each condition was resolved on
NuPAGE precast 4 –12% Bis-Tris gradient gels (Invitrogen). Protein was
transferred to a nitrocellulose membrane and probed with anti-RTP801
chicken antibody at 1:1000 or anti-ERK at 1:5000. Goat anti-rabbit or
goat anti-chicken horseradish peroxidase-conjugated secondary anti-
bodies were incubated 1 h at room temperature, signal was detected with
Supersignal West dura extended duration substrate (Pierce), and
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membranes were exposed to BioMax MR film (Eastman Kodak, Roches-
ter, NY).

Animals and treatment. Ten-week-old wild-type male C57BL mice
(Charles River Laboratories, Wilmington, MA) received four injections
of 20 mg/kg MPTP (free base) intraperitoneally in 1 d, at 2 h intervals (20
mg/kg free base; Sigma), and were killed at 24 h after. Control mice
received saline injections only (n � 2 mice per treatment).

Immunohistochemistry in mouse sections. Sections of 20 �m from
saline-injected (n � 2) or MPTP-injected (n � 2) mice were blocked with
10% FBS, 1% BSA, and 0.3% Triton X-100 in PBS for 30 min. Primary
antibodies anti-tyrosine hydroxylase (Chemicon) and anti-RTP801
(Santa Cruz Biotechnology) were incubated overnight in the blocking
buffer. Sections were then washed in PBS and incubated with secondary
antibodies for 2 h at room temperature. Sections were washed in PBS and
mounted with mounting media on slides for their observation under
fluorescence microscopy.

Immunohistochemistry in human sections. Sections of PD and non-PD
substantia nigra and cerebellum were obtained from the New York Brain
Bank at Columbia University with the aid of Drs. Jean-Paul Vonsattel,
Serge Przedborski, and Miquel Vila. Paraffin-embedded sections were
heated for 1 h at 65°C and dewaxed in xylene. Rehydration was per-
formed by incubating the slides in an ethanol series (100, 75, and 50%).
Sections were incubated in 1% H2O2 at room temperature for 30 min to
block nonspecific peroxidase activity, and then antigen was retrieved in
10 mM citrate buffer, pH 6.0, in a microwave oven at 98°C for 10 min.
Sections were then washed with TBS– 0.5% Triton X-100 (TBST),
blocked first with avidin/biotin solution (Vector Laboratories, Burlin-
game, CA), and subsequently blocked in 0.1% BSA–TBST for 1 h at room
temperature. They were then incubated with chicken anti-RTP801 pri-
mary antiserum overnight at 4°C and with biotinylated secondary anti-
body for 1 h at 37°C. Sections were next incubated in ready-to-use ABC
complex solution (Vector Laboratories) at room temperature for 30 min,
and then SG substrate (Vector Laboratories) was added. Sections were
washed, mounted with mounting media, and observed under the
microscope.

Immunocytochemistry. Cells were fixed in 4% formaldehyde in PBS for
20 min at room temperature. After washing with PBS, cells were incu-
bated with the blocking solution (5% goat serum in PBS) for 1 h at room
temperature and then incubated overnight with the primary antibody,
diluted also in 5% goat serum in PBS. Cells were washed three times in
PBS and incubated for 1 h with a secondary antibody. After washing in
PBS, cells were stained with Hoechst 33342 and mounted with mounting
medium (Vector Laboratories). For the experiment scoring phospho-
mTOR-positive cells in ectopically expressed RTP801 conditions, cells
were fixed for immunostaining 24 h after transfection.

Statistics. All experiments were performed at least in triplicate, and
results are reported as means � SEM. Student’s t test was performed as
unpaired, two-tailed sets of arrays and presented as p values.

Results
6-OHDA induces both RTP801 gene transcription and
protein expression
Previous SAGE results showed that the most highly upregulated
transcript in 6-OHDA-treated neuronal PC12 cells is RTP801.
This induction was also detected by Northern blotting (Ryu et al.,
2005). We therefore first determined whether this response could
be confirmed by an alternative approach and whether it was also
reflected at the level of protein expression. Neuronal PC12 cells
were exposed to a concentration of 6-OHDA that induced �40 –
50% cell death by 24 h (Fig. 1A) and were analyzed for RTP801
mRNA and protein by reverse transcription (RT)-PCR and West-
ern immunoblotting, respectively. RTP801 transcripts were de-
tectably upregulated by 8 h of 6-OHDA exposure and were
strongly induced by 24 h (Fig. 1B). Similarly, RTP801 protein
levels were induced by 8 h of 6-OHDA exposure (Fig. 1C).

We next determined whether RTP801 was upregulated in two
additional cellular models of PD. Neuronal PC12 cells were

treated with MPP� or rotenone, neurotoxins that selectively de-
stroy dopaminergic neurons in vitro and in vivo, in part by im-
pairing the mitochondrial electron transport chain. Western im-
munoblotting revealed that RTP801 protein was induced under
conditions in which each toxin causes �50% cell death by 24 h
(Fig. 1D,E). Together, these results indicate that RTP801 is up-
regulated at both the transcriptional and protein expression lev-
els in neuronal cells in multiple cellular models of PD.

The induction of RTP801 in cellular PD models led us to next
examine whether this protein is upregulated in additional para-
digms of neuronal apoptosis. Neuronal PC12 cells were subjected
to 100 �M H2O2 (an inducer of oxidative stress), 40 �M campto-
thecin (a DNA damaging agent), 10 �M tunicamycin (an inducer
of endoplasmic reticulum stress and the unfolded protein re-
sponse, both of which occur in response to 6-OHDA) (Ryu et al.,
2002), or NGF deprivation. Under the conditions of our experi-
ments, 40 – 80% of the cells died by 24 h (Fig. 2B). At 16 h, only
the peroxide treatment induced RTP801 to the same level as
6-OHDA, with a lesser effect noted with camptothecin. The per-
oxide finding is consistent with previous studies in which this
agent induced RTP801 in human neuroblastoma cells (Kim et al.,
2003). There was no induction with NGF deprivation or tunica-
mycin treatment (Fig. 2A). Of relevance, like peroxide and camp-
tothecin, the PD mimetic toxins also promote oxidative stress
and DNA damage.

RTP801 is induced in the mouse MPTP PD model
Because of the induction of RTP801 in cellular models of PD, we
determined whether RTP801 was also induced in an animal
model of PD, namely the mouse MPTP model. Animals were
subjected to intraperitoneal injection of MPTP or saline control
and killed 24 h later, a time when cell death has begun (Jackson-
Lewis et al., 1995). Coronal sections of brains from both treat-

Figure 1. Induction of RTP801 in cellular models of PD. A, Quantitation of neuronal PC12 cell
survival after exposure to 100 �M 6-OHDA for 24 h. **p � 0.001 compared with control. B,
Induction of RTP801 transcripts in response to 6-OHDA. Total RNA was extracted from neuronal
PC12 cells treated with 100 �M 6-OHDA for different periods of time as indicated and used for
RT-PCR with specific primers for RTP801 and �-tubulin. PCR products were resolved on a 5%
agarose gel and stained with ethidium bromide. C, Western immunoblot analysis of RTP801
expression at different time points after treating neuronal PC12 cells with 100 �M 6-OHDA. The
membrane was reprobed with anti-ERK1 antibody (bottom) as a loading control. D, Quantita-
tion of neuronal PC12 cell survival after 200 �M MPP� and 1 �M rotenone exposure for 24 h.
**p � 0.001 compared with control. E, Western immunoblot analysis of RTP801 expression at
different time points after treatment of neuronal PC12 cells with 200 �M MPP� or 1 �M

rotenone for 8 or 24 h (top). The bottom shows the same blot probed for ERK1 as a loading
control. Ctrl, Control.
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ments were coimmunostained for TH (a marker for cat-
echolaminergic neurons) and RTP801. Sections of the SN of
MPTP-treated animals showed an intense staining for RTP801,
whereas those from control animals showed a much lower basal
level of signal (Fig. 3). Many of the cells with high staining for
RTP801 in MPTP-treated animals were also positive for TH, al-
though nearby cells in the same section were also observed that
were positive for RTP801 but TH negative. The latter most likely
reflect the previously reported (Jackson-Lewis et al., 1995) rapid
loss of TH from SN neurons in MPTP-treated animals. There was
no evident MPTP-promoted change in RTP801 immunostaining
in areas outside of the substantia nigra such as the cerebral cortex.

The efficacy of the RTP801 antiserum (Santa Cruz Biotech-
nology) was verified in mouse CAD cells, transfected with a con-
trol or two different shRNAs targeting endogenous mouse
RTP801 (shRTP801A and shRTP801C). In both cases, the
RTP801-targeted shRNAs substantially decreased expression of
the endogenous RTP801 band as detected by Western immuno-
blotting (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). In addition, immunostaining was absent
in the mouse sections when the primary antiserum was omitted,
and staining with single antisera confirmed the absence of bleed-
over between channels.

RTP801 is highly expressed in human Parkinson’s disease
substantia nigra neurons
Because of the induction of RTP801 in both cellular and animal
models of PD, we also examined the expression of this protein in
sections of human substantia nigra derived from four control and
four postmortem PD brains. A major feature of PD is specific
degeneration and loss of dopaminergic neuromelanin-positive
neurons in the SNpc (Hughes et al., 1993). Because neuromela-
nin is visible under bright-field microscopy because of its brown
color, we could readily identify this neuronal type without the
need for other specific markers. Immunohistochemical staining
with antiserum generated against human RTP801 (Chemicon)
revealed little or no detectable specific expression of RTP801 in
neuromelanin-positive neurons in the SN of sections derived
from control brains (Fig. 4A). In contrast, in sections of SN from
all four PD brains, we observed that neuromelanin-positive neu-
rons were specifically and strongly stained for RTP801 (Fig. 4B,
blue stain) (data not shown). We did not detect RTP801-positive
staining in neuromelanin-negative cells that appeared to lie out-
side the SN in the same sections from control and PD brains (data
not shown). To further assess the specificity of RTP801 expres-
sion, we also immunostained sections of cerebellum from the
same control and PD patients. This area of the brain does not
appear to be affected in PD. No staining was observed in either
PD or control cases (Fig. 4, cerebellum). In addition, no staining
was observed in sections of SN from PD patients when the anti-
serum was preabsorbed with RTP801 fusion protein (Fig. 4, PD:
protein absorption). Moreover, recognition of endogenous
RTP801 by the same antiserum in HEK293 cells was markedly
decreased by an shRNA (shRTP-B) that targets human (as well as
mouse and rat) RTP801 but not by one targeting only mouse and
rat RTP801 (shRTP-C) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) These results indicate
that there is an increase of RTP801 expression that is a specific
feature of neuromelanin-positive neurons in cases of PD.

RTP801 overexpression induces neuronal PC12 cell death
To elucidate the potential role of RTP801 in PD, we first moni-
tored the effect of forced RTP801 expression on survival of neu-
ronal PC12 cells. For this purpose, cultures were transiently
transfected with pCMS– eGFP vector as a control or with pCMS–
RTP801 eGFP, and 24 and 48 h later the numbers of surviving
transfected [eGFP-positive (eGFP�)] cells were assessed (Fig. 5).
Consistent with a previous report (Shoshani et al., 2002), we
observed that overexpression of RTP801 led to a loss of 50% of
transfected cells after 24 h and that this percentage did not in-
crease by 48 h. It was reported previously that RTP801 overex-
pression sensitizes neuronal cells to die in situations such as isch-
emic injury or oxidative stress (Shoshani et al., 2002). However,
when we exposed RTP801 overexpressing cells to 100 �M

6-OHDA, no additional cell death was observed, even after 48 h.

Figure 2. Regulation and role of RTP801 in various cell death models. A, RTP801 Western
immunoblot analysis of neuron-like PC12 cell treated for 16 h with 100 �M 6-OHDA, 40 �M

camptothecin (Camp), 10 �M tunicamycin (Tunic), or 100 �M H2O2 or deprived of NGF (NGFd).
The bottom shows an ERK1 loading control. Similar results were achieved in three independent
experiments. Ctrl, Control. B, Effect of RTP801 knockdown in various cell death paradigms.
Neuronal PC12 cells were transfected with a specific shRNA for RTP801 (pSIREN–shRTP801A)
and, in parallel as a control, with a shRNA against firefly luciferase. Two days later, cultures were
then exposed to 40 �M camptothecin, 10 �M tunicamycin, or 100 �M H2O2 or to NGF depriva-
tion. Cell survival was assessed by counting surviving transfected cells under fluorescence mi-
croscopy after an additional 24 h. Results are expressed as mean � SEM of at least three
independent experiments with triplicates in each condition. *p � 0.03, significantly different
from shLuciferase-transfected cells. nt, Not treated.
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These results indicate that overexpression
of RTP801 promotes death of otherwise
unstressed neuronal cells but does not en-
hance death of 6-OHDA-treated cells in
which endogenous RTP801 is already
induced.

RTP801 upregulation mediates cell
death in cellular models of PD
To further study the role of RTP801 up-
regulation in cellular models of PD, we
used shRNA [short hairpin RTP801A]
designed to knock down expression of
mouse and rat RTP801. Western im-
munoblots prepared from extracts of
HEK293 cells cotransfected with
pcDNA3.1/V5-His rRTP801 and either
pSIREN–shRTP801A or, as a control,
pSIREN–shLuciferase confirmed the effi-
cacy of the shRNA in knocking down
rRTP801 expression (Fig. 6A). Next, neu-
ronal PC12 cells were transiently trans-
fected with pSIREN–shLuciferase or
pSIREN–shRTP801A, and, 48 h later, the
cultures were exposed to 6-OHDA,
MPP�, or rotenone for an additional 1 or
2 d. Counts of surviving transfected
(DsRed�) cells revealed clear cellular pro-
tection by the RTP801 shRNA in all three
models at 24 h (Fig. 6 B) and in the
6-OHDA and MPP� models at 48 h (Fig.
6C) of treatment. In contrast to cells trans-
fected with the control shRNA, which
were often degenerated and lacking neu-
rites after exposure to 6-OHDA, those ex-
pressing shRTP801A generally appeared
to be healthy and to possess neurites (Fig.
7). To verify the specificity of the shRNA,
we prepared two additional shRTP801
constructs (B, C) targeted against inde-
pendent regions of the transcript (see Ma-
terials and Methods). These were equally
effective as shRTP801A in reducing
RTP801 expression and in protecting cells
from 6-OHDA (Fig. 6A) (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material).

We also compared the effect of
shRTP801A on survival of cells subjected
to 6-OHDA, camptothecin, tunicamycin,
or H2O2 exposure or to NGF deprivation.
Significant protection was observed only
in the cases of 6-OHDA and H2O2 treat-
ment (Fig. 2B). Similar results were
achieved with shRTP801B (data not
shown). Thus, RTP801 does not appear to
be involved in all paradigms of neuronal
death.

To extend our findings with neuronal
PC12 cells to primary neurons, cultures of
rat superior cervical ganglion sympathetic
neurons were transfected with pSIREN–
shRTP801A or pSIREN-shLuciferase and

Figure 4. RTP801 expression is elevated in human PD substantia nigral neurons. A, B, Sections of postmortem human SN from
control (A.1, A.2) and PD (B.1, B.2) brains were immunostained (blue) for RTP801. Note the presence of neuromelanin granules
(brown) in the somas of dopaminergic neurons. A.3 and B.3 show enlargement of areas depicted in the boxes of A.1 and B.1,
respectively. PD: protein absorption, Substantia nigral sections from the same case as shown in B were stained with RTP801
antiserum preabsorbed with the RTP801 fusion protein used to generate the antiserum. CT: cerebellum, PD: cerebellum, Sections
of cerebellum from the same control and PD brains, respectively, were immunostained under the same conditions with
anti-RTP801.

Figure 3. RTP801 expression is induced in the mouse MPTP model of PD. Sections containing the substantia nigra of mice 24 h
after treatment with either saline (as controls) or MPTP were immunostained for tyrosine hydroxylase (green) and RTP801 (red).
Sections were also stained with Hoechst 33342 to visualize nuclei (blue). The top row shows a low-power view. The bottom row
shows an enlargement of the area within the white frames. Arrowheads show three RTP801-stained cells with neuron-like
morphology, one of which is positive for TH. The asterisk shows a cell that is positive for both TH and RTP801 that appears to be in
an advanced state of degeneration.
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then exposed to a concentration of 6-OHDA (5 �M) that causes
�50% death. Sympathetic neurons were chosen because they are
among those populations that are selectively affected in PD
(Koike and Takahashi, 1997; Li et al., 2002). As with neuronal
PC12 cells, there was almost total protection of sympathetic neu-
rons from 6-OHDA by shRTP801A (Fig. 6D) and shRTP801B
(data not shown) as well as good preservation of morphology. To-
gether, these results indicate that RTP801 plays a required role in
neuronal death associated with cellular models of PD.

RTP801 induces cell death in the 6-OHDA model by
repressing mTOR through TSC2
One known action of RTP801 is to inhibit activation of the pro-
tein kinase mTOR, an important regulator of cell metabolism and
survival that is responsive to various stimuli, including growth
factors, cellular energy levels, and stress conditions (Abraham,
2005; Corradetti et al., 2005; Wullschleger et al., 2006). We rea-
soned that, if RTP801 has such an action in neuronal cells, then its
induction by PD mimetics should be accompanied by reduction
in mTOR activity. The protein kinase p70S6K is a major substrate
for mTOR that phosphorylates it at Ser371, and thus the level of
phosphorylation of this site has been a useful indicator of cellular
mTOR activity (Saitoh et al., 2002). We verified that inhibition of
mTOR activity in neuronal PC12 cells by rapamycin substantially
diminished basal phosphorylation of p70S6K at Ser371 (data not
shown). We next exposed neuronal PC12 cells to 6-OHDA for
different times, and cell extracts were analyzed for mTOR activity
by Western immunoblotting with antisera specific for Ser371
p70S6K as well as for total p70S6K and RTP801 (Fig. 8A). This
revealed that 6-OHDA triggered a progressive dephosphoryla-
tion of p70S6K after the increase in RTP801 protein levels. Thus,
the increase in RTP801 triggered by 6-OHDA correlates with a
profound reduction in phosphorylation of the mTOR target
p70S6K.

We next explored the role of RTP801 in reduction of mTOR
activity by 6-OHDA. Recent findings indicate that mTOR is
phosphorylated at Ser2448 by p70S6K and that this is blocked by
rapamycin and is therefore dependent on, and hence a measure
of, mTOR activity (Chiang and Abraham, 2005). To determine
the effect of elevated RTP801 on mTOR activity in our model, we
transfected neuronal PC12 cells with pCMS– eGFP or pCMS–
eGFP–RTP801 and, 24 h later, monitored the cells for immuno-
staining with an antibody that specifically recognizes phospho-
mTOR (Ser2448). Whereas �90% of the cells were positive for
phospho-mTOR (Ser2448) in control cultures, �25% were pos-
itive in cells transfected with RTP801 (Fig. 8B). Exposure of neu-
ronal PC12 cells to 6-OHDA for 1 d also led to a profound loss of
phospho-mTOR (Ser2448) (Fig. 8C). To determine whether this
effect was mediated by RTP801, cells were transfected with
shRNAs targeted to RTP801 or to an irrelevant protein (lucif-
erase) and evaluated by immunostaining for expression of
phospho-mTOR (Ser2448) with or without 1 d of exposure to
6-OHDA. Both RTP801 shRNAs fully blocked the effect of
6-OHDA on levels of phospho-mTOR (Ser2448) (Fig. 8C). Thus,
it appears that mTOR phosphorylation/activity is greatly reduced
by 6-OHDA and that this is dependent on RTP801.

We next asked whether interference with the capacity of
RTP801 to inhibit mTOR activation would provide protection
from 6-OHDA. RTP801 appears to affect mTOR activity by in-
teracting with the tuberous sclerosis complex (which includes the
putative chaperone protein TSC1 and the GTPase activating pro-
tein TSC2) to inactivate the small G-protein Rheb, which is in
turn required for mTOR activation (Garami et al., 2003). To

Figure 6. RTP801 mediates cell death in cellular models of PD. A, pSIREN–shRTP801A and
pSIREN-shRTP801B knockdown RTP801 protein expression. HEK293 cells were cotransfected
with the RTP801–V5-tagged construct and with pSIREN–shRTP801A or pSIREN–shRTP801B or,
as control, pSIREN–shLuciferase. Two days later, cell extracts were prepared and subjected to
Western immunoblotting with anti-V5 antibody (top). The same membrane was reprobed with
anti-ERK1 antibody as a protein loading control (bottom). B, C, Knockdown of RTP801 protects
neuronal PC12 cells from PD mimetics. Neuronal PC12 cells were transfected with pSIREN–
shRTP801A and, as a control, with a pSIREN–shRNA against luciferase. Two days after transfec-
tion, cultures were exposed to 100 �M 6-OHDA, 200 �M MPP�, or 1 �M rotenone, and cell
survival was assessed by counting surviving transfected cells under fluorescence microscopy
after 24 h (B) or 48 h (C). Values are expressed as mean � SEM of at least three independent
experiments with triplicates in each condition. *p � 0.01; **p � 0.001 compared with cells
transfected with pSIREN–shLuciferase. D, Rat SCG sympathetic neuron cultures were trans-
fected with pSIREN–shRTP801A or control pSIREN–shRNA against luciferase. Two days later,
the cultures were exposed to 5 �M 6-OHDA for 24 h, and cell viability was then scored by
whole-well counting of transfected cells (DsRed�) under fluorescence microscopy. Values are
expressed as mean � SEM of at least three independent experiments with triplicates in each
condition. **p � 0.001 compared with cells transfected with shLuciferase.

Figure 5. RTP801 overexpression induces cell death of neuronal PC12 cells but does not
synergize with 6-OHDA. Neuronal PC12 cells were transfected with pCMS– eGFP or pCMS–
eGFP–RTP801 and then treated 2 d later with or without 100 �M 6-OHDA. Transfected (eGFP �)
surviving cells were counted under fluorescence microscopy at 24 h (light gray bars) or 48 h
(black bars) of 6-OHDA or mock control exposure. Values represent mean � SEM for three
independent experiments done in triplicate. **p �0.05 versus 24 h eGFP � control cells; ##p �
0.05 versus 48 h eGFP � control cells.
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suppress RTP801 effects on mTOR activa-
tion, we therefore used shRNAs to knock
down TSC2 levels. The efficacies of
shRNAs against endogenous TSC2 were
corroborated by transiently transfecting
neuronal PC12 cells with pSIREN–shLu-
ciferase (control) or pSIREN–shTSC2
and, 48 h later, immunostaining with a
TSC2 antibody. Cells transfected with pSI-
REN–shTSC2 showed little or no staining
for TSC2 protein (Fig. 9A, right) (data not
shown) compared with cells transfected
with pSIREN–shLuciferase (Fig. 9A, left).
To test the effect of downregulating TSC2,
neuronal PC12 cells were transfected with
pSIREN–shTSC2 or pSIREN–shLucif-
erase and, 48 h later, were exposed to
6-OHDA. Assessment of surviving trans-
fected (DsRed�) cells revealed that shR-
NAs targeted to two independent se-
quences of TSC2 conferred substantial
protection against 6-OHDA exposure
(Fig. 9B) (data not shown). This observa-
tion indicates that TSC2, a protein with
which RTP801 interacts to repress mTOR,
is essential for cell death in the 6-OHDA
model. Finally, to confirm that RTP801
promotes neuron death via TSC2, neuro-
nal PC12 cells were cotransfected with
pCMS– eGFP–RTP801 and pSIREN–
shTSC2. Quantification of surviving co-
transfected (GFP�/DsRed�) cells 3 d later
revealed that abrogation of TSC2 expres-
sion by shRNA significantly blocked cell
death induced by RTP801 overexpression
(Fig. 9C). Similar results were obtained
with a shRNA targeted to an independent
sequence of TSC2 (data not shown). These
findings strongly support the model that
RTP801 induced in response to 6-OHDA
triggers neuronal death through a mecha-
nism dependent on TSC2 and involving
repression of mTOR activation.

Discussion
Here we show that RTP801, a novel stress-
responsive gene (Ellisen et al., 2002;
Shoshani et al., 2002; Wang et al., 2003), is
highly and specifically expressed in
neuromelanin-positive neurons in the SN of postmortem human
PD brains. In contrast, little or no expression was detected in
neurons within the same area of control brains or in a nonaf-
fected area (cerebellum) of both PD and control brains. We also
show RTP801 induction in substantia nigral neurons in a murine
MPTP model of PD. To assess the functional consequences of
RTP801 upregulation in catecholaminergic neuronal cells, we
used several cellular models of PD. We not only confirmed our
previous SAGE-based and Northern blot findings that RTP801
transcripts are induced by the PD mimetic 6-OHDA (Ryu et al.,
2005) but showed that this extends to RTP801 protein and to
models in which death is triggered by the additional PD mimetics
MPP� and rotenone. We also found that, although RTP801
overexpression is sufficient to promote death of neuronal PC12

cells, it does not augment death evoked by 6-OHDA; this suggests
that the level of induction achieved by 6-OHDA exposure is max-
imally efficient in causing cells to die. Significantly, we further
observed through the use of shRNAs that RTP801 induction is
essential for death evoked by all three PD mimetics in our model
system. This effect was not limited to neuronal PC12 cells in that
the shRNAs also protected cultured sympathetic neurons (a pop-
ulation affected in PD) from 6-OHDA. Finally, as further ad-
dressed below, our findings indicate that, once induced, RTP801
promotes neuron death through interaction with TSC2 and re-
presses activation of the mTOR kinase.

The upregulation of RTP801 in animal and cellular PD mod-
els and its selective elevation in vulnerable neurons of postmor-
tem PD patients is highly consistent with known conditions un-
der which RTP801 is induced. These include oxidative and energy

Figure 7. shRTP801 protects neuronal PC12 cells from degeneration and death induced by 6-OHDA. Neuronal PC12 cells were
transfected with either pSIREN–shLuciferase (top row) or pSIREN–shRTP801A (bottom row) and 2 d later were treated with or
without 100 �M 6-OHDA for 24 h as indicated. Images were taken of the unfixed cultures under phase contrast or fluorescence
microscopy as indicated. Note that cells transfected with shLuciferase (red) and exposed to 6-OHDA have shrunken, degenerated
cell bodies and, as revealed by phase contrast, have lost their neurites (compared with untreated cells). In contrast, cells trans-
fected with shRTP801 show apparently healthy somas and intact neurites after 6-OHDA exposure. Note that many nontransfected
cells in the same phase image were damaged by 6-OHDA.
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stress conditions such as hypoxia (Shoshani et al., 2002), arsenite
exposure (Lin et al., 2005a), and hydrogen peroxide treatment
(Kim et al., 2003). All three PD mimetics used here elicit oxidative
stress and energy depletion, in part by interfering with mitochon-
drial complex I function and electron transport. Moreover, there
is increasing evidence linking mitochondrial dysfunction, oxida-
tive stress, and energy depletion to the neurodegeneration that
occurs in PD (Dauer and Przedborski, 2003; Dawson and Daw-
son, 2003; Beal, 2004; Tretter et al., 2004).

Our results with the mouse in vivo MPTP model are consistent
with findings obtained for PD mimetics in our cellular models.
The vast majority of substantia nigral TH� cells in the sections
from MPTP-treated animals were highly stained with RTP801
antiserum. However, there were also some RTP801-positive cells
in the SN region that lacked detectable TH expression. In the
mouse in vivo model, it has been reported that MPTP induces loss
of TH expression within 24 h, even in neurons that still appear
viable (Jackson-Lewis et al., 1995). These results are consistent
with an early role of RTP801 in mediating degeneration. It is also
possible that the decrease in protein translation associated with
loss of mTOR activity contributes to the fall in TH expression.

Although our findings link RTP801 induction to neuron
death, it is noteworthy that, in other contexts, this protein is
reported to have variable effects on cell survival and that this
appears to be dependent on cell type and state as well as apoptotic
stimulus. For instance, RTP801 induction in U2OS cells dimin-
ished their size but had no reported effect on their survival (Sofer
et al., 2005). In HaCaT keratinocytes and HeLa cells, elevated
RTP801 protected against UV-induced apoptosis, whereas
RTP801 downregulation sensitized the cells to apoptosis
(Schwarzer et al., 2005). Similarly, overexpressed RTP801 re-
duced the sensitivity of WEH17.2 cells to dexamethasone-
induced apoptosis (Wang et al., 2003) and protected MCF7 cells
and non-neuronally differentiated PC12 cells from death evoked
by hypoxia or H2O2 (Shoshani et al., 2002) In contrast, RTP801
expression caused death of neuronally differentiated PC12 cells
(Shoshani et al., 2002; present findings) and of mouse lung cells
in vivo and increased the sensitivity of neuronal PC12 cells to
ischemic injury and oxidative stress (Shoshani et al., 2002). Ec-
topic RTP801 expression also increased the sensitivity of mouse
fibroblasts to oxidative stress (Ellisen et al., 2002) and of neuro-
blastoma cells to � amyloid peptide toxicity (Kim et al., 2003).
Finally, in a mouse model of retinopathy of prematurity, animals
null for RTP801 showed significantly less cell death in the inner
nuclear layer (Brafman et al., 2004). Thus, cell- and cell-state-
specific cues appear to regulate whether RTP801 exerts proapop-
totic or antiapoptotic actions. The limited number of cases cur-
rently studied further suggests that, in neurons, RTP801
induction is proapoptotic. This, along with our in vitro and in
vivo data, support the idea that elevation of RTP801 in SN neu-
rons increases their susceptibility to death.

In addition to oxidative stress and energy depletion, other
proapoptotic stimuli are reported to induce RTP801, including
DNA damage (Ellisen et al., 2002; Lin et al., 2005b) and dexa-
methasone exposure (Wang et al., 2003). Accordingly, we noted

4

pSIREN–shLuciferase or pSIREN–shRTP801A or shRTP801C and 2 d later were treated with or
without 100 �M 6-OHDA for 24 h. Then cells were immunostained with the phospho-mTOR
(Ser2448) antibody. Proportions of transfected cells positive for phospho-mTOR (Ser2448) were
scored as in B. Values represent mean � SEM for three independent experiments done in
triplicate. *p � 0.01 versus untreated shLuciferase-transfected cells; #p � 0.01 versus
6-OHDA-treated shLuciferase-transfected cells. ut, Untreated.

Figure 8. 6-OHDA and RTP801 repress mTOR activity in neuronal PC12 cells. A, Phosphory-
lation of p70S6K1 falls in response to 6-OHDA. Neuronal PC12 cells were exposed to 6-OHDA for
the indicated periods of time, and cell extracts were analyzed by Western immunoblotting. Top
shows the progressive loss of p70S6K1 phosphorylation using an antibody specific for a
phospho-site (Ser371) targeted by mTOR. Membranes were stripped and reprobed for total
p70S6K1 protein as well as for RTP801. Note that there is little change in total p70S6K1 levels,
whereas there is a dramatic loss of p70S6K1 phosphorylation after elevation of RTP801 levels. B,
Overexpression of RTP801 induces loss of phospho-mTOR (Ser2448). Neuronal PC12 cells were
transfected with pCMS– eGFP or pCMS– eGFP RTP801 and 24 h later were fixed and stained
with the phospho-mTOR (Ser2448) antibody. Proportions of transfected cells (eGFP �) positive
for expression of phospho-mTOR (Ser2448) were scored per each condition under fluorescence
microscopy. Values represent mean � SEM for three independent experiments done in tripli-
cate. **p � 0.05 for difference with control cells. C, Knocking down RTP801 prevents 6-OHDA-
induced loss of phospho-mTOR (Ser2448). Neuronal PC12 cells were transfected with either
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that RTP801 was elevated in neuronal
PC12 cells exposed to the DNA-damaging
agent camptothecin. However, RTP801
downregulation was not protective, indi-
cating that, in this case, alternative path-
ways can mediate death. Our findings also
indicate that RTP801 is not elevated under
all apoptotic conditions. For instance,
NGF deprivation, a potent apoptotic stim-
ulus in our cultures, did not detectably in-
duce RTP801, and there was no protection
by shRTP801.

With respect to the mechanism of
RTP801 action, most studies thus far have
been in the context of stress responses and
their effects on cancer cell growth control
and survival. These have pointed to
mTOR, a key positive regulator of protein
synthesis, cell growth, proliferation, and
survival (Fingar and Blenis, 2004). Activa-
tion of mTOR requires the GTP-charged
form of the small G-protein Rheb, which
binds to its kinase domain. The tuberous
sclerosis complex (TSC1/2) is an upstream
negative regulator of mTOR activation be-
cause TSC2, in association with the chap-
erone TSC1, has GAP (GTPase-activating
protein) activity for Rheb (Long et al.,
2005; Wullschleger et al., 2006). In tumor
growth-associated hypoxia, RTP801 has
been reported to act via TSC1/TSC2 to in-
hibit activation of mTOR kinase (Bruga-
rolas et al., 2004; Corradetti et al., 2005).

Our observations are consistent with
the above studies and indicate that death
evoked by 6-OHDA and RTP801 require
TSC2. This, in turn, suggests that inactiva-
tion of mTOR as a key element in the
mechanism by which 6-OHDA and
RTP801 induce neuronal death. Exposure
of neuronal PC12 cells to 6-OHDA triggered
a progressive reduction in cellular mTOR activity, as indicated by
p70S6K1 and mTOR dephosphorylation. This occurred in parallel
with RTP801 upregulation. Previous work has shown that RTP801
inhibits mTOR activation and promotes dephosphorylation of
p70S6K1 (Brugarolas et al., 2004). These events were visible 8–10 h
after 6-OHDA exposure and commenced before the appearance
(and thus were not a consequence) of cell death. Furthermore, inter-
ference with TSC2 expression with shRNAs protected against
6-OHDA exposure as well as against overexpressed RTP801.

Recently, an additional function of Rheb has been described,
apart from mTOR activation. Activated Rheb interacts with and
inhibits Raf kinase in a rapamycin-insensitive manner in HEK293
cells (Karbowniczek et al., 2006). Thus, it is possible that RTP801
affects neuron survival via Rheb inactivation by mechanisms in ad-
dition to suppression of mTOR activity.

The mechanisms by which RTP801-mediated suppression of
mTOR activity might lead to neuron death are presently unclear.
Rapamycin, a drug that inhibits certain actions of mTOR, includ-
ing phosphorylation of p70S6K, does not trigger death of neuro-
nal PC12 cells (Powers et al., 1999) (C. Malagelada, unpublished
data). This suggests that the critical pathway by which RTP801

evokes death does not involve rapamycin-sensitive actions of
mTOR. Rapamycin-insensitive actions of mTOR have been de-
scribed recently (Jacinto et al., 2004; Sarbassov et al., 2004), and it
will be important to consider their potential role in neuron sur-
vival and PD.

In summary, we find that the recently described stress-
responsive gene RTP801 is induced in cellular models of PD and
is an essential mediator of death in these systems. RTP801 ap-
pears to trigger death through interaction with TSC2 and re-
presses activation of the mTOR kinase. Moreover, RTP801
expression is elevated in substantia nigral neurons of both
MPTP-treated mice and postmortem human PD brains. To-
gether, these observations suggest that RTP801 and the molecular
pathways in which it functions may play significant roles in
neurodegeneration associated with PD and are possible targets
for therapeutic intervention. Because RTP801 is induced by oxi-
dative and energy stress, it may well be involved in additional
neurodegenerative diseases and neuronal disorders in which such
stresses occur. Finally, it is noteworthy that our interest in
RTP801 in the context of PD arose from a SAGE study of cultured
neural cells. This reinforces the potential of reductionist
approaches to study neurodegenerative disorders.

Figure 9. 6-OHDA and RTP801 mediate cell death through TSC2. A, Efficacy of shRNA targeted to TSC2. Neuronal PC12 cells
were transfected with pSIREN–shTSC2 vector (right column) or pSIREN–shLuciferase vector as a control (left column). At 48 h after
transfection, cultures were stained with a TSC2 antiserum (in green). Transfected cells (DsRed �) are shown in red. B, TSC2 shRNA
protects neuronal PC12 cells from death promoted by 6-OHDA. Cultures were transfected with pSIREN–shTSC2 or pSIREN–shLu-
ciferase vectors and 48 h later were exposed to 50 �M 6-OHDA One day later, numbers of surviving transfected (DsRed �) cells
were scored under fluorescence microscopy. Values are expressed as mean � SEM of at least three independent experiments with
triplicates in each condition. *p � 0.01 compared with cells transfected with pSIREN–siLuciferase and exposed to 6-OHDA. C, TSC2
shRNA protects neuronal PC12 cells from death promoted by RTP801. Cultures were cotransfected with pCMS– eGFP/pSIREN–
shLuciferase (white bar), pCMS– eGFP/pSIREN–shTSC2 (gray bar), pCMS– eGFP–RTP801/pSIREN–shLuciferase (dark gray bar), or
pCMS– eGFP–RTP801/pSIREN–shTSC2 (black bar). At 36 h later, cotransfected (eGFP � and DsRed �) surviving cells were
counted under fluorescence microscopy. Values are expressed as mean � SEM of at least three independent experiments with
triplicates in each condition. **p � 0.001 compared with cells transfected with pCMS– eGFP–RTP801/pSIREN–shLuciferase.
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