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Background. Cancer stemness, observed in several types of glioma stem cells (GSCs), has been demonstrated to be an important
barrier for efficient cancer therapy. We have previously reported that cancerous neural stem cells (F3.Ras.CNSCs), derived from
immortalized human neural stem cells by a single oncogenic stimulation, form glial tumors in vivo.

Method. We searched for a commonly expressed stress modulator in both F3.Ras.CNSCs and GSCs and identified silent mating
type information regulation 2, homolog (SIRT1) as a key factor in maintaining cancer stemness.

Result. We demonstrate that the expression of SIRT1, expressed in “cancer cells with neural stemness,” is critical not only for the
maintenance of stem cells, but also for oncogenic transformation. Interestingly, SIRT1 is essential for the survival and tumorige-
nicity of F3.Ras.CNSCs and GSCs but not for the U87 glioma cell line.

Conclusion. These results indicate that expression of SIRT1 in cancer cells with neural stemness plays an important role in sup-
pressing p53-dependent tumor surveillance, the abrogation of which may be responsible not only for inducing oncogenic trans-
formation but also for retaining the neural cancer stemness of the cells, suggesting that SIRT1 may be a putative therapeutic
target in GSCs.
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Uncontrolled proliferation by the mutation of proto-oncogenes
confers independence from growth factors and has been con-
sidered one of the main causes of tumorigenic transformation.1

However, the aberrant mitogenic stimulation by an oncogene
results in a permanent cell cycle arrest, such as cellular senes-
cence,2 or apoptosis due to the protective action of a number of
mediators of stress signaling such as p53 and p16Ink4a.3 In-
duction of cyclin dependent kinase inhibitors or pro-apoptotic
factors through a tumor surveillance network, following p53 ac-
tivation, reactivates retinoblastoma (Rb) to cause cell cycle ar-
rest or induces apoptosis to avoid oncogenic transformation.4,5

Therefore, abrogation of the innate cellular defensive mecha-
nism is critical for tumorigenic transformation.1 Thus, the

suppression or mutation of key tumor suppressors or gene am-
plification of the inhibitory protein to target a number of tumor
suppressors frequently occurs in many types of cancers. For ex-
ample, mutation of TP53 or gene silencing of CDKN2A is fre-
quently observed. Alternatively, gene amplification of wild
type p53 induced phosphatase (Wip1), of which the ectopic ex-
pression is sufficient to deactivate tumor surveillance networks
or B lymphoma Moloney murine leukemia virus insertion region
1 homolog (Bmi-1), suppressing p16Ink4a expression,6 also oc-
curs in many types of cancers.7

Cancers originating from stem/progenitor cells but not from
differentiated cells under the same level of oncogenic challeng-
es in animal models are well documented.8,9 In particular, the
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deletion of key tumor suppressors in stem cells induces tumor-
igenesis of neural stem cells (NSCs) but does not affect their dif-
ferentiated counterpart (eg, astrocytes in the brain), implying
that stem cells somehow may have higher oncogenic suscept-
ibility than their differentiated counterpart. This result is in
agreement with a previous study demonstrating that the com-
bination of 3 oncogenes (H-Ras, human telomerase reverse
transcriptase, and Simian virus 40 T/t-antigens) is required for
oncogenic transformation of human astrocytes to glioma-like
cells,10 whereas only 2 oncogenes (v-myc and H-Ras) are suffi-
cient for oncogenic transformation of human NSCs.11

The role of silent mating type information regulation 2, ho-
molog (SIRT1), a nicotinamide adenine dinucleotide–depen-
dent histone deacetylase in tumorigenesis, is controversial, as
SIRT1 regulates both tumor suppressors such as p53 and fork-
head class O transcription factor and proto-oncogenes such as
b-catenin, survivin, and nuclear factor–kappaB, deacetylation
by which affects their function.12 The neurodevelopmental
defect found in SIRT1-null mice is consistent with the role of
SIRT1 in neurogenesis13 and neural differentiation14 of neural
precursors. Of interest, recent studies demonstrated that
CD133-positive glioma cells (representing glioma stem cells
[GSCs], which are characterized by higher tumorigenic potential
and higher drug resistance15) but not CD133-negative glioma
cells are more susceptible to apoptosis by depletion of SIRT1,
which means that SIRT1 may be critical to the survival of “can-
cer cells with stemness.”

Previously, we demonstrated that human NSCs immortal-
ized by v-myc (F3.NSCs)16 underwent oncogenic transforma-
tion by a single oncogenic challenge with H-Ras, forming
heterogeneous glial tumors consisting of a mixture of nestin-
positive or glial fibrillary acidic protein (GFAP)–positive cell pop-
ulation.11 In the current studies, we provide evidence that
SIRT1 in F3.NSCs is responsible not only for maintenance of
the growth potential but also for oncogenic transformation
by H-Ras. As a result, SIRT1 is overexpressed in cancerous neu-
ral stem cells (CNSCs) and has a critical role in the maintenance
of neural stemness in cancer cells with stemness (cancer cells
showing stemness properties), including F3.Ras.CNSCs and
GSCs isolated from glioma patients,17 rather than in the U87
glioma cell line. Therefore, the loss of SIRT1 in cancer cells
with stemness, but not in the U87 glioma cell line, results in
cell death in a p53-dependent manner. These results suggest
that SIRT1 would be a promising molecular target in cancer
cells with neural stemness (cancer cells showing neural stem-
ness properties), including F3.Ras.CNSCs and GSCs.

Materials and Methods
Details of the methods are available in the online supplement.

Cell Culture and Animal Study

F3.Ras.CNSCs, human dermal fibroblasts, and U87 cells were
maintained as previously described.11 Nude male mice at 6
weeks of age were subcutaneously injected with 5×105 short
hairpin (sh) control (shCont)- or shSIRT1- F3.Ras.CNSCs in the
thigh muscle, and tumor appearance was monitored after 6
weeks. The experiments with animals were reviewed and ap-
proved by the Institutional Animal Care and Use Committee

of Chung-Ang University. All procedures were performed in ac-
cordance with the Guidelines for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (pub-
lication 85-23, revised 1996).

Sphere Culture and Differentiation

As described previously,17 – 19 GSC 528 spheres (528NS) were
maintained in a defined medium (Dulbecco’s modified Eagle’s
medium [DMEM]/F12 supplemented with 0.1% B27, 0.1% gen-
tamicin, 20 ng/mL basic fibroblast growth factor, and 20 ng/mL
epidermal growth factor [Invitrogen]). Differentiation of 528NS
was done with the defined medium (DMEM/F12 supplemented
with 10% fetal bovine serum, 0.1% B27, and 0.1% gentamicin)
for 12 days.

Lentiviral Gene Transfer

The shRNA SIRT1 plasmid (SHCLNG-NM_012238) was pur-
chased from Sigma. All procedures were according to the man-
ufacturer’s instructions (ViraPower Lentiviral Expression
Systems, Invitrogen).

Senescence-associated b-Galactosidase Staining

Senescence-associated b-galactosidase (SA-b-gal) activity at
pH 6.0 was detected with an SA-b-gal staining kit (#9860,
Cell Signaling Technology) according to the manufacturer’s
protocol.

Apoptosis Assay Using Annexin V and
7-Aminoactinomycin

The apoptotic cell population was analyzed using the Phycoer-
ythrin Annexin V Apoptosis Detection Kit I (BD Biosciences) ac-
cording to the manufacturer’s instructions.

Dox-inducible Ras Plasmid Construct

This plasmid was constructed in the CSIV-TRE-RfA-UbC-KT vec-
tor using Gateway Technology with clonase II (Invitrogen) as
described previously.20

Cell Proliferation Assay

The above procedure was followed based on the protocol for
the Cell Proliferation Kit II (XTT) (Roche #11465015001).

Results

Increased Expression of SIRT1 in F3.Ras.CNSCs

As we have previously demonstrated, a defective p53 response
in F3.NSCs is responsible for the tumorigenic transformation by
H-Ras even in the presence of activating phosphorylation of
p53.11 Thus, we speculated that a posttranslational modifica-
tion other than phosphorylation might be responsible for the
impaired p53 response. Recently, acetylation of p53 has been
reported to be critical for transactivating the p53-dependent
gene response,21 especially apoptotic gene induction.22
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Thereby, we examined the expression level of SIRT1, a well-
known deacetylase targeting p53 in F3.NSCs and F3.Ras.CNSCs.
As shown in Fig. 1, the mRNA and subsequently the protein lev-
els of SIRT1 were higher in the F3.NSCs compared with primary

human NSCs, and even more in F3.Ras.CNSCs (Fig. 1A and B).
To examine the SIRT1 induction in CNSCs, we attempted to
generate CNSCs with other well-characterized oncogenes in
gliomagenesis such as K-Ras and examined the subsequent

Fig. 1. SIRT1 expression level was increased in F3.Ras.CNSCs (F3.Ras), and SIRT1 knockdown caused growth retardation in F3.NSCs. (A) The mRNA
level of SIRT1 in human fetal NSC (hfNSC), F3.NSCs (F3), and F3.Ras.CNSCs (F3-Ras) was determined via real-time PCR (n¼ 3). (B) SIRT1 levels were
determined via immunoblotting. (C) The lentiviral shRNA SIRT1 infection in F3.NSCs was confirmed by immunoblotting for SIRT1. ERK2, extracellular
signal-regulated kinase 2. (D) ShCont (closed circle) and shSIRT1 #1, #3, and #5 (open circle, square, and triangle, respectively)–infected F3.NSCs
were plated at 2×103 cells. Optical density (OD) ratio was measured using XTT every 2 days (left panel) (n¼ 3). The phospho-Rb levels were
determined via immunoblotting in F3.NSCs infected with shCont and shSIRT1. (E) ShCont and shSIRT #3 or #5–infected F3.NSCs were analyzed
by SA-b-gal staining assay (scale bars, 200 m). Black arrow for b-gal–positive senescent cell. (F) The mRNA level of SIRT1, Sox2, and nestin in
shCont and shSIRT1 F3.NSCs was determined via real-time PCR (n¼ 3). Alpha-tubulin, b-actin, or ERK2 was a loading control.
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expression of SIRT1. We found that ectopic expression of K-Ras,
but not constitutively active Akt (v-Akt), could transform
F3.NSCs into CNSCs, similar to that by F3.Ras, where SIRT1 ex-
pression was concurrently increased in F3 expressing H-Ras or
K-Ras but not v-Akt (Supplementary Fig. S1A and B).

Growth Retardation and Induction of Cellular Senescence
Following Loss of SIRT1

Since SIRT1 expression was significantly higher in the F3.NSCs
and F3.Ras.CNSCs, we next hypothesized that the induction of
SIRT1 in F3.NSCs would be responsible for the rapid oncogenic
transformation that occurs following H-Ras oncogenic stimula-
tion, as previously described.11 To test this idea, we first gener-
ated SIRT1 knockdown F3.NSCs. Five different shRNA sequences
of SIRT1 were introduced and the depletion of SIRT1 was mon-
itored. We found that 2 out of the 5 shRNA sequences (#3 and
#5) were most efficient in depleting SIRT1 in the F3.NSCs
(Fig. 1C). The F3.NSCs whose SIRT1 expression was mostly de-
pleted were then selected (eg, shRNA #3 and #5; Fig. 1C) and
their growth rate was compared with control F3.NSCs (shCont)
as well as F3.NSCs that lacked SIRT1 depletion (eg, shRNA #1).
The SIRT1-depleted F3.NSCs were significantly growth retarded
compared with the shRNA control F3.NSCs (Fig. 1D, left panel).
The phosphorylation of Rb, a well-known readout for prolifera-
tion, was also significantly reduced following SIRT1 depletion
(Fig. 1D, right panel). The apparent growth retardation in SIRT1-
depleted F3.NSCs was concurrent with the onset of cellular sen-
escence, as determined by senescence-associated
b-galactosidase assay (Fig. 1E, black arrows) using another
shRNA sequence of equivalent knockdown efficiency (shRNA
#3 and #5; Fig. 1E). We next examined whether the depletion
of SIRT1 influenced neural stemness and observed that the ex-
pression of human SRY (sex determining region Y)-box 2 (Sox2),
a persistent marker for NSCs,23 but not human nestin, was sup-
pressed in the SIRT1-depleted F3.NSCs (Fig. 1F and Supplemen-
tary Fig. S1C). These results clearly demonstrate the critical role
of SIRT1 in maintaining the cellular growth potential as well as
neural stemness in F3.NSCs.

SIRT1 Is Essential for the Oncogenic Transformation of
F3.NSCs by H-Ras

Considering that SIRT1 modulates the p53 response and that
inhibition of SIRT1 elicits a p53-dependent stress response,24,25

despite a contradictory report,26 we next hypothesized that the
loss of SIRT1 may promote resistance of H-Ras–mediated on-
cogenic stimulation in F3.NSCs. To prove this hypothesis, H-Ras
oncogenic stimulation was conducted in the presence of known
SIRT1 inhibitors (nicotinamide [NIC] and sirtinol [SRT]). Distinct
morphological changes and colony formation, both indicating
oncogenic transformation, were markedly decreased in the
presence of NIC under H-Ras oncogenic challenge. However,
when NIC was removed, colony numbers of F3.NSCs were com-
parable to the control (Fig. 2A, right panels). The robust reduc-
tion in oncogenic colony formation by H-Ras was reproduced in
the presence of SRT in a similar manner (Supplementary
Fig. S1D). The F3.NSCs, stimulated by H-Ras in the presence or
absence of NIC, were further grown in soft agar to determine
the rate of oncogenic transformation. Consistently, the NIC-

treated F3.NSCs exhibited a significantly lower number of colo-
nies on soft agar compared with the control cells under H-Ras
oncogenic challenge (Fig. 2B). The defective oncogenic trans-
formation by SIRT1 inhibitor treatment was not a result of
lower oncogenic stimulation by H-Ras, because the expression
level of H-Ras, and the subsequent activation of extracellular
signal-regulated kinase 1/2, was equivalent to that of mock
F3.NSCs with H-Ras expression. However, apoptosis determined
by the formation of active caspase-3 was moderately higher in
the presence of NIC following oncogenic stimulation (Fig. 2C).
In order to exclude any unexpected side effects of NIC or SRT,
we depleted SIRT1 from F3.NSCs and then challenged them to
oncogenic stimulation. Similar to the effect of NIC or SRT,
F3.NSCs devoid of SIRT1 failed to undergo the tumorigenic mor-
phological changes induced by H-Ras (Fig. 2D and Supplemen-
tary Fig. S1E) and also presented with reduced colony
formation on soft agar (Fig. 2E). Next, we generated an induc-
ible H-Ras F3 cell line, markedly showing induction of H-Ras by
doxycycline (Dox) treatment (Supplementary Fig. S2A). Consis-
tent with the stable expression of H-Ras, a continuous exposure
of Dox for 4 days was sufficient to achieve not only tumorigenic
morphological changes, but also soft-agar colonies in F3.NSCs
(Supplementary Fig. S2B). Consistent with the observation of
the stable expression of H-Ras in F3.NSCs, the inhibition of
SIRT1 enzymatic activity by SRT or EX527, a more potent and
selective SIRT1 chemical inhibitor,27 markedly lowered the
number of cells undergoing tumorigenic morphological chang-
es in the inducible F3.Ras cell line (dotted line, Supplementary
Fig. S2C and D). The impaired tumorigenic transformation was
concurrent with the induction of apoptosis and a marked
decrease of H-Ras (Fig. 2F and Supplementary Fig. S2E), sug-
gesting that apoptotic induction with p53 stabilization in the
absence of SIRT1 may be associated with the elimination of
H-Ras–expressing F3.NSCs that are responsible for tumorigenic
transformation (Fig. 2F). As the initial tumorigenic transforma-
tion occurs at least 3 days after H-Ras induction (Supplemen-
tary Fig. S2C), we next collected F3.NSCs exposed to Dox for 3
days to induce tumorigenic transformation with the indicated
treatments; the cells were then applied to an in vitro transfor-
mation (soft-agar) assay. As predicted, SRT treatment or SIRT1
depletion significantly inhibited anchorage-independent
growth (Fig. 2G and H).

SIRT1 for Tumorigenic Potential in F3.Ras.CNSCs

As SIRT1 expression was obviously critical for the oncogenic
transformation of F3.NSCs (Fig. 2), we next examined whether
SIRT1, whose expression was further upregulated during the
oncogenic transformation (Fig. 1), is important for the tumori-
genic properties of F3.Ras.CNSCs. While SIRT1 depletion caused
significant growth retardation in F3.NSCs (Fig. 1D), SIRT1 deple-
tion had a higher impact on proliferation in F3.Ras.CNSCs
(Fig. 3A). Unlike the F3.NSCs that underwent growth retardation
and cellular senescence following SIRT1 depletion (Fig. 1D and
E), the loss of SIRT1 triggers apoptosis in the F3.Ras.CNSCs
(Fig. 3B). Apoptosis occurred only in the F3.Ras.CNSCs but not
in human dermal fibroblasts in which SIRT1 expression ap-
peared to be relatively lower than F3.Ras.CNSCs (Fig. 3C, insert-
ed panel). On the basis of this result, we speculated that
oncogenic stress by H-Ras would be responsible for distinct
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growth arrest as well as apoptosis in SIRT1-depleted
F3.Ras.CNSCs. Considering the dramatic growth retardation
and apoptosis (Fig. 3A–C), we surmised that the F3.Ras.CNSCs,
in the absence of SIRT1, might fail to form heterogeneous prim-
itive neuroectodermal–like tumor.11 As expected, none of the 3

mice injected with the SIRT1-depleted F3.Ras.CNSCs formed tu-
mors, whereas all 3 mice that were injected with F3.Ras.CNSCs
formed a tumor mass (Fig. 3D). Following detailed analysis, we
discovered that the tumor generated by the F3.Ras.CNSCs was
consistently heterogeneous, consisting of an hNestin- and

Fig. 2. Knockdown of SIRT1 failed to transform cells following H-Ras infection. (A) The morphological image of Mock- or NIC (10 mM)-treated
F3.NSCs after H-Ras infection for 3 days (scale bars, 50 m). (B) Colony formation by each indicated cell in soft agar (left panel) was determined
by the number of colonies and then graphically presented (right panel) (n¼ 6). (C) The level of SIRT1, phosphorylated extracellular signal-regulated
kinase (pERK), active caspase-3, H-Ras for F3, H-Ras–infected Mock- or NIC-treated F3 was determined by immunoblotting. (D) Morphological
image of shCont- or shSIRT1-infected F3.NSCs after H-Ras infection (left panel) (scale bars, 100 m) and the number of transformed cells was
graphically presented (right panel). (E) Colony formation by each indicated cell in soft agar was determined by the number of colonies and
then graphically presented. (F) Dox-inducible F3.NSCs were pretreated with the SIRT1 inhibitor SRT (50 mM) for 1 h and then the cells were
harvested at the indicated time after Dox treatment. The expression of SIRT1, H-Ras, p53, and active caspase-3 was determined by
immunoblotting. (G) Mock- or SRT- (H) shCont- or shSIRT1-treated Ras-inducible F3.NSCs were treated with Dox every other day for 21 days.
Colony formation of each indicated cell in soft agar was determined by the number of colonies and then graphically presented (n¼ 4).
Alpha-tubulin or b-actin was loading control.
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GFAP-positive and a microtubule-associated protein 2–nega-
tive population, with an active proliferating potential as deter-
mined by Ki-67 –positive staining (Fig. 3E). Thus, SIRT1
induction during tumorigenesis (Fig. 1) may be strongly associ-
ated with the tumorigenic potential in F3.Ras.CNSCs. It is note-
worthy that higher SIRT1 expression was observed in the
CD133-positive cancer stem cells isolated from gliomas.28

SIRT1 for Survival in Cancer Cells With Neural Stemness

Based on the results that SIRT1 expression in F3.NSCs as well as
in F3.Ras.CNSCs, both of which retain their “stemness,” may
play an important role in maintaining both survival and tumor-
igenic potential, we speculated that SIRT1 may play a key role
in cancer cells with neural stemness. To test this hypothesis, we

Fig. 3. Knockdown of SIRT1 failed to form tumors in F3.Ras.CNSCs. (A) Cell proliferation in shCont- or shSIRT1-infected F3.Ras.CNSCs cells was
measured every 6 h using Incucyte (ESSEN Bioscience) (n¼ 3). (B) The level of SIRT1, cleaved poly(ADP-ribose) polymerase 1 (PARP-1), active
caspase-3, and Sox2 was determined by immunoblotting in shCont- or shSIRT1-infected F3.NSCs and F3.Ras.CNSCs. (C) The level of SIRT1,
PARP-1, and active caspase-3 was determined by immunoblotting in shCont - or shSIRT1-gradually infected F3.Ras.CNSCs and human dermal
fibroblasts (hDFs). The mRNA level of SIRT1 in hDFs, F3, and F3.Ras.CNSCs was determined by real-time PCR. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was loading control. ERK2, extracellular signal-regulated kinase 2. (D) Male nude mice (6 wk old) were injected
intramuscularly with 5×105 cells of shCont (left thigh: dotted line) or shSIRT1 (right thigh: solid line) F3.Ras.CNSCs, and tumor appearance was
assessed after 6 weeks. A total of 3 mice were isolated and processed for histological analysis (right panel). (E) Tumor tissues were immunostained
with a proliferation marker (Ki-67), NSC marker (hNestin), astrocyte marker (GFAP), and neuron marker (microtubule-associated protein 2 [MAP2]).
Each tissue was counterstained with hematoxylin for nuclear staining. Immunohistochemical images without the primary antibody (mouse or
rabbit) were used as negative control (scale bars, 200 m).
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initially compared gene expression profiles such as for SIRT1,
Sox2, GFAP, CD133, and nestin among the 2 types of glioma
cells isolated from the glioma patients, 1 human astrocyte, 4
glioma cell lines (U138, T98G, A172, and U87MG), 3 types of
cells that originated from human fetal NSCs (hNSCs, F3.NSCs,
and F3.Ras.CNSCs), and 3 GSCs derived from glioma patients
(83NS, 528NS, 1123NS) (Supplementary Fig. S3A)17,18,29 and
applied their relative mRNA expression levels to a 2D scatter
plot. Of note, each group (glioma¼ glioma cell lines and glioma
cells isolated from the patients; GSCs ¼ 83NS, 528NS, 1123NS;
astrocyte; and NSCs ¼ fetal NSCs, F3.NSCs, and F3.Ras.CNSCs)
appeared to be separated when plotting the expression level
of Sox2 and SIRT1. Cells derived from NSCs (closed circle) ap-
peared to be closely located to GSCs (open circle), whereas gli-
omas were placed separately (Fig. 4A), which is in parallel with
previous reports stating that high SIRT1 expression was ob-
served in CD133-positive GSCs.28 Thus, it could be readily sur-
mised that the inhibition of SIRT1 would have varied effects
on cancer cells with neural stemness (eg, F3.Ras.CNSCs, GSCs)
and glioma cells. To test this belief, we compared cellular apo-
ptosis in the absence of SIRT1 between F3.Ras.CNSCs and the
U87 glioma cell line (open square in Fig. 4A). Inhibition of the
deacetylase activity of SIRT1 by SRT was sufficient to induce ap-
optosis only in F3.Ras.CNSCs but not in U87 cells, which express
very low levels of SIRT1 compared with F3.Ras.CNSCs (Fig. 4B
and C). Consistently, the dose-dependent depletion of SIRT1
by the gradual increase of shRNA also validated the specific ap-
optotic event in F3.Ras.CNSCs but not in U87 (Fig. 4D). These re-
sults clearly demonstrated that SIRT1 might be a putative
molecular target of cancer cells with neural stemness. This hy-
pothesis may be consistent with the previous finding that SIRT1
expression, which is induced by genes specific to neural precur-
sor cells,30 is important for neuronal cell survival during neural
differentiation.31

P53-dependent Cell Death by SIRT1 Depletion in Cancer
Cells With Neural Stemness

Since tumorigenicity of F3.NSCs upon oncogenic stimulation oc-
curred in parallel with a defective p53 response even at the high
level of phosphorylation11 and high expression of SIRT1 in
F3.Ras.CNSCs, p53 expression and p53-dependent response in
the absence of SIRT1 expression were carefully investigated.
Following the loss of SIRT1 expression in F3.Ras.CNSCs by
shRNA (Fig. 5A) or siRNA (Supplementary Fig. S3B), p53 expres-
sion and the acetylation of p53 were significantly increased.
The increased level of p53 protein as well as acetylation
(K382, a deacetylation site of SIRT1) by the loss of SIRT1 in
F3.Ras.CNSCs were concurrent with the induction of apoptosis
(Fig. 5A). Similarly, p53 acetylation in F3.CNSCs was observed by
SIRT1 inhibitor treatment (Supplementary Fig. S3C). Apoptosis
in the absence of SIRT1 seemed augmented when p53 protein
level was induced following treatment with the murine double
minute 2 (Mdm2) chemical inhibitor Nutlin3. Thus, the
p53-dependent apoptotic event may be related to poor survival
of SIRT1-depleted F3.Ras.CNSCs and the loss of tumorigenicity
(Fig. 5B). Examination of the relative expression of representa-
tive p53 target genes such as Mdm2, Bax, Fas, and Apaf-1 fur-
ther validated the recovery of the p53 response following SIRT1
depletion in F3.Ras.CNSCs. As the SIRT1-depleted cells

gradually regained SIRT1 expression over time (Supplementary
Fig. S3D), the expression level of the representative p53 target
genes subsequently affected was altered accordingly (Supple-
mentary Fig. S3E), indicating that SIRT1 depletion is closely as-
sociated with p53-dependent transcriptional activity. Apoptosis
following SIRT1 depletion (Fig. 4), in cancer cells with neural
stemness but not in U87, may be regulated by different p53 re-
sponses, since SIRT1 deacetylates p53 and can affect its tran-
scriptional function.27,32 To test this hypothesis, the p53
response was determined following SIRT1 depletion in either
F3.Ras.CNSCs or U87 cells. The stable knockdown of SIRT1
markedly increased the formation of active caspase-3 and
acetylated p53 in F3.Ras.CNSCs but not in the U87 cells
(Fig. 5C). To confirm the dependence of p53 on SIRT1 depletion
for its apoptosis in F3.Ras.CNSCs, we simultaneously depleted
p53 with SIRT1, with or without Nutlin3 treatment. Apoptosis
in F3.Ras.CNSCs following SIRT1 depletion was significantly re-
duced by codepletion of p53 after Nutlin3 treatment, indicating
that alteration of p53 by SIRT1 depletion may be responsible for
the apoptosis in F3.Ras.CNSCs (Fig. 5D and E).

Induction of Cell Death by SIRT1 Depletion in Cancer Cells
With Neural Stemness

Considering both the requirement of SIRT1 expression in the
process of oncogenic transformation of F3.NSCs (Fig. 2) and
the survival/tumorigenic potential of F3.Ras.CNSCs (Figs. 3
and 4), we next surmised that SIRT1 would be a possible com-
mon molecular target of cancer cells with neural stemness.
Thereby, using GSCs as a model for cancer cells with neural
stemness, we determined the role of SIRT1 in cell survival
and tumorigenic potential. To examine the role of SIRT1 in
GSCs, we initially simply treated the GSC cell culture with
EX527. As shown in Fig. 6A, the size of the GSC spheres was
markedly reduced in the presence of EX527 in culture, and ap-
optosis was also observed. Consistently, the dependence of
GSCs on SIRT1 for survival was confirmed by the apoptosis in
GSCs following SIRT1 depletion by shRNA (Fig. 6B), small inter-
fering (si)RNA (Supplementary Fig. S4A), or SIRT1 inhibition by
EX527 treatment (Supplementary Fig. S4B). Furthermore,
Sox2 expression in GSCs was also markedly reduced by SIRT1
depletion in parallel with apoptosis (Supplementary Fig. S4C).
Similar to the F3.Ras.CNSCs, apoptosis of GSCs was attenuated
following codepletion of p53, indicating that the induction of
cell death by SIRT1 depletion in GSCs is also p53 dependent
(Fig. 6C). In order to examine SIRT1 depletion-dependent cell
death as an event specific to cancer stemness, GSCs were
forced to differentiate and lose their cancer stemness as de-
scribed previously.18 After spontaneous differentiation of
GSCs, expressions of CD133, Sox2, and nestin were markedly at-
tenuated, whereas GFAP expression was increased (Fig. 6D and
E).15 As expected, SIRT1 expression was concurrently sup-
pressed in the glial type of cells after differentiation from
GSCs (Fig. 6E and F). Additionally, the GSCs and their differenti-
ated counterparts displayed varying apoptotic susceptibility
following EX527 treatment. The differentiated glial type cells
from GSCs were more resistant to apoptosis by EX527 treat-
ment, indicating that dependence on SIRT1 for survival is spe-
cific to cancer cells with neural stemness.
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Discussion
Due to the high tumorigenic potential and chemo/radioresist-
ance of stemlike cancer cells—cancer cells with stemness
(referred to as cancer stem cells or tumor initiating cells)—
extensive efforts have been made to understand the molecular
characteristics of cancer cells with stemness or the molecular
mechanisms that confer cancer stemness. On the other hand,
high throughput screening of small molecules in chemical li-
braries targeting the specific molecular entities of cancer cells
with stemness to achieve selective cell death would be a prom-
ising strategy in the process of cancer drug development.

In the present studies, we took advantage of F3.Ras.CNSCs
that were derived from human NSCs, maintaining neural

stemness and forming the heterogeneous primitive neuroecto-
dermal tumor–like cancer in vivo, for characterizing the molec-
ular targets of cancer cells with neural stemness. We reasoned
that the attenuated p53 response in F3.NSCs upon oncogenic
challenge with H-Ras, which allowed cellular transformation,11

may result from the high expression of a negative regulator of
p53, such as SIRT1.11 As predicted, SIRT1 expression in F3.NSCs
was critical for oncogenic susceptibility (Fig. 2) and was also im-
portant for maintaining neural cancer stemness of
F3.Ras.CNSCs (Fig. 3). Considering that the glioma cell lines
were segregated from cells with neural stemness such as
F3.NSCs, F3.Ras.CNSCs, and GSCs by plotting the level of SIRT1
and Sox2 (Fig. 4A), apoptosis in F3.Ras.CNSCs but not in U87
cells on the loss of SIRT1 would imply a possible significant

Fig. 4. SIRT1 is important for the survival of cancer cells with neural stemness. (A) The relationship between the mRNA levels of SIRT1 and Sox2
was determined in a variety of cells via real-time PCR and analyzed as a 2D scatter plot. (B) F3.Ras.CNSCs and U87 cells were treated with SRT and
harvested at the indicated times. The level of SIRT1 and active caspase-3 was determined by immunoblotting. Alpha-tubulin was loading control.
(C) For apoptosis validation, F3.Ras.CNSCs and U87 cells were treated with SRT for 72 h, stained with 7-aminoactinomycin (7-AAD) and annexin V–
phycoerythrin (PE), and then analyzed on a conventional flow cytometer (left panel). A percentage of annexin V–positive cells is graphically
presented (right panel) (n¼ 3). (D) F3.Ras.CNSCs and U87 cells were infected with shCont or shSIRT1 virus supernatant, stained with 7-AAD
and annexin V-PE, and then analyzed on a conventional flow cytometer (left panel). A percentage of annexin V–positive cells is graphically
presented (right panel) (n¼ 3).
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role of SIRT1 in cancer cells with neural stemness. The notion
that SIRT1 may be required for acquiring neural cancer stem-
ness was also verified by apoptosis in GSCs by either SIRT1
depletion or enzymatic inhibition (Fig. 6A and B). More impor-
tantly, the susceptibility to the enzymatic inhibitor of SIRT1
was significantly diminished when GSCs were differentiated
into a glial type of cells (Fig. 6F). These results suggest
that SIRT1 expression, which appeared to be high in cancer
cells with neural stemness, would be a putative therapeutic
target to induce selective apoptosis of cancer cells with neural

stemness. The role of SIRT1 in the survival of cancer cells with
stemness has also been demonstrated in CD133-positive
GSCs33 and chronic myeloid leukemia stem cells.34

Recent studies in a glioma cell line model (U251) revealed
that the deacetylase activity of SIRT1 might also contribute
to maintaining proliferation and survival in malignant glioma
by regulating acetylation of primitive neuroectodermal
tumor,35 although the biological significance remains unclear.
Alteration of p53 acetylation status other than phosphorylation
is important for its role as both a transactivator36 and

Fig. 5. P53 is dependent on SIRT1 depletion for cell death in cancer cells with neural stemness. (A) The expressions of SIRT1, p53, acetyl-p53
(K382), cleaved poly(ADP-ribose) polymerase 1 (PARP-1), and active caspase-3 were determined by immunoblotting. (B) F3.Ras.CNSCs (shCont
or shSIRT1) treated with Nutlin3 (5 mM) and then harvested after 20 h. The levels of SIRT1, p53, active caspase-3, 9, and cleaved PARP-1 were
determined by immunoblotting. (C) F3.Ras.CNSCs and U87 cells underwent a dose-dependent infection. The levels of SIRT1, acetyl-p53 (K382),
and active caspase-3 were determined by immunoblotting. (D) F3.Ras.CNSCs were transfected with siRNA negative control (N.C; labeled as ‘-’),
SIRT1 (siSIRT1), p53 (siTP53), and SIRT1/p53. The cells were pretreated with a caspase-9 inhibitor when SIRT1 was depleted using siSIRT1, prior
to Nutlin3 treatment. The levels of SIRT1, p53, acetyl-p53 (K382), and active caspase-3 were determined by immunoblotting. ERK2, extracellular
signal-regulated kinase 2. (E) F3.Ras.CNSCs were transfected with siRNA N.C, SIRT1, p53, and both SIRT1 and p53 and then treated with Nutlin3.
These cells were stained with 7-aminoactinomycin and annexin V–phycoerythrin and then analyzed on a conventional flow cytometer. The
percentage of apoptotic cell population is presented graphically (n¼ 4). Alpha-tubulin or ERK2 was loading control.
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transcription-independent cell death inducer.37 Thereby, inhibi-
tion of p53 deacetylation would be a strategy to regain
p53-dependent cell death in certain types of cancer cells. For
example, the pharmacological inhibition of SIRT1 in chronic
myelogenous leukemia stem cells induces reactivation of p53
to cause both growth inhibition and defects in tumor engraft-
ment through p53 acetylation.34 Similarly, inhibition of SIRT2

promotes cell death in lung cancer cells by inducing p53 acet-
ylation and consequent p53-dependent apoptotic gene re-
sponse.38 We also demonstrated that the selective cell death
of F3.Ras.CNSCs by SIRT1 depletion resulted from increased
acetylation of p53, and p53 codepletion partly rescued cell
death in F3.Ras.CNSCs (Fig. 5D and E). Moreover, considering
that p53 frequently functions as a barrier for “acquiring

Fig. 6. Depletion of SIRT1 leads to cell death in GSCs but not in GSC-derived differentiated cells. (A) The morphology of Cont (dimethyl sulfoxide)- or
EX527 (5 mM)-treated GSC 528NS cells (scale bars, 200 m). Size of the sphere was measured using ImageJ. The levels of SIRT1, active caspase-3,
and cleaved poly(ADP-ribose) polymerase 1 (PARP-1) were determined by immunoblotting. (B) The levels of SIRT1 and active caspase-3 were
determined by immunoblotting. (C) 528NS cells were transfected with siRNA negative control (N.C) or TP53 (encoding p53) and then treated
with EX527 starting the next day for 2 days. The levels of p53, acetyl-p53 (K382), PARP-1, and active caspase-3 were determined by
immunoblotting. (D) Morphological image of GSC 528NS and their differentiated cells (upper panel). GSC 528NS and their differentiated cells
were immunostained with an NSC marker (hNestin) and astrocyte marker (glial fibrillary acidic protein [GFAP]). 4′,6′-diamidino-2-phenylindole
was used for nuclear counterstain (scale bars, 200 m). (E) The mRNA levels of CD133, nestin, Sox2, GFAP, and SIRT1 in GSC 528NS and their
differentiated cells were determined by real-time PCR. (F) GSC 528NS and their differentiated cells were treated with EX527 in a
dose-dependent manner and harvested after 2 days. The levels of SIRT1, PARP-1, and Sox2 were determined by immunoblotting. Beta-actin
was loading control.

Lee et al.: Role of SIRT1 in “cancer cells with neural stemness”

104



stemness”39 or maintaining stemness,40 cancer dedifferentia-
tion, generating cancer cells with neural stemness (additional
defects in p53 such as premature deacetylation of p53 by the
induction of SIRT1 in this case), may be a prerequisite event for
acquiring or maintaining cancer stemness in GSCs. Thus, the
negative regulation of p53 by direct41 or indirect mechanisms18

would be favorable for the growth of cancer cells with stem-
ness. Thereby, regaining the p53 response in cancer cells with
stemness by abrogating a set of negative regulators toward
p53 would be a promising therapeutic strategy to cancer cells
with stemness. In conclusion, SIRT1 is critical for not only can-
cerous transformation of F3.NSCs but also survival of
F3.Ras.CNSCs and in abrogating the p53 response in GSCs, so
that it would be a promising target for selectively targeting can-
cer cells with stemness. In addition, a comparison of the com-
mon molecular characteristics of F3.Ras.CNSCs with GSCs could
provide an important set of information to understand cancer
cells with stemness and to serve as a feasible model system for
high throughput screening targeting cancer cells with
stemness.
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