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Cancer Biology and Signal Transduction

CDK1-Mediated SIRT3 Activation Enhances
Mitochondrial Function and Tumor
Radioresistance
Rui Liu1, Ming Fan1, Demet Candas1, Lili Qin1, Xiaodi Zhang1, Angela Eldridge1, JuneX. Zou2,
Tieqiao Zhang3, Shuaib Juma1, Cuihong Jin1, Robert F. Li1, Julian Perks1,4, Lun-Quan Sun5,
Andrew T.M. Vaughan1,4, Chun-Xu Hai6, David R. Gius7, and Jian Jian Li1,4

Abstract

Tumor adaptive resistance to therapeutic radiation remains a
barrier for further improvement of local cancer control. SIRT3,
a member of the sirtuin family of NADþ-dependent protein
deacetylases in mitochondria, promotes metabolic homeosta-
sis through regulation of mitochondrial protein deacetylation
and plays a key role in prevention of cell aging. Here, we
demonstrate that SIRT3 expression is induced in an array of
radiation-treated human tumor cells and their corresponding
xenograft tumors, including colon cancer HCT-116, glioblas-
toma U87, and breast cancer MDA-MB231 cells. SIRT3 tran-
scriptional activation is due to SIRT3 promoter activation
controlled by the stress transcription factor NF-kB. Posttran-
scriptionally, SIRT3 enzymatic activity is further enhanced
via Thr150/Ser159 phosphorylation by cyclin B1–CDK1,

which is also induced by radiation and relocated to mito-
chondria together with SIRT3. Cells expressing Thr150Ala/
Ser159Ala-mutant SIRT3 show a reduction in mitochondrial
protein lysine deacetylation, Dym, MnSOD activity, and mito-
chondrial ATP generation. The clonogenicity of Thr150Ala/
Ser159Ala-mutant transfectants is lower and significantly de-
creased under radiation. Tumors harboring Thr150Ala/Ser159-
Ala-mutant SIRT3 show inhibited growth and increased sen-
sitivity to in vivo local irradiation. These results demonstrate
that enhanced SIRT3 transcription and posttranslational modi-
fications inmitochondria contribute to adaptive radioresistance
in tumor cells. CDK1-mediated SIRT3 phosphorylation is a
potential effective target to sensitize tumor cells to radiother-
apy. Mol Cancer Ther; 14(9); 2090–102. �2015 AACR.

Introduction
Tumor radiotherapy, alone or combined with surgery and

chemotherapy, continues to be the most powerful tool in cancer
growth control (1–3). However, increased tumor resistance to
therapeutic radiation, especially the recurrent and metastatic
lesions with enhanced aggressiveness, remains to be the major
factor causing poor prognosis and shortening patients' survival
(4–6). Accumulating evidence suggests that tumors can develop
so-called adaptive radioresistance to current cancer therapies

(7–9). A prosurvival network regulated by the transcription factor
NF-kB has been linked with the aggressive growth and radio-
resistance of a fraction of breast cancer cells surviving long-term
irradiation (10–12). Sirtuins are a group of NADþ-dependent
histone deacetylases (HDAC) in mammalian cells and are
involved in an array of critical cellular functions, including cell
proliferation, apoptosis, metabolism, stress responses, aging, and
longevity (13, 14). Among seven sirtuin members (SIRT1–7),
SIRT3 is the best characterized mitochondrial sirtuin, functioning
to regulate mitochondrial proteins involved in oxidative phos-
phorylation, fatty acid oxidation, the urea cycle, and the antiox-
idant response (14–21). Several studies have highlighted the role
of SIRT3 in metabolism and homeostasis in normal cells and
revealed new targets and substrates for SIRT3-dependent deacety-
lation (22). SIRT3 is the primary mitochondrial deacetylase reg-
ulatingmitochondrial protein lysine acetylation involved inmany
cellular functions (23). Using themitochondrial NADpool, SIRT3
functions as a stress-responsive deacetylase leading tohomeostasis
and prosurvival effects (24). SIRT3 knockout mice exhibit
decreased oxygen consumption and develop oxidative stress in
skeletal muscle with a significant reduction in ATP levels in
the heart, kidney, and liver (25). Enforced exogenous SIRT3
expression enhances mitochondrial respiration and reduces mito-
chondrial ROS levels (26). Several key metabolic enzymes in
mitochondria are identified to be regulated by SIRT3, including
MnSOD, which protects the cells by detoxifying reactive oxygen
species (27). Recently, SIRT3 is shown to deacetylate ATP synthase
F1 to enhance mitochondrial bioenergetics in nutrient and exer-
cise-induced stress (28). These observations suggest that SIRT3
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functions as a metabolic sensor that monitors energy availability
and directs mitochondrial processes so as energy production
matches energy needs as well as consumption. However, how
SIRT3 is regulated in tumor cells especially under genotoxic con-
ditions, such as therapeutic ionizing radiation (IR), remains to be
elucidated.

It is not clear whether SIRT3 gene and/or its posttranslational
modifications could be regulated under genotoxic stress condi-
tions such as clinical radiotherapy. It has been observed that
irradiation of SIRT3-lacking cells result in deterioration of
mtDNA, mitochondrial dysfunction, and apoptosis (29) proba-
bly due to lack of MnSOD deacetylation and activation by SIRT3
(27).Downregulationof SIRT3 inhibits growth and sensitizes oral
squamous carcinoma cells to IR (30). Recently, cyclin B1–CDK1 is
found to regulate mitochondrial function via phosphorylation of
an array mitochondrial proteins, including complex I subunits
(31) and MnSOD (32), resulting in improved mitochondrial
homeostasis and cell-cycle progression. In this study, we aim to
determine whether SIRT3 transcription can be induced by IR and
whether its posttranslational modification is involved in CDK1-
medaited mitochondrial homeostasis. The data demonstrate that
SIRT3 gene transcription is upregulated in tumor cells by IR under
the control of NF-kB regulation and SIRT3 enzymatic activity is
further enhanced by cyclin B1–CDK1–mediated Thr150/Ser159
phosphorylation in mitochondria. These results reveal a cooper-
ative mechanism by which SIRT3 enhances mitochondrial
homeostasis and tumor adaptive radioresistance,whichmay serve
as an effective target to inhibit tumor growth by radiotherapy.

Materials and Methods
Cell culture and treatment

Human colon carcinoma cell lines HCT116 were kindly provid-
ed by Dr. Bert Vogelstein in 2007 (Johns Hopkins University,
Baltimore, MD) and maintained in McCoy's 5A medium supple-
mented with 10% fetal bovine serum (HyClone), penicillin (100
U/mL), and streptomycin (100 mg/mL) in a humidified incubator
at37�C(5%CO2).HCT116 cell lineswerenot authenticatedbyour
laboratory. MDA 231 and U87 cells were obtained from the ATCC
in 2004 and 2011, respectively, and were not authenticated by our
laboratory. MDA 231 and U87 cells were maintained in MEM
medium supplemented with 10% fetal bovine serum (HyClone),
1% nonessential amino acids, penicillin (100 U/mL), and strep-
tomycin (100mg/mL) inahumidified incubator at37�C(5%CO2).
Exponentially growing cells in T75 flask with 70% to 80% conflu-
ence were exposed to radiation at room temperature using a
Cabinet X-rays System Faxitron Series (dose rate: 0.997 Gy/min;
130 kVp;Hewlett Packard).Cells that didnot receive radiationwere
used as the sham-IR control. WR1065 was kindly provided by Dr.
David Grdina (Northwestern University, Chicago, IL). One mol/L
of stock solution was made in PBS immediately before use. Before
radiation, cells were treated with WR1065 at final concentration of
4 mmol/L for 30 minutes or 40 mmol/L for 24 hours.

Antibodies
Antibodies used in this study were as follows: the antibodies

against b-actin (sc-8432), cdc2 p34 (sc-137035), cyclin B1 (sc-
245), p53 (sc-126), SOD-2 (sc-133134), NDUFA9 (sc-58392),
phospho-serine (sc-81514), phospho-threonine (sc-5267), and
caspase-3 (sc-7148) were purchased from Santa Cruz Biotechnol-
ogy. The antibodies against SIRT3 (2627s), acetylated-lysine
(9441), Cox IV (4844) were purchased from Cell Signaling

Technology. Anti-cytochrome c (05-479) was purchased from
Upstate Biotechnology. Anti-FLAG M2 (F-3165) was purchased
from Sigma.

Mitochondria isolation
Exponentially growingHCT116 cells at 50% to80%confluence

were harvested and resuspended in Buffer A (134mmol/LNaCl, 5
mmol/L KCl, 0.7 mmol/L Na2HPO4, 2.5 mmol/L Tris–HCl pH
7.5). After centrifugation, the pellet was resuspended in Buffer B
(10 mmol/L NaCl, 1.5 mmol/L MgCl2, 10 mmol/L Tris–HCl pH
7.5) and the cells were lysed using a glass homogenizer followed
by the addition of BufferC (2mol/L sucrose, 35mmol/L EDTA, 50
mmol/L Tris–HCl pH 7.5). Centrifugation twice got rid of the cell
debris and the supernatant was centrifuged at 10,000 rpm for 20
minutes to pellet the mitochondria. After washing the pellet with
Buffer D (0.33 mol/L sucrose, 1 mmol/L EDTA, 8.3 mmol/L Tris–
HCl pH 7.5), the mitochondrial pellet was lysed and stored.

Expression and purification of GST-tagged proteins
Escherichia coli BL-21 containing a GST-tagged SIRT3-expressing

vector was cultured in Luria-Bertani (LB) broth with 50 mg/mL of
ampicillin until an optical density of 0.6 was reached. To induce
fusion protein production, 0.1 mmol/L isopropyl-b-D-thio-galac-
topyranoside (IPTG)was added, and the culture was incubated for
an additional 3 hours. The induced culture was collected and
suspended in PBS buffer containing 5 mmol/L dithiothreitol,
proteinase inhibitor cocktail and 0.1% lysozyme. Cells were lysed
by sonication, cellular debris was removed by centrifugation, and
thewhole-cell protein extractwas collected in the supernatant. This
protein extractwas incubatedwith glutathione-sepharose 4Bbeads
(Pierce Protein Research, IL) at a volume ratio of 4:1 (supernatant:
bead) for 1 hour. The GST-fusion proteins were eluted from the
beads using glutathione elution buffer (10 mmol/L reduced glu-
tathione in 50mmol/L Tris–HCl, pH 8.0), and the eluted proteins
were subjected to dialysis in molecular porous membrane tubing
(Spectrum labs) with 1� PBS/1 mmol/L EDTA. The purified
protein was analyzed by SDS-PAGE and immunoblotting.

Immunoblotting and coimmunoprecipitation
Unless noted otherwise, cytosolic fraction or total cell or

mitochondrial lysates (20 mg) were separated by SDS–PAGE and
transferred to a nitrocellulose membrane. The membrane was
incubated with specific primary antibody overnight at 4�C, fol-
lowed by the horseradish peroxidase–conjugated secondary anti-
body for 1 hour, and visualized by the ECL Western blotting
detection system (Amersham). After various treatments, mito-
chondrial proteins (250–500 mg) were precleared using normal
mouse or rabbit IgG and Protein A/G PLUS-Agarose (Pierce). The
precleared supernatants were incubated with primary antibodies
overnight at 4�Cwith shaking. The reaction was further incubated
with Protein A/G PLUS-Agarose for 3 hours at 4�C. The immu-
noprecipitated samples were rinsed three times with washing
buffer (1 mol/L NaCl, 1% NP-40, 50 mmol/L Tris–HCl, pH
8.0) and further analyzed by immunoblotting analysis using
different antibodies.Normal IgGwas applied as anegative control
for immunoprecipitation.

Quantitative RT-PCR analysis
The qRT-PCR primers were as follows: SIRT3 (forward: 50-

tgctcctgcaaattcacacaa-30, reverse: 50-atcttggcttttcacatctgcaa-30);
b-actin (forward: 50-cgtgacatcaa ggagaagct-30, reverse: 50-

SIRT3 in Mitochondrial Homeostasis and Tumor Radioresistance

www.aacrjournals.org Mol Cancer Ther; 14(9) September 2015 2091

on October 15, 2015. © 2015 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst July 3, 2015; DOI: 10.1158/1535-7163.MCT-15-0017 

http://mct.aacrjournals.org/


tcgtggataccgcaagattc-30). Total RNA was extracted from control
and irradiated HCT116, U87, and MDA-MB-231 cells and then
treated with DNase I. Following reverse transcription reaction,
quantitative RT-PCR was performed with Applied Biosystems
7300 Real-Time PCR system using the TaqMan mRNA Assay
Kit. The expression of mRNA was normalized and presented as
fold change of each mRNA in radiated cells relative to the sham-
radiation controls.

SIRT3 mutant construction and transfection
The mutations of SIRT3 in Thr150 to Alanine and Ser159 to

Alanine were generated from the SIRT3-expression vector
pCDNA3-SIRT3-Flag (Addgene, New York University, New York,
NY) by the QuikChange Site-Directed Mutagenesis Kit using the
primers 50-GCC GGC ATC AGCGCA CCC AGT GGC ATT CCA-30

and 50-TGG AAT GCC ACT GGG TGC GCT GAT GCC GGC-30 or
50-ATTCCAGACTTCAGAGCGCCGGGGAGTGGCCTG-30 and
50-CAG GCC ACT CCC CGG CGC TCT GAA GTC TGG AAT-30,
respectively. The SIRT3 cDNAs were cloned into the pGEX-5X-1
vector using the BamH1 and Xho1 sites. Cell transfectants were
obtained by using Lipofectamine 2000 (Invitrogen) and selected
with G418 (1 mg/mL) for >14 days.

Ex vivo and in vitro kinase assay
cyclin B1–CDK1 kinase used for assay was either commercially

purchased or isolated from mitochondria from previously irra-
diatedHCT-116 cells by immunoprecipitationpurification. SIRT3
protein was endogenous or transfected and purified using immu-
noprecipitation by anti-SIRT3 or anti-flag antibody, respectively.
Onemicrogram recombinant GST-SIRT3 was also used for kinase
assays. Specified SIRT3 protein was incubated with designated
cyclin B1–CDK1 kinase in kinase buffer (50mmol/L Tris–HCl, 10
mmol/L MgCl2, 1 mmol/L EGTA, 2 mmol/L DTT, 0.01% Brij 35,
pH7.5) supplementedwith 100mmol/L of cold ATP and100mCi/
mmol of [g-32P] ATP at 30�C for 2 hours. The same amount of
histone H1 was included as a positive control phosphorylation
substrate for Cdk1 and GST-protein served as a negative control.
Samples were separated via SDS–PAGE and visualized by
autoradiography.

Clonogenic survival assay
Cells were grown until they reached 70% confluence and were

subjected to shamor radiationof 5Gy. At the endof the treatment,
both of the sham control and irradiated cells were trypsinized and
reseeded on 60-mm tissue culture dishes in triplicates. The cell
numbers applied were 9,000, 6,000, and 3,000 cells per plate for
the irradiated plates and 3,000, 1,000, and 500 cells per plate for
the untreated control plates. Following incubation for 10to 12
days after seeding, the media were removed and 2 mL of Coo-
massie blue staining solution was added to the plates and the
cloneswere stained for 5minutes. The colonies withmore than 50
cellswere counted andnormalized to the plating efficiencyof each
cell line.

SIRT3-mediated tumor radioresistance tested by in vivo mouse
irradiation

All mouse handling and experiments were conducted accord-
ing to Animal Care & Use guidelines and IACUC approved
protocol. Stable transfected HCT-116 cells with mock, SIRT3
wild-type and SIRT3 mutant were harvested from growing cul-
tures and 3.3 � 106 cells were injected subcutaneously into the

right and left flanks of mouse (n ¼ 6). When individual tumor
volume reached approximately 0.1 to 0.3 cm3 on seventh days
after inoculation, a single dose of 5-Gy IR was locally delivered to
tumor using an Elekta Beam Modulator Agility linear accelerator
(Elekta AB). The dose was delivered with 6MeV electrons directed
through a 1 cm cut out for tumor coverage andmaximal sparing of
the surrounding tissues. A bolus of 0.5 cm "superflab" material
was used over the tumor site, which ensured full-dose coverage up
to the skin surface and further spared the underlying tissues. The
thermoluminescent detectors (TLD) were used to calibrate the
small field dose with an accuracy of �2%. The accuracy of dose
delivery was confirmed with a 3D printed phantom representa-
tion of the mouse with tumors on each flank. The dose to the
irradiated target wasmeasured within 1%of the prescription with
a MOSFET detector, with the sham-irradiated side was measured
at only 4% of the prescription dose. The tumors were measured
every 3 days with Vernier calipers, and the tumor volumes were
calculated according to the formula 0.52 � a � b2 (a ¼ small
diameter, b¼ large diameter). The tumor volumewas normalized
to the volume before irradiation. The animal studies were con-
ducted under the IACUC 15315 protocol approved by the Uni-
versity of California Davis (Davis, CA) Institutional Animal Care
and Use Committee for research in vertebrate animals.

Statistical analysis
The data are presented as mean � SEM. Statistical significance

among groupswas determinedbyusing t tests or one-wayANOVA
with SPSS software (version 11.0). The findings were considered
significant at P < 0.05 and highly significant at P < 0.01.

Results
Radiation enhances SIRT3 expression and reduces
mitochondrial acetylated proteins

In vitro experiments using human colon cancer HCT-116 cells,
breast MDA-MB231, and glioblastoma U87 cells showed that
SIRT3 expression was induced after exposure to 5-Gy IR (Fig. 1A).
Similarly, in vivo irradiated tumors also showed enhanced SIRT3
expression following 5-Gy irradiation (Fig. 1A). Accordingly, IR-
induced SIRT3 expression was timely conjugated with decreased
overall mitochondrial protein deacetylation both in HCT116
tumor cells and their xenograft tumor models (Fig. 1B and C).
Similar results obtained with MDA231 (Supplementary Fig. S1A)
and U87 cells (Supplementary Fig. S1B), suggesting a universal
mechanism by which radiation induces SIRT3 expression and
deacetylation of mitochondrial proteins. The induction of SIRT3
may represent a predominant feature of tumor cells after
irradiation.

NF-kB controls SIRT3 transcription in irradiated tumor cells
Our data indicate that SIRT3 expression, although decreased in

human cancers, can be induced via NF-kB–mediated SIRT3 pro-
moter activation (Fig. 2). Similar to SIRT3 protein levels, SIRT3
mRNA levels were also increased after 5-Gy IR in three different
cancer cell lines, HCT116, U87, and MDA231 (Fig. 2A). A data-
base search identified a potential NF-kB binding motif in the
human SIRT3 promoter region (�352 to �146), which was
identified as a critical cis-acting element that plays a role in IR-
induced SIRT3 transactivation (Fig. 2C). Importantly, NF-kB
activity (Fig. 2B) and binding to SIRT3 promoter (Fig. 2C) were
also induced by radiation. When the NF-kB response element on
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SIRT3 promoter was mutated, NF-kB binding was significantly
reduced (Fig. 2C). Chromatin immunoprecipitation assay also
showed an increase in p65 and p50 subunit binding to the SIRT3
promoter following IR (Fig. 2D). These results indicate that
SIRT3 transcription is directly regulated by NF-kB upon radiation
exposure.

Mitochondrial cyclin B1–CDK1 is linked with SIRT3
phosphorylation

Both cyclin B1 and CDK1 protein levels were enhanced in the
mitochondria after 5-Gy IR, shown by Western blotting of the
mitochondrial fractions (Fig. 3A, a and b). Purity of the mito-

chondrial fractions is shown in Supplementary Fig. S1C. The 3D
deconvolution fluorescence microscopy also revealed that a frac-
tion of cyclin B1 or CDK1 was colocalized with COX IV, a
mitochondrial resident protein (Fig. 3B). Unlike COXIV, cyclin
B1 and CDK1 are not mitochondrial resident proteins, therefore
their mitochondrial localization is a dynamic process following
radiation. At any given point, there will be both mitochondrial
and cytoplasmic/nuclear cyclin B1–CDK1. Therefore, in Fig. 3B,
there are some green only spots indicating non-mitochondrial
localization of the complex. Similarly, the presence of red only
spots suggests that not all mitochondria has cyclin B1 and CDK1,
assuming that the immunostaining was 100% efficient.
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Figure 1.
Radiation-induced SIRT3 expression
results in reduced levels of acetylated
proteins both in vitro and in vivo. A,
enhanced SIRT3 protein expression in
human cancer cell lines and their
corresponding mouse xenograft
tumors receiving in vitro and local
in vivo irradiation. Left, Western blot
analysis of SIRT3 in human colon
cancer (HCT-116), glioblastoma (U87),
and breast cancer (MDA-MB231) cells
and their corresponding mouse
xenograft tumors 24 hours after sham
(�) or 5 Gy IR (þ). Right, the levels of
SIRT3 expression in irradiated cells
and tumors were estimated by
measuring the band intensity using
the ImageJ software, normalized with
b-actin and compared with the sham
radiation controls (n ¼ 3; � , P < 0.05).
Western blot analysis of SIRT3 as well
as the acetylated proteins of
mitochondrial fractions isolated from
HCT-116 cells (B) and the
corresponding xenograft tumors
(C) at different times after 5-Gy IR.
The total acetylated mitochondrial
protein levels were estimated by
densitometry and normalized with
COX IV as SIRT3/Ac-K ratio (bottom).
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Nevertheless, themitochondrial localization of a portion of cyclin
B1 and CDK1 is evident. Next, we investigated whether SIRT3 can
also be phosphorylated by the mitochondrial cyclin B1–CDK1
upon radiation. Coimmunoprecipitation (Co-IP) assays showed
that SIRT3 is Ser/Thr phosphorylated in the mitochondria, which
is enhanced after irradiation (Fig. 3C). Thesefindings indicate that
the Ser/Thr phosphorylation of SIRT3 is responsive to radiation,
which may be linked to IR-induced mitochondrial cyclin B1–
CDK1 complex. In addition, amitochondrial Co-IP also showed a
direct interaction between CDK1 and SIRT3 in irradiated HCT-
116 cells (Fig. 3D).

CDK1-mediated SIRT3 Thr150/Ser159 phosphorylation
enhances SIRT3 activity

To determine whether CDK1 is responsible for SIRT3 phos-
phorylation, we used plasmid constructs containing an 87 base
MTS (mitochondria targeting sequence) linked to GFP-tagged
wild-type or dominant-negative CDK1 (9). The phosphorylation
of SIRT3was significantly reduced in themutantCDK1-expressing

cells (Fig. 4A), indicating thatmitochondrial CDK1 is required for
IR-induced SIRT3 phosphorylation in mitochondria. To deter-
mine the specific CDK1-controlled phosphorylation of SIRT3,
Netphos 2.0, Automotif server 2.0 was used (33) and two poten-
tial CDK1 consensus phosphorylation motifs (Thr150 and
Ser159) were identified (S/T�-P; Supplementary Fig. S2). To test
whether these two residues are phosphorylated in vitro, we gen-
eratedwild-type flag-tagged SIRT3 anddouble-mutantflag-tagged
SIRT3 (pCDNA3.1/SIRT3/T150A/S159A mut) plasmids. Co-IP
showed that the doublemutation of SIRT3protein clearly reduced
Ser/Thr phosphorylation of this mitochondrial deacetylase com-
pared with wild-type SIRT3 (Fig. 4B), pointing at these two
residues as potential phosphorylation target sites.

To further identify these residues of SIRT3 as CDK1 target sites,
we performed an in vivo kinase assay using commercial cyclin B1–
CDK1 protein as the kinase source andwild-type andmutant flag-
tagged SIRT3 proteins immunoprecipitated from the transfected
cells as the substrate. The results showed that a single mutation of
either T150A or S159A greatly reduced the phosphorylation of
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Figure 2.
NF-kB is responsible for radiation-induced SIRT3 expression. A, enhanced SIRT3 mRNA levels in irradiated HCT-116, U87, and MDA-MB231 cells measured by
quantitative RT-PCR. B, NF-kB reporter activity measured 24 hours after sham or 5-Gy IR. C, NF-kB responsive fragment (�352 to �146) containing
NF-kB-RE consensus sequence (�184 to �171) was identified in the promoter region of human SIRT3 gene. Luciferase reporter plasmids with wild-type
(SIRT3 WT) or mutant (SIRT3 MUT; lacking the NF-kB fragment) SIRT3 promoter region or Mock (empty vector control) were transfected to HCT-116 cells and
luciferase activity was measured 24 hours after sham or 5-Gy IR. Data were normalized to b-gal activity (n ¼ 3; � , P < 0.05; �� , P < 0.01). D, ChIP assay of NF-kB
in SIRT3 promoter region. Fragment A (�352 to �146): encompassing the NF-kB consensus sequence; Fragment B (�1311 to �1509): a nonrelevant
upstream sequence as the control. Protein–DNAcomplexeswere extracted from IR (5Gy)-treatedHCT-116 cells and immunoprecipitated using anti-NF-kB (anti-p65,
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SIRT3; while the T150A and S159A double mutation completely
inhibited phosphorylation of SIRT3 (Fig. 4C). To show that
endogenous SIRT3 can also be phosphorylated by CDK1, we
performed another kinase assay including the endogenous SIRT3
as a substrate along with the exogenous wild-type and mutant
SIRT3 proteins. The endogenous SIRT3 (IP/SIRT3) immunopre-
cipitated from nontransfected cells gave a positive phosphoryla-
tion signal (Fig. 4D), as did the exogenous flag-tagged wild-type
SIRT3 (IP/SIRT3 WT). Similarly, we performed an in vitro kinase
assay using GST-tagged wild-type and mutant SIRT3 proteins
synthesized in bacteria as the substrate commercial CDK1 (Fig.
4E, left), and themitochondrial CDK1 immunoprecipitated from
the HCT-116 cells (Fig. 4E, right) as the kinase. The two clones of
recombinant wild-type GST-SIRT3 were phosphorylated by com-
mercial CDK1, whereas in contrast, the mutant GST-SIRT3 was
not phosphorylated (Fig. 4E, left). Immunoprecipitated endoge-
nous mitochondrial CDK1 can also phosphorylate the wild-type
SIRT3, but not the mutant GST-SIRT3 (Fig. 4E, right). Both SIRT3
T150 and S159 phosphorylated by CDK1 indicates that the

CDK1–SIRT3 pathway may play a role in the overall mitochon-
drial protein acetylation involved in mitochondrial homeostasis
and apoptosis (34). CDK1-mediated SIRT3 Thr150/Ser159 phos-
phorylation appears to orchestrate mitochondrial metabolic
homeostasis that may contribute to an adaptive radioresistance
phenotype in tumor cells. On the other hand, because cyclin B1–
CDK1 is also induced by IR under NF-kB regulation (35), cyclin
B1–CDK1 and SIRT3 may serve as fundamental factors under the
control of NF-kB to guide the mitochondrial homeostasis and
cyclin B1–CDK1 serves as the kinase responsible for SIRT3 phos-
phorylation and activation in the mitochondria.

To determine whether the deacetylase activity of SIRT3 can be
regulated via phosphorylation at Thr150 and/or Ser159, we
compared the acetylation of mitochondrial proteins in cells
transfected with wild-type or Thr150A/Ser159A-mutated SIRT3.
As expected, total acetylation was reduced in the wild-type
SIRT3-expressing cells, while an increased acetylation of overall
mitochondrial proteins were observed in mutant SIRT3-expres-
sing cells following radiation exposure (Fig. 4F, a and b).
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Similar results were also observed in U87 and MDA-MB231
cells (Supplementary Fig. S3). The acetylation of three key
SIRT3 mitochondrial substrates, NDUFA9 (a complex I sub-
unit), MnSOD (mitochondrial antioxidant), and p53, was all

increased in mutant SIRT3-transfected cells, as compared with
wild-type SIRT3-expressing cells (Fig. 4G), indicating a critical
role of SIRT3 deacetylase activity in regulating mitochondrial
function and homeostasis.
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CDK1-mediated SIRT3 Thr150A/Ser159A phosphorylation
enhances SIRT3 targets and mitochondrial bioenergetics

SIRT3 has been recently shown to protect cells from oxidative
stress by activating key mitochondrial metabolic/detoxification
proteins, including MnSOD. To test the significance of CDK1-
mediated SIRT3 T150/S159 phosphorylation for protectingmito-
chondrial function under radiation, we investigated the mito-
chondrial functions in cells transfected with wt or T150A /S159A-
mutant SIRT3. An increasedMnSOD activity was detected after IR

exposure in wild-type SIRT3, but not mutant SIRT3-transfected
cells (Fig. 5A). To address the clinical relevance of SIRT3 phos-
phorylation-mediated MnSOD activity, we tested the MnSOD
activity in wt or mutant SIRT3-transfected mammary epithelial
MCF10A cells. Like inMCF7 cells, MCF10A cells showed a similar
MnSOD activation regulated by SIRT3 phosphorylation (Supple-
mentary Fig. S4). These results raise a concern in protecting
normal tissues when tumor cells are radiosensitized by inhibition
of the SIRT3–MnSOD pathway. Therefore, specific targets of
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Figure 5.
Expression of Thr150/Ser159-mutant SIRT3 decreasesMnSOD activity andmitochondrial functions. HCT116 cells harboringmock, wild-type SIRT3, or Thr150/Ser159-
mutant SIRT3 were treated with sham or 5-Gy IR. MnSOD activity (A), Dcm (B), mitochondrial superoxide levels (C), and mitochondrial ATP production
(D) were measured 24 hours after radiation. HCT116 cells harboring Thr150/Ser159-mutant SIRT3 were treated with MnSOD mimic drug, WR1065 (40 mmol/L,
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ATP production (G), mitochondrial membrane potential (H), and mitochondrial superoxide levels (I) were measured 24 hours after IR in HCT116 cells
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SIRT3 phosphorylation mediated MnSOD in tumor cells need to
be further investigated. Additional evidence of CDK1–SIRT3-
mediatedmitochondrial homeostasis include the decreased Dcm
(Fig. 5B), enhancedmitochondrial superoxide level (Fig. 5C)with
lowered ATP production (Fig. 5D) in cells expressing mutant
SIRT3 with the deficient CDK1-mediated phosphorylation. The
lowered Dcm and ATP production were rescued by SODmimics,
WR1165, pretreatment 24 hours before IR in mutant SIRT3-
bearing cells (Fig. 5E and F), suggesting that the reduced mito-
chondrial functions are due to the inability of mutant SIRT3 to
induceMnSOD activity. In addition, we also used SIRT3 siRNA to
knockdown the expression of SIRT3 and followed the mitochon-
drial functions. Similar to MUT SIRT3-expressing cells, SIRT3
knockout cells showed lowered Dcm and ATP production, as
well as enhanced superoxide levels (Fig. 5G–I).

CDK1-mediated SIRT3 phosphorylation in tumor
radioresistance

To gain further insight into the effects of SIRT3 phosphoryla-
tion on HCT-116 cell survival and proliferation, we performed
apoptosis and colony-formation assays with cells transfectedwith
wild-type and the Thr150A and/or Ser159A-mutant SIRT3 genes

after IR exposure. Cells expressing the SIRT3 T150A/S159A
mutant promoted apoptosis, as measured by a significant release
of cytochrome c from the mitochondria after radiation (Fig. 6A).
In addition, cleavage of caspase-3, a key enzyme initiating the
execution stage of apoptotic pathway,was increased in themutant
SIRT3 transfectants (Fig. 6A). Comparison of apoptotic cells
within the wt or mutant SIRT3 transfectants revealed a greater
percentage of apoptosis in mutant SIRT3-bearing cells (Fig. 6B).
Likewise, mutant SIRT3 T150A/S159A transfectants exhibited
lower clonogenic survival (decreased 19.8%) in basal clonogeni-
city and an additional 73.5% reduction after 5-Gy IR, as compared
with wild-type SIRT3-transfected cells (Fig. 6C, a and b and
Supplementary Fig. S5A and S5B). Similarly, knocking down
SIRT3 via siRNA transfection, resulted in reduced clonogenic
survival of cells, which is further decreased by 5-Gy irradiation
(Fig. 6D). In mutant SIRT3-bearing cells, CDK1-mediated SIRT3
activation will not be achieved, therefore, downstream targets of
SIRT3, including MnSOD, will not be activated by deacetylation.
Lack of MnSOD activation will then lead to the accumulation of
ROS and oxidative damage resulting in cell death and enhanced
radiosensitivity. MnSOD overexpression in SIRT3-mutant cells
did not rescue the clonogenic cell death, because SIRT3 mutant–
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Expression of Thr150/Ser159-mutant
SIRT3 inhibits clonogenic survival and
increases tumor radiosensitivity. A,
Western blot analysis of cytochrome
c and caspase-3 cleavage in HCT-116
cells harboring wild-type or
Thr150/Ser159-mutant SIRT3 24 hours
after 5-Gy IR. B, apoptosis assay in
HCT-116 cells harboring wild-type or
Thr150/Ser159-mutant SIRT3 upon
sham or 5-Gy IR (n ¼ 3; � , P < 0.05).
C, clonogenic survival rates were
measured in above HCT-116 stable
transfectants after irradiation with
5 and 10 Gy. Survival fractions
normalized to mock sham controls
are shown (n ¼ 5; �� , P < 0.01). D,
clonogenic survival of HCT116 cells
that are transfected with scrambled
control or SIRT3 siRNA for 48 hours,
with or without radiation (n ¼ 3;
�� , P < 0.01). E, HCT-116 cells stably
transfected with mock, wild-type, or
mutant SIRT3 were inoculated in
mice and when tumor reached
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expressing cells were unable to induce MnSOD activity even
though MnSOD is overexpressed (Supplementary Fig. S5C and
S5D). However, pretreatment with MnSOD mimics prior to
irradiation did rescue the clonogenic survival, suggesting that
SIRT3-dependent cell survival is mediated viaMnSOD activation.
These results indicate that CDK1-mediated SIRT3 phosphoryla-
tion results in a tumor cell–resistant phenotype or promotes
survival after exposure to therapeutic IR.

Finally, we analyzed the role of radiation-induced mitochon-
drial CDK1-mediated SIRT3 phosphorylation in vivo. To generate a
mouse xenograft tumor model, mock/HCT-116, SIRT3 WT/HCT-
116, and SIRT3 MUT/HCT-116 cells (5 million cells each) were
subcutaneously implanted into each side of nude mice flanks. On
the seventh day after tumor cell implantation, the mice were
divided into two groups, sham or 5-Gy irradiation. Compared
with wild-type SIRT3, mutant SIRT3 xenograft tumors showed a
significant delayed tumor growth rate of 4.5 days for sham and 6
days for irradiated tumors (Fig. 6E, a and b and Supplementary Fig.
S6). Radiation-induced TGDwas calculated as 3 days for wt SIRT3
and 4.5 days for MUT SIRT3 tumors. These results, as well as those
in vitro, strongly suggest that SIRT3 T150/S159 phosphorylation
through mitochondrial CDK1 can be induced by radiation, which
cooperatively promotes the cellular adaptive response under gen-
otoxic stress and tumor radioresistance.

Discussion
SIRT3 is a major factor controlling the mitochondrial homeo-

stasis andbioenergetics against cell aging (22, 36, 37).Our current
data indicate that under genotoxic stress, including the therapeu-
tic IR, SIRT3 can be induced in tumor cells via NF-kB–mediated
SIRT3 promoter activation. SIRT3 transcripts and protein levels
were induced in irradiated human cancer cells, and in vivo
irradiated tumors. Importantly, SIRT3 expression was timely
conjugated with decreased overall mitochondrial protein dea-
cetylation, indicating that induction of SIRT3 is a predominant
feature of tumor cells after irradiation. The highly selective
binding of p65/p50 heterodimer to the SIRT3 promoter sug-
gests that IR-induced SIRT3 transcription is regulated by a
classical IKK-dependent NF-kB activation and SIRT3 is a NF-
kB target gene in tumor cells. HCT-116 cells expressing a
deacetylation-null mutant SIRT3 gene (SIRT3dn) show sensi-
tivity to ROS stress (38), and inhibition of SIRT3 reduces oral
cancer cell proliferation and increases sensitivity to IR (30). Our
current data reveal that SIRT3 gene expression together with
CDK1-mediated T150/S159 phosphorylation contributes to
the enhanced mitochondrial homeostasis and tumor resistance
to therapeutic radiation.

NF-kB and SIRT3 regulation
Recently, luciferase-based reporter to monitor the transcrip-

tional activity of the SIRT3 promoter is established and indicates
that SIRT3 promoter is sensitive to oxidative stress (39). We show
here that SIRT3 gene transcription can be activated in tumor cells
under genotoxic stress conditions such as therapeutic IR viaNF-kB
controlled SIRT3 promoter activation. A unique NF-kB-RE con-
sensus sequence (�184 to �171) is linked to the NF-kB–con-
trolled SIRT transcription. NF-kB is a well-defined stress-sensitive
transcription factor promoting survival (40–43).Not surprisingly,
NF-kB activity is emphasized in many different cancers (44) and
more importantly, it is involved in therapy-resistance, recurrence

and poor survival of cancer patients (45, 46). Our recent work
showed the importance of radiation-induced NF-kB in the regu-
lation of therapy-resistance in breast cancer via controlling the
expression of a survival factor, MKP1, which is also localized to
mitochondria upon radiation (47). Therefore, a cluster of pro-
survival mitochondrial proteins, including SIRT3 and MKP1,
controlled by NF-kB may enhance mitochondrial homeostasis
for cancer cell survival and resistance to anticancer therapy.
Therefore, further elucidation of the NF-kB controlled mitochon-
drial activity especially the factors controlling the mitochondrial
bioenergetics in irradiated tumor cells will help to define novel
drug targets to block tumor adaptive response and significantly
enhance the local control of the aggressive metastatic lesions by
radiotherapy.

SIRT3–MnSOD
There is a cluster of mitochondrial proteins that are regulated

via SIRT3 deacetylation (27, 28). As much as 20% of mito-
chondrial proteins are lysine acetylated, among which a sub-
stantial amount is deacetylated by SIRT3. In this regard, it was
found that radiation-induced SIRT3 activation and deacetyla-
tion of mitochondrial proteins was alleviated at least in the
known SIRT3 targets NDUFA9, MnSOD, and p53 by introduc-
ing the phosphorylation mutant SIRT3, causing decreased ATP
generation and membrane potential and increased apoptotic
and clonogenic death in radiation. This suggests that SIRT3-
deacetylated targets contribute to mitochondrial metabolic
homeostasis and cellular adaptive resistance to radiation.
Recently, MnSOD was found to be deacetylated by SIRT3
responding to changes in mitochondrial nutrient and/or redox
status, and its lysine acetylation significantly altered MnSOD
enzymatic activity (48). The deacetylated MnSOD prevented IR-
induced foci formation and immortalization of MEFs by a
single oncogene, as well as IR-induced genomic instability and
loss of contact inhibition, suggesting that mitochondrial acet-
ylation plays a role, at least in part, in regulation of MnSOD
function (27). Apart from normal cells, most cancer cells have
diminished MnSOD activity (49). Deficiencies in MnSOD may
contribute to oxidative stress that promotes neoplastic trans-
formation and/or maintenance of the malignant phenotype.
Overexpression of MnSOD reduces tumor multiplicity, inci-
dence, and metastatic ability in various in vitro and in vivo
models (50). Accumulating evidence show that MnSOD is
implicated in the resistance of tumor cells to some therapies,
such as chemo- and radiotherapy through scavenging cellular
ROS produced by mitochondria oxidative phosphorylation
(51, 52). In mice lacking SIRT3, the ability of MnSOD to reduce
cellular ROS and promote oxidative stress resistance is greatly
enhanced by SIRT3 (53), indicating that SIRT3–MnSOD path-
way is a prosurvival network in cancer cells. Given that NF-kB
induces the expression of SIRT3 and MnSOD upon radiation,
and that SIRT3 can activate MnSOD via deacetylation, there
seems to be a positive additive circle of events that would have
alarming consequences, especially in pathologic conditions
such as cancer. Cells overexpressing SIRT3 and MnSOD could
have an overactive prosurvival network, which would eventu-
ally lead to resistance to radiation therapy.

CDK1–SIRT3
SIRT3 regulates mitochondrial fatty acid oxidation by

reversible enzyme deacetylation (20). Expressing CDK1-
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phosphorylation–deficient SIRT3 exhibited less MnSOD dea-
cetylation with reduced MnSOD activity and enhanced mito-
chondrial superoxide accumulation. Cyclin B1–CDK1 and
MnSOD are also regulated by NF-kB in irradiated cells and
MnSOD enzymatic activity can be increased by CDK1-medi-
ated phosphorylation (32), indicating that MnSOD enzymatic
activity as well as other metabolic enzymes in mitochondria
can be regulated via both deacetylation and phosphorylation,
by SIRT3 and CDK1, respectively. With this regard, a simul-
taneous regulation of protein deacetylation and phosphory-
lation seems to be necessary for increasing and/or maintain-
ing the mitochondrial homeostasis. The orchestrated NF-kB–
CDK1–SIRT3-prosurvival network is potentially responsible
for cellular adaptive response to therapeutic radiation.

In summary, we demonstrate that SIRT3 deacetylation activity
is induced in tumor cells at both the transcriptional and post-
translational levels after therapeutic irradiation. IR induces SIRT3
transcription via NF-kB binding to and activation of the SIRT3
promoter. IR-induced cyclin B1–CDK1 enhances the SIRT3 dea-
cetylation activity via Thr150/Ser159 phosphorylation as mea-
sured by decrease mitochondrial protein acetylation and ATP
generation, and enhance radiosensitivity (Fig. 7). These results
support a mechanism by which tumor cells generate adaptive
resistance by enhancing SIRT3-mediated mitochondrial homeo-
stasis via both gene transcription and posttranslational modifica-
tions in mitochondria.
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Figure 7.
A mitochondrial homeostasis model in tumor radioresistance. Findings from this study demonstrate a unique mechanism by which SIRT3 expression is
upregulated in tumor cells by radiation via NF-kB–mediated SIRT3 promoter activation. SIRT3 enzymatic activity is further enhanced in mitochondria via
cyclin B1–CDK1–mediated SIRT3 Thr150/Ser159 phosphorylation. Expression of the mutant Thr150/Ser159 SIRT3 decreases the level of mitochondrial protein
deacetylation, MnSOD activity, and ATP generation, whereas it increases cell radiosensitivity.
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