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ABSTRACT 

DNA-dependent protein kinase (DNA-PK) plays a crit-
ical role in non-homologous end joining (NHEJ),
the predominant pathway that repairs DNA double-
strand breaks (DSB) in response to ionizing radia-
tion (IR) to govern genome integrity. The interaction
of the catalytic subunit of DNA-PK (DNA-PKcs) with
the K u70 / K u80 heterodimer on DSBs leads to DNA-
PK activation; ho we ver, it is not known if upstream
signaling events govern this activation. Here, we re-
veal a regulatory step go verning DNA-PK activ ation
b y SIR T2 deacetylation, which facilitates DNA-PKcs
localization to DSBs and interaction with Ku, thereby
promoting DSB repair by NHEJ. SIRT2 deacetylase
activity governs cellular resistance to DSB-inducing
agents and promotes NHEJ. SIRT2 furthermore inter-
acts with and deacetylates DNA-PKcs in response to
IR. SIRT2 deacetylase activity facilitates DNA-PKcs
interaction with Ku and localization to DSBs and
pr omotes DNA-PK activ ation and phosphorylation
of do wnstream NHEJ substrates. Moreover, tar get-
ing SIRT2 with AGK2, a SIRT2-specific inhibitor, aug-
ments the efficacy of IR in cancer cells and tumors.
Our findings define a regulatory step for DNA-PK
activ ation b y SIR T2-mediated deacetylation, eluci-
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dating a critical upstream signaling event initiating
the repair of DSBs by NHEJ. Furthermore, our data
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rationale-driven therapeutic strategy for increasing
the effectiveness of radiation therapy. 
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NTRODUCTION 

NA double-strand breaks (DSB) are highly cytotoxic le- 
ions, w hich m ust be r epair ed in order to pr eserve genome
ntegrity. DSBs are induced by multiple sources, including 

onizing radiation (IR), chemical exposur es, r eactive oxygen 

pecies (ROS), collapse of stalled replication forks, and im- 
 uno globulin variab le (di v ersity) joining [V (D)J] and class 

witch recombination (CSR). The predominant pathway for 
he repair of DSBs is non-homologous end joining (NHEJ), 
hich involves direct ligation of broken DNA ends and is 
cti v e in all phases of the cell cycle ( 1 , 2 ). NHEJ dysfunc-
ion can lead to chromosomal translocations and telomere 
usions that contribute to cancer as well as immune defi- 
iency and multiple human syndromes ( 2 , 3 ). 

DNA-dependent protein kinase (DNA-PK), which con- 
ists of the DN A-PK catal ytic subunit (DNA-PKcs) and the 
 u70 / K u80 heterodimer, functions at the apex of the NHEJ 

epair pathway ( 4 , 5 ). In response to DSBs, the K u70 / K u80
eterodimer recognizes and assembles onto DSB ends and 

ecruits DNA-PKcs to form the DNA-PK holoenzyme 
 6 , 7 ), mediated by the carboxyl-terminus of Ku80 and 

he amino-terminus of DNA-PKcs ( 8–11 ). Interactions be- 
ween the DNA-PK holoenzymes promote synapsis of the 
roken DN A ends ( 11 ). DN A-PK then recruits and acti-
ates the Artemis endonuclease for DNA end processing 

 12 ). Finall y, DN A ligase IV in complex with XRCC4 and
LF further bind and ca talyze liga tion of the broken DNA 

nds ( 13 , 14 ). NHEJ is also facilitated by paralog of XRCC4
nd XLF (PAXX), which stabilizes the core NHEJ compo- 
ents on chromatin ( 15–17 ). 
The interaction of DNA-PKcs with the Ku70 / 80 het- 

rodimer on DNA leads to its activation, likely through 

 conformational change ( 11 , 18 ). Once activated, DNA- 
Kcs phosphorylates itself ( 19–21 ) as well as a num- 
er of downstream substrates, including K u70 / K u80 ( 22 ), 
RCC4 ( 23 ), XLF ( 24 ), DNA ligase IV ( 25 ), Artemis

 26 ), PNKP ( 27 ) and H2AX ( 28 , 29 ). DNA-PKcs is regu-
a ted by phosphoryla tion on a number of sites, including 

 serine 2056 (S2056) cluster [2023–2056] ( 30 , 31 ), a thre-
nine 2609 (T2609) cluster [2609–2647] ( 19 , 32 ), and sev- 
ral other sites ( 4 , 5 ). S2056 is a specific DNA-PKcs au-
ophosphorylation site ( 30 , 31 ), which limits DNA end pro- 
essing ( 31 ) and promotes DNA end ligation by relieving a 

hysical block by DNA-PKcs itself ( 33 ). The T2609 clus- 
er is also a DNA-PKcs autophosphorylation site but is 
rimarily phosphorylated by the related phosphatidylinos- 

tol 3-kinase (PI3K)-kinase-related protein kinases (PIKK) 
 TM and A TR ( 19 , 32 , 34 , 35 ). Phosphoryla tion a t this site
romotes DNA-PKcs dissociation from K u70 / K u80 and 

elease from DSB ends ( 20 , 36 , 37 ), DNA end processing
 31 , 38 ) through recruitment ( 33 ) and activation of Artemis
ndonuclease activity ( 39 ), and DNA ligation ( 19 , 38 , 40 ).
NA-PKcs is also regulated by epidermal growth factor re- 

eptor (EGFR) ( 41 ), Akt ( 42 ), heter ochr omatin pr otein 1 �
HP1 �) ( 43 ), and CK2 ( 44 ). The interaction of DNA-PKcs
ith the Ku70 / 80 heterodimer is critical for DNA-PK acti- 
ation; howe v er, it is unknown if upstream signaling e v ents
overn this activation. 

Sirtuin 2 (SIRT2) is a sirtuin famil y N AD 

+ dependent 
eacetylase, which regulates multiple biological processes, 
p
ncluding genome maintenance, aging, tumorigenesis, and 

etabolism ( 45–47 ). Significantly, mice deficient in Sirt2 

e v elop breast, li v er, and other cancers ( 48 , 49 ), suggest-
ng that SIRT2 functions in tumor suppr ession. Mor eover, 
oma tic cancer-associa ted SIR T2 m utations impair the ac- 
ivity of SIRT2 in maintaining genome integrity ( 50 ), sug- 
esting that SIRT2’s role in tumor suppression may be at- 
ributed, at least in part, to its role in genome mainte- 
ance. In this regard, SIRT2 directs the replication stress 
esponse (RSR), a subset of the DNA damage response 
DDR), through the acetylation status of ATRIP and 

DK9 ( 47 , 51 , 52 ). SIRT2 also promotes homologous re- 
ombina tion by facilita ting BRCA1-BARD1 heterodimer- 
zation through BARD1 deacetylation ( 53 ) and RPA70 

nd RAD51 recruitment to DSBs ( 54 ) and promotes nu- 
leotide excision repair (NER) ( 55 ). However, a role for 
IRT2 in directing NHEJ has not been established. Fur- 
hermore, DNA-PKcs acetylation at lysine (K) 3241 and 

3260 promotes genome stability and radioresistance but 
ot DNA-PK activation ( 56 ), and SIRT6 stabilizes DNA- 
Kcs on chromatin and promotes its activity in NHEJ, 

ikely through a scaffold function ( 57 , 58 ); howe v er, the
ole of SIRT2 deacetylation, and more generally of sir- 
uin deacetylation, in directing DNA-PK activation is not 
nown. Moreover, SIRT2 inhibitors have been reported to 

av e anti-proliferati v e acti vity against a number of cancer 
ypes ( 59 ); howe v er, the specific cellular conte xt, including 

ynthetic lethal relationships with specific types of cancer 
reatments for which SIRT2 inhibitors may be most effec- 
i v e for cancer therapy are not clear. 

In this study, we re v eal a regulatory step gov erning DNA- 
K activ ation b y SIRT2 deacetylation, which facilitates 
NA-PKcs localization to DSBs and interaction with Ku, 

her eby promoting DSB r epair by NHEJ. Our findings 
efine a mechanism for DNA-PK activation by SIRT2- 
edia ted deacetyla tion, elucida ting a critical upstream sig- 

aling e v ent initiating the repair of DSBs by NHEJ. Fur- 
hermore, SIRT2 inhibition augments the efficacy of IR in 

ancer cells and tumors and may be a promising rationale- 
ri v en therapeutic strategy for increasing the effecti v eness 
f radiation therapy. 

ATERIALS AND METHODS 

 r ansfections 

iRNAs were obtained from Thermo Scientific or Qia- 
en. Transfections were performed using Lipofectamine 
000 (Invitrogen) or RNAi Max (In vitrogen) f ollowing the 
anufacturer’s instructions. Individual siRNAs sequences 

nclude: 

1. siSIRT2-10 UTR:(T GGGCAGAAGACATT GCTTA 

T); 
2. siSIRT2-5:(GGA GAAA GCTGGCCA GTCG); 
4. Nontargeting siRNA:(A TGAACGTGAA TTGCTCA 

ATT) 

eneration of CRISPR / cas9 SIRT2 knockout cells 

2OS and HCT116 cells were transfected with a 

lasmid encoding Cas9-GFP construct and a single 
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guide RN A (sgRN A), targeting an SIR T2 exon 6
(5 

′ - CGGGCT CAAGTT CCGCTT CGGG-3 

′ ) (Sigma)
( 50 ). Cells were maintained for 72 h post transfection,
and then harvested for fluorescence activated cell sorting
based on GFP expression ( 50 ). Single cells were assayed in
96-well plates. Resulting cloned cell lines were tested for
loss of SIRT2 protein by western blot analysis ( 50 ). 

Clonogenic assays 

For IR and CPT sensitivity assays, wildtype or SIRT2
knockout HCT116 cells were transfected with SIRT2-
FLA G or SIRT2-FLA G-H187Y e xpression v ectors, or were
non-transfected. After 48 h to allow for protein expression,
cells were seeded into 6-well plates (400 cells per well). Some
groups wer e tr eated with DNA-PKcs inhibitor NU7441 as
indicated in the figur es. Thr ee biological replicates were an-
alyzed for each experimental group. After 24 h, cells were
exposed to 0, 0.5, 1, 2 or 4 Gy of 320 kVp X-ra ys f or IR
sensitivity or grown in varying doses of CPT for 72 h. A
portion of the cells from the 0 Gy groups wer e r eserved for
analysis of SIRT2 expression levels by western blotting. Re-
maining cells were used for clonogenic survival assays. Cells
were incubated for a total of 10 days with media changed ev-
ery 3 days. Cells were stained with crystal violet and colonies
of ≥ 50 cells were counted. 

EJ5 assay 

In EJ5 U2OS reporter cells, genomically integrated GFP is
separated from its promoter by a puromycin gene ( 60 ). The
puromycin gene is flanked by two I-SceI sites ( 60 ). There-
for e, expr ession of the endonuclease I-SceI generates a DSB
that can only be r epair ed by NHEJ ( 60 ). Successful repair of
the induced DSB results in genomic loss of the puromycin
gene and GFP expression ( 60 ). If NHEJ repair efficiency is
reduced due to the loss of an essential regulatory protein,
GFP expr ession r emains low following I-SceI expression
( 60 ). EJ5 U2OS reporter cells were transfected with SIRT2-
FLA G-WT, SIRT2-FLA G-H187Y, Empty Vector, or were
left untransfected. After 24 h, cells were transfected with
non-targeting siRNA or SIRT2-10 UTR siRNA. After 48 h,
cells were transfected with an I-SceI e xpression v ector. At 72
h post I-SceI transfection, a portion of cells from each group
were used for analysis of SIRT2 expression levels by western
blotting. The remainder of cells were fixed in 1% PFA / PBS
and analyzed for GFP expression via flow cytometry. Each
group was performed in three biological replicates. 

Chromatin immunoprecipitation (ChIP) 

ChIP assay was performed using ChromaFlash One-Step
ChIP Kit (Epigentek, P -2025) according to the manu-
factur er’s instruction. Briefly, Fok1-expr essing U2OS-265
Fok1 cells were fixed with 1% formaldehyde for 15 mins
at room temperature, followed by treatment with 0.125 M
glycine. Cells were then washed three times with ice-cold
PBS and the lysate was pr epar ed using CHAPS lysis buffer
as described below for immunoprecipita tion assay. Lysa te
was sonicated to an average DNA size below 500 base pairs
and subsequently immunoprecipitated with anti-Ligase IV
(Genetex, GTX55592) antibod y. Immunoprecipita tion with
IgG served as a negative contr ol. DNA fr om the immuno-
precipitated samples was extracted and subjected to quan-
titati v e real-time PCR (PowerTrack ™ SYBR Green Master
Mix, A46012; and PCR 7500 Fast Real-Time PCR system,
ThermoFisher) using the following primers at the Fok1-
induced DSB site: 

Forward: 5 

′ -GGAAGAT GTCCCTT GTATCACCAT-3 

′ 
Re v erse: 5 

′ -T GGTT GTCAACAGAGTA GAAA GTG
AA-3 

′ 

Immunoprecipitation 

Harvested cells were lysed for 40 min on ice in IP lysis buffer
(0.75% CHAPS, 10% (v ol / v ol) glycerol, 150 mM NaCl,
50mM Tris pH 7.5) freshly supplemented with protease in-
hibitors. Supernatants were diluted to adjust the CHAPS
concentra tion to 0.375%. W hole cell lysa tes (3 to 5 mg
total protein) were incubated with anti-IgG rabbit (Milli-
por e, N101), anti-IgG mouse (Millipor e, N103), anti-DNA-
PKcs (Thermo Fisher, PIMA513244 or Invitrogen, MA5-
132238), anti-SIRT2 (Abcam, ab67299) or anti-GFP anti-
body (Abcam; Ab6556). Protein G beads, A agarose beads
(Invitrogen), or FLAG conjugated beads (Sigma A2095)
were used to immunoprecipitate antibody bound protein.
Complex es wer e w ashed 4 times with IP w ashing buffer
(0.375% CHAPS, 10% glycerol, 150 mM NaCl, 50 mM Tris
pH 7.5) supplemented with protease inhibitors. 

Mass spectrometry 

HCT116 protein lysates were used in immunoprecipitation
experiments with IgG or SIRT2 antibody. IP’ed material
was eluted from beads and subjected to LC–MS / MS anal-
ysis as described previously ( 52 ). SIRT2 IP and mass spec-
trometry were conducted in duplicates. 

Cell cycle analysis 

HCT116 cells were treated with 0.5 mM minosine for 24
h to block cells in G1. Cells were then washed 2 × in PBS
and released into DMEM media. Se v en hours after release,
a portion of the cells were harvested and collected for S
phase population and 24 hours after release, the remaining
cells were collected for the G2 phase popula tion. W here re-
quir ed, cells wer e irradiated with 10 Gy IR for 4 hours prior
to harv est. Harv ested cells wer e subjected to immunopr e-
cipitation studies. 

Deacetylation experiments 

For in vitro analysis of DNA-PKcs deacetylation ( 61 ),
HeLa cells wer e tr eated with 0.5 �M trichostatin A (TSA)
and 20 mM nicotinamide for 12 h. TSA inhibits class
I and II HDACs but not class III HDACs while nicoti-
namide inhibits class III HDACs. Cells were lysed with IP
buffer (20 mM HEPES pH 7.4, 180 mM KCl, 0.2 mM
EGTA, 1.5 mM MgCl 2 , 20% glycerol, 1.0% Nonidet P -
40) supplemented with 1 �M TSA and fresh protease in-
hibitors. Acetyl-DN A-PKcs was imm unoprecipitated using
anti-DNA-PKcs (Thermo Fisher, PIMA513244) and pro-
tein G agarose beads (Invitrogen). Samples of immuno-
precipitated DNA-PKcs bound to G agarose beads were
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ashed 4 times with IP buffer containing 1 �M TSA fol- 
owed by an additional 2 washes with deacetylation buffer 
50 mM Tris pH 7.5, 150mM NaCl, and 1mM MgCl2) to re- 
ove nicotinamide. SIRT2-FLAG WT and SIRT2–FLAG 

187Y e xpression v ectors were transfected into 293T cells. 
fter 48 h to allow for protein expression, SIRT2-FLAG 

T and SIRT2-FLAG H187Y proteins were immuno- 
recipitated using anti-FLAG M2 agarose beads (Sigma) 
nd washed with IP buffer and TBS (50 mM Tris pH 7.5 

nd 150 mM NaCl). SIRT2-FLAG WT and SIRT2-FLAG 

187Y proteins were eluted from beads with 0.15 mg / ml 
 × FLAG Peptide (Sigma) for 30 min at 4 

◦C. SIRT2 pro- 
ein concentrations were determined by SDS-PAGE with 

oomassie stain. Purified acetyl-DNA-PKcs was incubated 

ith 1 �g of SIR T2-FLAG WT with NAD 

+ , SIR T2-FLAG 

T with nicotinamide and NAD 

+ , SIRT2-FLAG H187Y 

nd NAD 

+ , or with no SIRT2-FLAG in deacetylation re- 
ction buffer (1 �M TSA, 50 mM Tris ·HCl, pH 7.5, 150 

M NaCl, 1 mM MgCl 2 and 1 mM NAD 

+ ) at 30 

◦C for
 h. The reactions were stopped by the addition of 5x SDS 

oading buffer and were incubated for 5 min at 100 

◦C. Sam- 
les were analyzed for acetylation by western blot using an 

nti-acetyl lysine antibody (Immunechem, ICP0380). For 
ellular deacetylation analysis ( 62 ), HeLa cells were tran- 
iently transfected with SIRT2-FLAG or SIRT2-FLAG- 
187Y e xpression v ectors, or were non-transfected. Cells 
er e cultur ed with 0.5 �M TSA and with or without 20 mM
icotinamide for 12 h prior to being lysed with IP buffer 
ontaining 1 �M TSA. Cells were also treated with or with- 
ut irradiation. Protein lysates were immunoprecipitated 

sing anti-DNA-PKcs (Thermo Fisher, PIMA513244) and 

r otein G agar ose beads. The imm unoca ptured protein 

as analyzed for deacetylation by immunoblotting with 

nti-acetyl lysine antibody (Immunechem, ICP0380), anti- 
NA-PKcs (Thermo Fisher, PIMA513244) and FLAG 

Sigma F4042). 

mmunoblot 

arvested cells were lysed for 30 min on ice in Nonidet P -40 

uffer (200 mM NaCl, 1% Nonidet P -40,50 mM Tris ·HCl 
H 8.0) or IP lysis buffer (0.75% CHAPS, 10% (v ol / v ol)
lycerol, 150 mM NaCl, 50mM Tris pH 7.5) freshly sup- 
lemented with pr otease inhibitors. Pr otein samples were 
esolved by SDS-PAGE and probed with indicated antibod- 
es: anti-SIRT2 (Abcam ab67299 or Santa Cruz sc-20966), 

APDH (Santa Cruz sc-25778 or sc-47724), FLAG (Sigma 

4042), GFP (Abcam Ab6556), anti-DNA-PKcs (Thermo 

isher, PIMA513244 or Invitrogen, MA5-132238), Artemis 
Abcam, ab3834), anti-Artemis phospho Ser516 (Gene- 
ex, GTX32292), XRCC4 (Thermo Fisher Scientific, MA5- 
4383), XRCC4 phospho Ser260 (Thermo Fisher Scien- 
ific, PA5-64731), Cyclin A (BD BioScience, 611268) and 

-Tubulin (Sigma, T6074). Detection was performed with 

he Odyssey system. 

aser microirradiation assay 

or SIRT2 knockdown experiments, U2OS cells stably 

ransfected with DNA-PKcs-GFP were transected tran- 
iently with non-targeting siRNA or SIRT2 siRNA. After 
8 h, cells were plated into 35-mm glass bottom dishes (Mat- 
ek Corporation). Laser microirradiation (UV laser with a 

avelength of 365nm) was performed on a Zeiss Observer 
1 microscope equipped with a Micropoint ® Laser Illumi- 
ation and Ablation System (Photonic Instruments). The 

aser output was set to 75%, which can reproducibly gi v e 
ocused DNA-PKcs-GFP stripes. Images were taken e v ery 

inute for 5 min following damage or cells were fixed 2 

in following damage induction for immunofluorescence 
ssays. Quantitation of DNA-PKcs localization (signal of 
NA-PKcs-GFP at bands of microirradiation) was per- 

ormed using Image Studio lite software. For each condi- 
ion, 15 biological replicates were performed. For SIRT2 

nhibition experiments, Chinese hamster ovarian (CHO) 
NA-PKcs deficient cells (V3) were also used. These cells 
ere also stably transfected with human DNA-PKcs-GFP. 
ells were plated into 35-mm glass bottom dishes (Mat- 
ek Corporation) and after 16 h to allow or cell adhesion, 

reated with DMSO or SIRT2 specific inhibitor (SirReal2 

 63 )) at 50 uM for 6 h. Laser microirradiation was per- 
ormed on a Zeiss Observer Z1 microscope equipped with 

 Micropoint ® Laser Illumination and Ablation System 

Photonic Instruments). Following 2 min irradiation, sam- 
les were fixed in fixed in 4% PFA and stained for ɣ H2AX 

nd DAPI. 15 biological replicates were perf ormed f or each 

ondition (DMSO or SirReal2). 

mmunofluorescence 

mmunofluorescence studies were performed in WT U2OS, 
IRT2 U2OS KO or U2OS-265 mCherry-LacI-Fok1 ( 64 ) 

induced for Fok1 expression with 1 �M Shield-1 and 2 

M 4-OHT for 4 hours) cells. Cells were transfected with 

IR T2-FLAG or SIR T2-FLAG-H187Y e xpression v ectors, 
r SIRT2 siRN A w here indicated. After 72 h (for pro- 
ein expression) or 48 h (for siRNA silencing), cells were 
xposed to 10 Gy IR for various time periods as re- 
uir ed. Cells wer e fix ed on coverslips with 4% PFA for 
0 min, and permeabilized in 0.5% triton X-100 for 10 

in. Cells were blocked in 5% BSA and immunostained 

ith anti- �H2AX (Millipore 05–636), DNA-PKcs phos- 
hoserine 2056 (Abcam, ab18192), anti-FLAG (Cell Signal- 

ng: 2368P), Artemis pS516 (Abcam, ab138411) or XRCC4 

S260 (Sigma, HPA006801) primary antibodies, followed 

y Alexa Fluor 555 / 488 secondary antibodies and DAPI. 

n vivo growth inhibition study 

emale Balb / c n u / n u (athymic) mice (Charles Ri v er Labo- 
atories, Wilmington, MA) were housed in a pathogen- 
ree location, and all in vivo studies were conducted under 
n IACUC-appr oved pr otocol at Emory Uni v ersity. IRR- 
549 cell lines (1.5 × 10 

6 ) were injected subcutaneously 

nto bilateral flanks of mice. When tumors reached 100– 

00 mm 

3 (day 3), mice were randomized into four groups 
ith 5 mice per gr oup. Gr oup 1 served as the control group,
nd recei v ed v ehicle (0.25% DMSO) via Intraperitoneal 
i.p.) injection, twice weekly; Group 2 recei v ed single agent 
GK2 (82 mg / kg body weight), Group 3 recei v ed 4Gy 

nd Group 4 recei v ed AGK2 + 4 Gy twice a week, for
 total weeks of treatment. Tumor growth was measured 
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as described previously using the modified ellipsoid for-
mula 1 / 2 (length × width 

2 ) with measurements taken ev-
ery 4th or 3rd da y f or a total of two weeks. Following the
last measurement, mice were anesthetized with ketamine
and sacrificed by cervical dislocation per IACUC approved
institutional protocol. The mean and standard deviation
of the outcomes of differ ent tr ea tment groups a t dif fer-
ent measurement time points are calculated. For prolifer-
a tion a t dif ferent time point, One-way ANOVA and T-tests
were conducted to test whether there were any differences
amongst the treatment groups. For tumor volume of ani-
mal study, the linear mixed models are performed to test
whether there are any significant differences of tumor vol-
ume among different treatments. The significance le v el is set
at 0.05. 

RESULTS 

SIRT2 deacetylase activity promotes DNA double-strand
br eak r epair by NHEJ 

To determine the role of SIRT2 in DSB repair, we examined
HCT116 SIRT2 wildtype (WT) and knockout (KO) cells,
generated by CRISPR / Cas9 ( 50 ), for sensitivity to ioniz-
ing radiation (IR) and camptothecin (CPT). Similar to cells
treated with a DNA-PK inhibitor (NU7441) ( 65 ), HCT116
SIRT2 KO cells were hypersensiti v e to IR and CPT com-
pared to WT cells (Figure 1 A, B; Supplementary Figure S1).
The IR and CPT hypersensitivity of HCT116 SIRT2 KO
cells was rescued by expression of SIRT2-FLAG WT but
not catal yticall y-inacti v e SIRT2-FLAG H187Y ( 66 ), sug-
gesting that SIRT2 deacetylase activity is important for re-
sponding to DSBs. Mor eover, tr eatment of HCT116 SIRT2
KO cells with NU7441 did not cause significantly greater
sensitivity to IR and CPT compared to SIRT2 KO or
NU7441 treatment alone, implying that SIRT2 and DNA-
PKcs function in a common pathway in responding to
DSBs. 

To directly determine if SIRT2 functions in DSB repair
by NHEJ, similar to DNA-PKcs, we examined SIRT2 de-
pletion in U2OS cells integrated with a EJ5 NHEJ GFP
reporter substrate, in which expression of the I-SceI en-
donuclease generates a DSB that when r epair ed by NHEJ
r estor es GFP expr ession ( 60 ) (Figur e 1 C). SIRT2 deple-
tion in these cells significantly impaired NHEJ compared
to a non-targeting (NT) siRNA control (Figure 1 D, E).
In addition, expression of siRNA-resistant SIRT2-FLAG
WT but not SIRT2-FLAG H187Y r estor ed NHEJ to con-
trol le v els, suggesting that SIRT2 deacetylase acti vity facili-
tates NHEJ repair. Consistentl y, SIR T2 depletion impaired
the binding of endogenous DNA ligase IV to mCherry-
LacI-FokI endonuclease-induced DSBs in U2OS reporter
cells integrated with lac opera tor repea ts ( 64 ), which was
more efficiently rescued with expression of SIRT2-FLAG
WT but not H187Y (Figure 1 F, G). Moreover, SIRT2 de-
pletion impaired the localization of Artemis and XRCC4
(phosphoryla ted a t S516 and S260, respecti v ely) to IR-
induced foci (Supplementary Figure S2A-B) and to Fok1-
induced DSBs (Supplementary Figure S2C–G). Expression
of SIRT2-FLAG WT but not H187Y efficiently rescued
the localization of phospho-Artemis S516 and phospho-
XRCC4 S260 to Fok1-induced DSBs (Supplementary Fig-
ure S2C–G). Collecti v el y, these data strongl y suggest that
SIRT2 deaetylase activity promotes NHEJ. 

SIRT2 interacts in a complex with DNA-PKcs 

To identify potential SIRT2 substrates in NHEJ repair,
SIRT2 was immunopurified from HCT116 cells and sub-
jected to mass spectrometry anal ysis, w hich showed enrich-
ment of the NHEJ repair kinase DNA-PKcs (Figure 2 A).
The endogenous interaction of SIRT2 and DNA-PKcs in
HCT116 and HeLa cells was validated by reciprocal co-
immunopr ecipitation (co-IP) (Figur e 2 B, C; Supplementary
Figure S3). This interaction did not change a ppreciabl y in
the absence and presence of IR (Figure 2 C and Supplemen-
tary Figure S3) or acr oss asynchr onized, S-phase, and G2
phases of the cell cycle (Supplementary Figure S3). Fur-
thermore, this interaction was preserved in the presence
of ethidium bromide (EtBr), which intercalates with DNA
and disrupts pr otein-pr otein interactions that are depen-
dent on the presence of DNA (Figure 2 C). In addition, al-
though SIRT2 co-IPs with DNA-PKcs, it does not co-IP
with Ku80-GFP expressed in HeLa cells either before or
after IR treatment (Figure 2 D). Collecti v ely, these results
indica te tha t SIRT2 specificall y interacts with DN A-PKcs
and that this interaction is not dependent on DNA damage,
DNA binding, cell cycle, or DNA-PKcs complexed with Ku
at sites of DNA damage. 

SIRT2 deacetylates DNA-PKcs in response to DNA damage

To determine if SIRT2 deacetylates DNA-PKcs, we per-
formed an in vitr o deacetyla tion assay with purified acety-
lated DNA-PKcs, SIRT2-FLAG WT and H187Y, and
NAD + with or without nicotinamide, an inhibitor of sir-
tuin activity. SIRT2-FLAG WT but not H187Y deacety-
lated DNA-PKcs, and deacetylation was inhibited by
nicotinamide (Figure 3 A). To determine whether SIRT2
deacetylates endogenous DNA-PKcs in cells, we transfected
HeLa cells with SIRT2-FLAG WT or H187Y and treated
cells with or without nicotinamide. SIRT2-FLAG WT but
not H187Y deacetylated endogenous DNA-PKcs in cells
in a manner that was inhibited by nicotinamide (Figure
3 B, C), confirming that SIRT2 deacetylates DNA-PKcs in
cells. Mor eover, tr eatment of the cells with IR resulted in
similar le v el of deacetylation of DNA-PKcs (Figure 3 B, C),
indica ting tha t DNA-PKcs is deacetylated in response to
DN A damage potentiall y by SIRT2. To determine unequiv-
ocally if SIRT2 deacetylates endogenous DNA-PKcs in re-
sponse to DNA damage, we examined DNA-PKcs acety-
lation in HeLa cells transfected with SIRT2 or NT siRNA
and treated with or without IR. Endogenous DNA-PKcs
was acetylated under basal conditions and deacetylated
in response to IR, and the IR-regulated deacetylation of
DNA-PKcs was rescued by SIRT2 depletion (Figure 3 D,
E), demonstra ting tha t DNA-PKcs is acetyla ted in cells
and subsequently deacetylated by SIRT2 in response to
DNA damage. SIRT6 has been reported to stabilize DNA-
PKcs a t chroma tin and promote its activity in NHEJ, likely
through a scaffold function ( 57 , 58 ). To determine if SIRT6
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Figure 1. SIRT2 deacetylase activity promotes DNA double-strand br eak r epair by NHEJ. ( A ) Wildtype (WT) and SIRT2 KO HCT116 cells were trans- 
fected with or without SIRT2-FLAG WT or H187Y and treated with or without NU7441. Cells were seeded f or colon y f orma tion, trea ted with indica ted 
doses of ionizing radiation (IR), and assayed for surviving colonies 10 days later. Total colony number for each condition was normalized to non-damaged 
controls. Experiments were performed in biological replicates of 3. Error bars r epr esent standard devia tion: NS indica tes P ≥ 0.05, * P < 0.05, ** P < 0.01. 
( B ) Western blot analysis of cells used in clonogenic assays in (A). ( C ) Diagram of EJ5 NHEJ reporter assay. ( D ) EJ5 U2OS reporter cells were trans- 
fected with SIRT2-FLAG WT, H187Y or empty vector (EV). After 24 h, cells were transfected with non-targeting (NT) siRNA or SIRT2-10 UTR siRNA 

(siSIRT2). After 48 h, cells were transfected with or without I-SceI and later analyzed for GFP expression using flow cytometry. The percentage of GFP 

positi v e cells in each sample was normalized to the percentage of GFP positi v e cells in NT siRNA + I-SceI control samples. Experiments were performed in 
biological replicates of 3 and the means were plotted. Error bars represent standard devia tion: NS indica tes P ≥ 0.05, * P < 0.05, ** P < 0.01. ( E ) Represen- 
tati v e western b lot analysis of cells used in (D). ( F ) Western blot of U2OS-265 Fok1 cells used in (G), showing SIRT2 downregulation and ov ere xpression 
of SIRT2-FLAG plasmids. ( G ) ChIP-qPCR analysis showing enrichment of Ligase IV at the Fok1-induced DSB site under the conditions indicated. Mean 
and SEM of three biological replicates is shown. *** P < 0.001. 
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Figure 2. SIRT2 interacts in a complex with DNA-PKcs. ( A ) SIRT2 was IP’ed from HCT116 cells and IP’ed lysates were subjected to mass spectrometry 
analysis to identify SIRT2-interacting proteins. Total (T) and unique (U) number of peptides pulled-down for each IP’ed protein was measured and 
DNA-PKcs was identified as one of the top SIRT2-interactors. IP and mass spectrometry were conducted in duplicate (SIRT2 IP-1 and SIRT2 IP-2) with 
comparable results. IP with IgG (Control) was included. ( B ) Immunoprecipitation (IP) of endogenous DNA-PKcs or IgG was carried out on HeLa whole 
cell lysates, run on SDS-PAGE and immunoblotted for DNA-PKcs and SIRT2. The adjoining input is seen directly adjacent to the IP. ( C ) IP of endogenous 
SIRT2 or IgG was carried out on HeLa whole cell lysates with or without ethidium bromide (EtBr 50 �g / ml) or IR treatment (0 or 10 Gy IR), run on 
SDS-PAGE and immunoblotted for DNA-PKcs and SIRT2. The adjoining input is seen directly below the IP. ( D ) IP of ov ere xpressed Ku80-GFP or IgG 

was carried out on HeLa whole cell lysates, run on SDS-PAGE and immunoblotted for DNA-PKcs, SIRT2, and GFP. The adjoining input is seen directly 
below the IP. 

 

 

 

 

 

 

 

 

 

 

 

has a role in deacetylating DNA-PKcs, we examined DNA-
PKcs acetylation in HeLa cells ov ere xpressing SIRT6-
FLAG WT. In contrast with SIRT2, endogenous DNA-
PKcs acetylation did not decrease following SIRT6-FLAG
ov ere xpression (Figure 3 F), suggesting that DNA-PKcs
deacetyla tion is media ted specifically by SIRT2 and not

SIRT6. 

 

SIRT2 deacetylase activity facilitates DNA-PKcs localiza-
tion to DNA damage sites and interaction with ku 

To determine if SIRT2 facilitates DNA-PKcs localization
to DNA damage sites, we performed laser microirradi-
ation experiments in U2OS cells stably transfected with
DNA-PKcs-GFP ( 37 ). SIRT2 depletion delayed the early
recruitment of DNA-PKcs-GFP to DNA damage sites
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Figure 3. SIRT2 deacetylates DNA-PKcs in response to DNA damage. ( A ) In vitro deacetylation assay of DNA-PKcs by SIRT2. Acetylated endogenous 
DN A-PKcs was imm unopurified from HeLa cells treated overnight with TSA and nicotinamide. SIRT2-FLAG WT and SIRT2-FLAG H187Y proteins 
were purified from 293T cells and eluted from beads. Acetylated DNA-PKcs was incubated in an in vitro deacetylation reaction with SIRT2-FLAG WT or 
SIRT2-FLAG H187Y with or without NAD+ . Nicotinamide was also added, where indicated, as an inhibitor of SIRT2. ( B , C ) Cellular deacetylation assay. 
HeLa cells were transfected with SIRT2-FLAG WT, H187Y, or mock transfected. Cells recei v ed ov ernight TSA treatment with or without nicotinamide 
as indicated. Cells were also treated with or without 10 Gy IR. Endogenous DNA-PKcs or IgG was IP’d from whole cell lysate. The resulting western 
blots for IP and input were immunoblotted with DNA-PKcs, pan-acetyl, FLAG, and GAPDH antibodies. Shown are a r epr esentati v e western b lot (B) and 
quantification of average and SD of co-IP’ed acetylated DNA-PKcs from three independent experiments (C). Acetylated DNA-PKcs was quantified using 
the Image Studio software and is expr essed r elati v e to the acetylated DNA-PKcs in the no treatment control sample, after normalization to total DNA- 
PKcs IP’ed. ** P < 0.01, *** P < 0.001. ( D , E) Endogenous DNA-PKcs acetylation before and after damage and before and after SIRT2 knockdown was 
assessed through IP of DNA-PKcs or IgG from HeLa cells. HeLa cells were transfected with or without NT siRNA or SIRT2 siRNA. The resulting blots 
were stained for pan-acetyl, DNA-PKcs, SIRT2, and / or GAPDH. A r epr esentati v e western b lot (D) and quantification of av erage and SD of co-IP’ed 
acetylated DNA-PKcs from three independent experiments (E) are shown. Acetylated DNA-PKcs was calculated as described in (C). *** P < 0.001. ( F ) 
HeLa cells were transfected with or without SIRT6-FLAG WT. Endogenous DNA-PKcs or IgG was IP’d from whole cell lysate and run on SDS-PAGE 

gel. The resulting western blots for IP and input were immunoblotted for DNA-PKcs, pan-acetyl, FLAG and GAPDH. 
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induced by laser microirradiation (Figure 4 A-B and 4E).
Moreover, SIRT2 inhibition with SirReal2 ( 63 ) in CHO V3
cells stably transfected with human DNA-PKcs-GFP ( 37 )
also impaired the recruitment of DNA-PKcs-GFP to DNA
damage sites induced by laser microirradiation (Figure 4 C
and F), indicating that SIRT2 deacetylase activity facili-
tates DNA-PKcs recruitment to DNA damage sites. Signif-
icantly, SIRT2 inhibition with SirReal2 did not impair the
induction of DNA damage as determined by �H2AX stain-
ing following laser microirradiation (Figure 4 D). 

It has previously been shown that DNA-PKcs forms a
complex with Ku at DNA damage sites ( 6 , 7 ). To deter-
mine if SIRT2 facilitates the interaction between DNA-
PKcs and Ku, we performed co-IP experiments in HCT116
SIRT2 WT and KO cells. As e xpected, we observ ed an in-
crease in co-IP of DNA-PKcs with Ku70-GFP following
IR treatment in HCT116 SIRT2 WT cells (Figure 4 G).
Howe v er, the IR-regulated increase in interaction of DNA-
PKcs with Ku70-GFP was impaired in HCT-116 SIRT2 KO
cells (Figure 4 G, H). Expression of SIRT2-FLAG WT but
not SIRT2-FLAG H187Y rescued the impairment in IR-
induced interaction of DNA-PKcs with Ku70-GFP (Fig-
ure 4 H), suggesting that SIRT2 deacetylase activity facili-
tates the interaction of DNA-PKcs with Ku70 in response
to DNA damage. 

Deacetylation by SIRT2 dir ects DNA-PK activ ation and
signaling 

To determine whether SIRT2 directs DNA-PK activation
in response to DNA damage, we examined DNA-PKcs au-
tophosphoryla tion a t serine 2056 (pS2056) following IR
treatment in U2OS SIRT2 WT and KO cells. A significant
impairment in DNA-PKcs pS2056 but not �H2AX foci in-
duction in response to IR was observed in U2OS SIRT2
KO cells when compared with WT cells (Figure 5 A, B),
which was rescued by expression of SIRT2-FLAG WT but
not H187Y (Figure 5 C–E; Supplementary Figure S4A–C),
suggesting that SIRT2 deacetylase activity promotes DNA-
PK activation. Consistent with these findings, IR-induced
DNA-PKcs autophosphorylation at S2056 but not total
DNA-PKcs le v els was also reduced in HCT116 SIRT2 KO
cells compared with WT cells as determined by western blot
analysis (Figure 5F; Supplementary Figure S4D and Fig-
ure S5A, B). This impairment was more fully rescued by
expression of SIRT2-FLAG WT but not H187Y (Figure
5F; Supplementary Figure S4E). Furthermore, treatment
of HCT116 SIRT2 KO cells expressing SIRT2-FLAG WT
with DNA-PK inhibitor NU7441 resulted in inhibition of
the rescue (Supplementary Figure S5A, B). Overall, these
results imply that SIRT2 deacetylase activity directs DNA-
PK activation in response to IR in a manner that r equir es
DN A-PK catal ytic activity. 

To determine if SIRT2 functions in DNA-PK-dependent
signaling, we examined HCT116 SIRT2 WT and KO cells
for phosphorylation of a panel of DNA-PK substrates in
response to IR trea tment. Phosphoryla tion of Artemis at
serine 516 (pS516) and XRCC4 at serine 260 (pS260) fol-
lowing IR treatment was impaired in HCT116 SIRT2 KO
cells compared with WT cells (Figure 5 G). As observed with
DNA-PKcs autophosphorylation at serine 2056, DNA-
PK-dependent phosphorylation of Artemis at S516 and
XRCC4 at S260 was rescued in HCT116 SIRT2 KO cells by
expression of SIRT2-FLAG but not SIRT2-FLAG-H187Y
(Figure 5 G). Collecti v ely, combined with our data indicat-
ing that SIRT2 interacts with and deacetylates DNA-PKcs,
these results support a model in which DNA-PKcs deacety-
lation by SIRT2 directs DNA-PK activation and signaling.

SIRT2 inhibitor augments the efficacy of IR in cancer cells
and tumors 

Our observa tion tha t SIRT2 deficiency in cancer cells
causes IR hypersensitivity and can be rescued by SIRT2-
FLAG WT but not H187Y suggest that SIRT2 may be a
promising therapeutic target and that SIRT2 activity could
be targeted to sensitize cancer cells to IR. SIRT2 inhibitors
have been reported to have anti-proliferative activity against
a number of cancer types ( 59 ); howe v er, the specific cel-
lular context, including synthetic lethal relationships with
specific types of cancer treatments for which SIRT2 in-
hibitors may be most effecti v e for cancer therap y ar e not
clear. Indeed, similar to SIRT2 deficiency, HCT116 cells
treated with AGK2, a selecti v e SIRT2 inhibitor ( 67 ), were
sensitized to IR (Figure 6 A). Treatment of the cells with
NU7441, a DNA-PK inhibitor, caused a similar le v el of
IR hypersensitivity, and combined treatment of cells with
AGK2 and NU7441 did not further sensitize cells to IR
(Figure 6 A), confirming that SIRT2 and DNA-PKcs func-
tion in a common pathway in governing resistance to IR. 

To determine if SIRT2 inhibitor can be used to sensi-
tize resistant tumors to IR treatment, we generated tumor
xenografts using IR resistant A549 cells (IRR-A549) ( 68 )
in female Balb / c n u / n u (athymic) mice. As expected, IR treat-
ment did not significantly delay growth of the radioresistant
tumors (Figure 6 B). Howe v er, treatment of the mice with
AGK2 and IR significantly delayed tumor growth com-
par ed with tr eatment with IR alone (Figur e 6 B), suggest-
ing that SIRT2 inhibitor can cause resensitization of the
resistant tumors to IR. Consistent with findings in other
tumor types ( 59 ), treatment of the mice with AGK2 alone
also significantly delayed tumor growth (Figure 6 B) but to
a lesser extent than with treatment with both AGK2 and
IR together. No significant difference in body weight was
observed in mice treated with AGK2 compared to controls
(Figure 6 C). 

DISCUSSION 

Our findings re v eal a regulatory step governing DNA-PK
activ ation b y SIRT2 deacetylation, which facilitates DNA-
PKcs localization to DSBs and interaction with Ku, thereby
promoting DSB repair by NHEJ. These findings elucidate a
critical upstream signaling e v ent directing the interaction
of DNA-PKcs and Ku that activates DNA-PK, identify
DNA-PKcs as a unique interacting partner and substrate
for SIRT2, and establish SIRT2 as a positi v e regulator of
DSB repair by NHEJ that broadens its role in DNA re-
pair. This work also provides important insights into how
Sirt2 deficiency results in genomic instability and carcino-
genesis and provides mechanistic rationale and preclinical
evidence for SIRT2 inhibition as a potential therapeutic
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Figure 4. SIRT2 deacetylase activity promotes DNA-PKcs localization to DNA damage sites and interaction with Ku. ( A ) DN A-PKcs-GFP stabl y trans- 
fected U2OS cells were subjected to laser microirradiation following transfection with SIRT2 or NT siRNA. The laser output was set to 75%, which can 
reproducib ly gi v e focused DNA-PKcs-GFP stripes. ( B ) Western blot demonstrating SIRT2 knockdown generated from cells used in (A). ( C ) DNA-PKcs- 
GFP stably transfected CHO V3 cells were subjected to laser microirradiation with and without SIRT2 inhibition by SirReal2 (50 uM) or DMSO. ( D ) 
CHO V3 cells treated with or without SirReal2 or DMSO were fixed 2 min post microirradiation and stained for �H2AX in red, DNA-PKcs-GFP in 
green, and DAPI stain in the overlay. ( E ) Fluorescence of the GFP stripes was measured for part A, recorded at indicated time points, and analyzed for 
quantitation using Image Studio Lite Software. The average of 15 biological replicates at each time point per condition was plotted. Error bars r epr esent 
standar d de via tion: NS indica tes P ≥ 0.05, * P < 0.05, ** P < 0.01. ( F ) Quantitation of DNA-PKcs-GFP localization to sites of damage was performed 
for 15 biological replicates per condition. Fluorescence of the GFP stripes were measured for part C, recorded at indicated time points, and analyzed 
for quantitation using Image Studio Lite Software. The average of each time point’s replicates was plotted. Error bars represent standard deviation. NS 
indicates P ≥ 0.05, * P < 0.05, ** P < 0.01. ( G ) WT and SIRT2 KO HCT116 cells were transfected with and without Ku70-GFP and treated with or with- 
out 10 Gy IR. Ku70-GFP was IP’d, run on SDS-PAGE gels, and immunoblotted for DNA-PKcs, GFP, SIRT2, and GAPDH. DNA-PKcs pulled down 
with Ku70-GFP was quantified (values shown under the DNA-PKcs IP blot) using the Image Studio software and is shown as a fraction of DNA-PKcs 
co-IP’ed under control conditions, after normalization to IP’ed Ku70-GFP. ( H ) SIRT2 KO HCT116 cells were transfected with and without Ku70-GFP, 
SIRT2-FLAG WT, and H187Y and treated with or without 10 Gy IR. Ku70-GFP was IP’d, run on SDS-PAGE gel, and, immunoblotted for DNA-PKcs, 
GFP, SIRT2, and GAPDH. DNA-PKcs co-IP’ed with Ku70-GFP was quantified as described in (G). 
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Figure 5. Deacetylation by SIRT2 directs DNA-PK activation and signaling. ( A ) WT and SIRT2 KO U2OS cells wer e tr eated with or without 10 Gy IR. 
Cells were fixed at 30, 60 or 90 min post IR and stained with anti- �H2AX (red), anti-DNA-PKcs pS2056 (green) and DAPI (blue). A representati v e 90 
min post IR time point is shown. ( B ) Quantitation of the percentage of cells with > 5 DNA-PKcs pS2056 foci is shown for (A). The mean from each group 
was calculated from three biological replicates (100 cells per replicate) and error bars represent S.D. * P < 0.05; ** P < 0.01. ( C ) WT and SIRT2 KO U2OS 
cells were transfected with SIRT2-FLAG WT, H187Y or mock transfected and treated with or without 10 Gy IR. Cells were fixed at 30, 60 or 90 min 
post IR and stained with anti-FLAG (red), anti-DNA-PKcs pS2056 (green) and DAPI (blue). A representati v e 90 min post IR time point is shown. ( D ) 
Quantitation of the percentage of cells with > 5 DNA-PKcs pS2056 foci is shown for (C) and Figure S3. The mean for each group was calculated from 

three biological replicates (100 cells per replicate) and error bars represent S.D. * P < 0.05; ** P < 0.01. ( E ) Western blot analysis for (C) and (D). ( F ) 
Western blot analysis of DNA-PKcs autophosphorylation at S2056 in response to IR in WT and SIRT2 KO HCT116 cells transfected with or without 
SIRT2-FLAG WT and H187Y. Quantification and statistical analysis is shown in Supplementary Figure S4D-E. ( G ) Western blot analysis of Artemis and 
XRCC4 phosphorylation at S516 and S260 respecti v ely in response to IR in WT and SIRT2 KO HCT116 cells transfected with or without SIRT2-FLAG 

WT and H187Y. 
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Figure 6. SIRT2 inhibitor augments the efficacy of IR in cancer cells and tumors. ( A ) Clonogenic assay of HCT116 cells using SIRT2 inhibitor AGK2. 
WT HCT116 cells were treated with NU7441 or with AGK2. Cells were then seeded for colony forma tion, trea ted with indicated doses of IR, and assayed 
for surviving colonies 10 days later. Total colony number for each condition was normalized to non-damaged controls. Experiments were performed in 
biological replicates of three. Error bars represent standard devia tion: NS indica tes P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. ( B ) In vivo growth 
inhibition study of IRR-A549 xeno gra phs in female Balb / c n u / n u (athymic) mice. Mice had IRR-A549 cells implanted subcutaneously as described in the 
Materials and Methods section. Animals recei v ed IR and / or intraperitoneal (IP) injection of AGK2. Tumor volume was measured once e v ery three to 
f our da ys. Tumors wer e r esected from animals at the completion of tr eatment. Ther e was no significance seen between tumor volumes between control 
IRR-A549 and IRR-A549 + IR groups. A significant decrease in the average tumor volume was observed in animals treated with AGK2 or AGK2 + IR as 
compared to controls (NS indicates P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001). A significant decrease was observed in tumors from animals treated 
with AGK2 + IR as compared to AGK2 alone (NS indicates P ≥ 0.05, # P < 0.05, ## P < 0.01, ### P < 0.001). Each group included 5 mice. ( C ) Weight 
of mice during course of treatment did not significantly differ between treatment groups. 
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trategy for radiation sensitization. In this regard, we found 

hat SIRT2 deacetylase acti vity gov erns cellular resistance 
o IR and CPT and promotes NHEJ through a direct re- 
orter assay, defining a role for SIRT2 in DSB repair by 

HEJ. We further found that SIRT2 interacts with DNA- 
Kcs but not Ku and deacetylates DNA-PKcs in response 

o IR, providing evidence that DNA-PKcs is regulated by 

IRT2 deacetylation in a damage regulated manner and 

hat DNA-PKcs is an interacting partner and substrate for 
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HEJ substrates, providing a mechanistic model for how 
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nd resistant tumors, providing rationale-dri v en preclinical 
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Figure 7. Model of SIRT2 regulation of DNA-PKcs in NHEJ repair. DNA damage results in a DSB ( 1 ) which leads to the recruitment of Ku70 and Ku80 
heterodimers to both sides of the DSB ( 2 ). SIRT2 deacetylates DNA-PKcs in response to damage on its N terminus (light brown), which is important for 
DNA-PKcs localization to the sites of DNA damage, its interaction with Ku, and the formation of DNA-PK holoenzyme dimers ( 3 ). Once dimerized, 
DNA-PK phosphorylates downstream NHEJ repair factor Artemis, and Artemis resects DNA ends ( 4 , 5 ). DNA-PKcs autophosphorylates at serine 2056 
( 5 ) and phosphorylates XRCC4 ( 6 ). XRCC4 with DNA ligase 4 and DNA-PKcs promotes end ligation ( 6 ). DNA-PKcs releases the repaired DNA ( 7 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

evidence for the use of SIRT2 inhibition in sensitizing can-
cer to radiation therapy. 

Our findings are consistent with a model in which in
response to IR and other DSB-inducing agents, SIRT2
deacetylates DN A-PKcs, w hich facilitates its interaction
with Ku and early recruitment to DSBs, leading to DNA-
PK activation in which DNA-PKcs phosphorylates itself
and a number of downstream substrates, including Artemis
and XRCC4 to promote NHEJ (Figure 7 ). Dysregulation
of this pathway leads to genomic instability and ultimately
carcinogenesis. Our observa tion tha t SIRT2 complexes with
DNA-PKcs but not Ku suggests that SIRT2 interacts with
DN A-PKcs specificall y and regulates its function prior to
its recruitment and interaction with Ku at DSBs. In this re-
gard, while our da ta indica te tha t SIRT2 deacetyla tes DNA-
PKcs in response to DNA damage, the interaction of SIRT2
with DNA-PKcs does not appear to change a ppreciabl y
with DNA damage. Thus, it is possible that the IR-regulated
deacetylation of DNA-PKcs by SIRT2 results from an in-
crease in SIRT2 deacetylase activity triggered by IR. In-
deed, we have previously found that SIRT2 deacetylase ac-
tivity increases in response to DNA damage ( 51 ). Further-
more, while SIRT2 is predominantly cytoplasmic, we found
no evidence of a significant change in nuclear localization
after IR. Thus, we favor a model in which IR triggers the
activation of a sufficient amount of nuclear SIRT2 that then
deacetylates DNA-PKcs, although our model does not ex-
clude the possibility of a role for cytoplasmic SIRT2. 

How might DNA-PKcs deacetylation by SIRT2 promote
its activation via its interaction with Ku? DNA-PKcs inter-
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aces with Ku at multiple sites within its amino-terminal N- 
EAT (aa 1–872) and circular cradle M-HEAT domains 

aa 890–2580) ( 8–11 , 69–74 ). Indeed, a large number of 
cetylation sites have been identified in these regions as re- 
orted in PhosphoSitePlus ( 75 ). It is possible that SIRT2 

eacetylates critical acetyl-lysine residues in these regions 
hat may mediate electrostatic interactions with Ku and / or 
u bound to DNA. These interactions likely contribute to a 

onformational change in DNA-PKcs ( 11 , 18 ), which leads 
o DNA-PK activa tion. W hile our findings indica te tha t 
IRT2 deacetyla tion facilita tes the damage-regula ted inter- 
ction of DNA-PKcs with Ku, some interaction between 

NA-PKcs and Ku is observed in SIRT 2 KO cells, albeit 
his interaction is not regulated by DNA damage. Thus, 
hile our data strongly suggest that SIRT2 deacetylation 

f DNA-PKcs plays a critical role in the damage-regulated 

ctivation of DNA-PK by facilitating its interaction with 

u, our model does not rule out the possibility that other 
echanisms may also contribute to the DNA-PKcs-Ku in- 

eraction such as a scaffold function for SIRT6 ( 57 ). In ad- 
ition, it was recently reported that Sirt2 KO mouse em- 
ryonic fibroblasts (MEFs) are paradoxically resistant to 

R and hypersensiti v e to etoposide, a topoisomerase II in- 
ibitor, which also induces DSBs ( 76 ). In contrast, we found 

hat both SIRT2 deficiency and inhibition in se v eral hu- 
an cancer cell types causes hypersensitivity to IR, which 

an be rescued by expression of exogenous SIRT2 WT but 
ot H187Y. It is possible that SIRT2’s role in responding 

o DSBs could be species dependent, perhaps dependent on 

 dominant downstream substrate that governs response to 

SBs or compensatory mechanisms resulting from Sirt2 de- 
ciency in the context of d ysregula tion of other DNA dam- 
ge response genes. It has also been reported that SIRT2 

nd SIRT3 depletion in H1299 non-small cell lung cancer 
ells impair HR but promote NHEJ ( 54 ). This discrepancy 

ith our findings may be due to differences in cell type as 
imilar to our finding that SIRT2 depletion in U2OS cells 
mpairs NHEJ, it has also been reported that SIRT3 deple- 
ion in U2OS cells impairs NHEJ ( 77 ). 

SIRT2 has previously been shown to direct the RSR 

hrough deacetylation of ATRIP and CDK9 ( 51 , 52 ) and 

R through deacetylation of BARD1 ( 53 ). We now define a 

ole for SIRT2 deacetylation in activating DNA-PK to pro- 
ote DSB repair by NHEJ. Furthermore, the identification 

f DNA-PKcs as a binding partner and substrate of SIRT2 

dds to the growing number of SIRT2 substrates that func- 
ion in promoting genome integrity, providing support for 
IRT2 in regulating a network of proteins involved in the 
DR ( 47 ). Our finding that SIRT2 directs DNA-PK acti- 

ation in NHEJ provides an additional layer of insight into 

ow SIRT2 d ysregula tion leads to genomic instability and 

arcinogenesis. 
SIRT2 inhibitors have been reported to have anti- 

roliferati v e acti vity against a number of cancer types ( 59 );
owe v er, the specific cellular context for which SIRT2 in- 
ibitors may be most effecti v e for cancer therapy have 
ot been clearly defined. We no w sho w that SIRT2 inhi- 
ition sensitizes cancer cells and resistant tumors to IR, 
roviding preclinical evidence for the use of SIRT2 inhibi- 
ion as a rationale-dri v en therapeutic strategy for increas- 
ng the effecti v eness of r adiation ther apy. Our observation 
hat SIRT2 deficiency and inhibition is epistatic with DNA- 
Kcs inhibition in mediating IR sensitivity, suggests that 
IRT2 governs IR sensitivity largely by activating DNA-PK 

o direct NHEJ despite its role in both NHEJ and HR. This 
s consistent with NHEJ’s role as the predominant path- 
a y f or the repair of DSBs induced by IR. Howe v er, we ac-
nowledge that in the in vivo context, our model does not 
ule out the possibility that SIRT2 inhibition may sensitize 
umors to IR via other DSB repair pathways such as HR. 
n summary, our findings define a mechanism for DNA- 
K activ ation b y SIRT2-media ted deacetyla tion, elucida t- 

ng a critical upstream signaling e v ent initiating the repair 
f DSBs by NHEJ to promote genome integrity and fur- 
hermore provide mechanistic rationale and preclinical ev- 
dence for the rational targeting of SIRT2 as an adjunct to 

 adiation ther apy. 
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