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Sirtuin 2 (SIRT2) is a sirtuin family deacetylase that directs acety-
lome signaling, protects genome integrity, and is a murine tumor
suppressor. We show that SIRT2 directs replication stress re-
sponses by regulating the activity of cyclin-dependent kinase 9
(CDK9), a protein required for recovery from replication arrest.
SIRT2 deficiency results in replication stress sensitivity, impairment
in recovery from replication arrest, spontaneous accumulation of
replication protein A to foci and chromatin, and a G2/M checkpoint
deficit. SIRT2 interacts with and deacetylates CDK9 at lysine 48 in
response to replication stress in a manner that is partially depen-
dent on ataxia telangiectasia and Rad3 related (ATR) but not cyclin
T or K, thereby stimulating CDK9 kinase activity and promoting
recovery from replication arrest. Moreover, wild-type, but not
acetylated CDK9, alleviates the replication stress response impair-
ment of SIRT2 deficiency. Collectively, our results define a function
for SIRT2 in regulating checkpoint pathways that respond to rep-
lication stress through deacetylation of CDK9, providing insight
into how SIRT2 maintains genome integrity and a unique mecha-
nism by which SIRT2 may function, at least in part, as a tumor
suppressor protein.

DNA damage | cell cycle checkpoint | genome maintenance

Members of the sirtuin NAD+-dependent deacetylase family
regulate multiple biological processes, including genome

maintenance, aging, tumorigenesis, differentiation, and metab-
olism (1–3). There are seven mammalian homologs of yeast si-
lent information regulator 2 (Sir2). Whereas sirtuin 1 (SIRT1)
and sirtuin 6 (SIRT6) have been linked directly to DNA repair or
DNA damage response (DDR) signaling pathways (4–12), the
role for other sirtuin family members, including SIRT2, is less
clear. Mice deficient in Sirt2 develop breast, liver, and other
cancers (13, 14), and SIRT2 expression is decreased in human
breast and liver cancers (14), suggesting that SIRT2 is a tumor
suppressor protein (TSP). In support of a role for SIRT2 in the
DDR, Sirt2 deficiency in mouse embryo fibroblasts (MEFs)
results in a mitotic checkpoint deficit, increased DNA damage,
and genomic instability (13). In addition, SIRT2 deficiency in
chicken DT40 cells induces hypersensitivity to cisplatin (15).
SIRT2 also deacetylates histone H3 lysine 56, a marker for
packaging of newly replicated and repaired DNA into chromatin
(16), implying that SIRT2 may function in the maintenance of
genome integrity during DNA replication.
The replication stress response (RSR) is a subset of the DDR

signaling network that recognizes challenges to DNA replication
and mobilizes diverse DNA repair and cell cycle checkpoint
pathways. The RSR is critical for the prevention of cancer by
acting as a barrier against genomic instability and tumorigenesis
(17, 18). At the apex of the RSR signaling cascade is the ataxia-
telangiectasia and Rad3-related protein (ATR) checkpoint
kinase (19). ATR function is essential to stabilize stalled rep-
lication forks and promote recovery. Disruption of ATR causes
early embryonic lethality in mice (20), and cells lacking ATR have
defects associated with DNA replication (21), chromosomal

instability, and expression of fragile sites of mammalian chro-
mosomes (22). ATR senses stalled replication forks that result
from uncoupling that exposes replication protein A (RPA)-
bound single-stranded DNA (ssDNA) (23). Finally, RSR mobi-
lizes several activities necessary to maintain genome integrity,
including arresting the cell cycle, inhibiting the onset of mitosis,
stabilizing the stalled replication fork, and facilitating repli-
cation recovery.
Although cyclin-dependent kinase 9 (CDK9) is a well-char-

acterized component of the positive transcription elongation fac-
tor b complex with cyclin T or K (24, 25), it also has a direct role
in promoting RSR activities, which is functionally conserved in
yeast (26–29). Loss of CDK9 activity increases spontaneous
levels of DNA damage signaling in replicating cells and a de-
creased ability to recover from a transient replication arrest.
CDK9 localizes to chromatin to limit the amount of ssDNA after
replication stress and interacts in a complex with ATR as well as
other checkpoint signaling proteins. CDK9 also phosphorylates
and activates ubiquitin-conjugating enzyme 2A (UBE2A) (30–
32), which directs H2B and PCNA ubiquitination (33, 34). The
role for CDK9 in the RSR is independent of cyclin T (29), and
we and others have shown that cyclin K also functions to main-
tain genome integrity (29, 35); however, recent evidence suggests
that cyclin K functions primarily with CDK12 (35–37). Similar to
other RSR proteins, CDK9 activity is regulated by posttrans-
lational modification, including acetylation (38). CDK9 is acet-
ylated on lysine 44 by the p300 acetyltransferase (39), which
promotes its activity, and lysine 48 by the general control non-
depressible 5 (GCN5) and P300/CBP-associated factor (P/CAF)
acetyltransferases (40), which inhibits its activity. Lysine 44 of
CDK9 is also deacetylated by histone deacetylase 3 (HDAC3)
and histone deacetylase 1 (HDAC1) (39); however, the deace-
tylase for lysine 48 of CDK9 is not known. It is also not known
whether the acetylation status or kinase activity of CDK9 is
regulated by DNA damage. In this study, we show that SIRT2,
and by extension the cellular acetylome, has a role in promoting
replication stress response activities by regulating CDK9 activity
via changes in lysine acetylation.

Results
Silencing SIRT2 Causes Sensitivity to Replication Stress. To inves-
tigate the role of SIRT2 in mediating recovery following replication
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fork arrest, we measured the ability of U2OS human osteosar-
coma cells, silenced for SIRT2, to recover from a transient high
dose hydroxyurea (HU) exposure, a drug that stalls DNA rep-
lication forks by inhibiting ribonucleotide reductase. U2OS cells
were treated with or without HU for 24 h, allowed to recover for
24 h, and assayed for cell viability using water soluble tetrazolium
salt (WST)-1 reagent. siRNA knockdown of ATR or ATR-
interacting protein (ATRIP) caused HU hypersensitivity, com-
pared with nontargeting (NT) controls as has been previously
shown (30) (Fig. 1 A and E). Similarly, SIRT2 knockdown re-
sulted in HU hypersensitivity (Fig. 1 A and E). Western blot
analysis confirmed decreased levels of SIRT2 following siRNA
knockdown (Fig. 1 B and F). The HU hypersensitivity of cells
after SIRT2 knockdown was observed between 24 and 72 h
following recovery from the HU challenge (Fig. S1A). SIRT2
silencing also caused hypersensitivity to gemcitabine, cisplatin,
and mitomycin C (Fig. S1 B–D), implying that SIRT2 responds
generally to replication stress.
As SIRT2canaffect theproductionofNADH,which ismeasured

by WST-1 reagent, we also determined HU sensitivity of SIRT2-
depleted cells using a colony formation assay. U2OS cells stably
silenced for SIRT2 using shRNA (Fig. 1D) demonstrated a signifi-
cantly reduced percentage of surviving colonies following a 24-h
pulse of HU in a dose-dependent manner compared with silencing
with a sh-luciferase control (Fig. 1C), confirming the HU hyper-
sensitivity of SIRT2-depleted cells observed using WST-1 reagent.

SIRT2 Deacetylase Activity Is Necessary for the Replication Stress
Response. To determine if the deacetylase activity of SIRT2 is
essential for mediating sensitivity to replication stress, we gen-
erated U2OS cell lines stably expressing exogenous wild-type
(WT) FLAG-SIRT2 or FLAG-SIRT2 H187Y and silenced en-
dogenous SIRT2 accomplished by using siRNA targeting the 3′
untranslated region. Wild-type FLAG-SIRT2 but not FLAG-
SIRT2 H187Y expression complemented the HU hypersensitivity
of SIRT2-depleted cells (Fig. 1E), suggesting that the deacety-
lase activity of SIRT2 directs aspects of the RSR. Western blot

analysis confirmed expression of the exogenously expressed fu-
sion proteins and efficiency of SIRT2 silencing (Fig. 1F). As a
second measure for determining the significance of SIRT2
deacetylase activity in the RSR, we generated mouse mammary
tumor Sirt2 knockout (MMT S2KO) cell lines (14), stably expressing
SIRT2 WT or SIRT2 H187Y (Fig. 1H) and assessed colony
formation following a 24-h pulse of HU. SIRT2 WT but not
SIRT2 H187Y significantly increased the percentage of surviving
colonies following HU treatment in a dose-dependent manner
(Fig. 1G), confirming that the deacetylase activity of SIRT2 is
required for the RSR.

SIRT2 Is a Replication Stress Response Protein. The ability of SIRT2-
silenced cells to recover from transient replication fork arrest was
assessed using cell cycle recovery by flow cytometry. Eight to 10 h
after removingHU,U2OS, telomerase immortalized human retinal
pigment epithelium (hTERT RPE-1), and human colorectal carci-
noma cell line HCT-116 cells treated with NT siRNA progressed
through S phase and accumulated 4N DNA content, whereas cells
treated with ATR, ATRIP or SIRT2 siRNA exhibited delayed
S-phase progression (Fig. 2A andB and Fig. S2A–D). Depletion of
SIRT2 also caused a similar impairment in cell cycle recovery fol-
lowing a replication challenge of aphidicolin, a DNA polymerase
inhibitor (Fig. S2 A and B).
The induction of spontaneous RPA foci by indirect immunoflu-

orescence following SIRT2 knockdown was done as a second
measure to determine the response to replication stress. In the ab-
sence of exogenous damage, RPA accumulates on single-stranded
DNA formed by stalled replication forks. Similar to CHK1, at 72 h
after SIRT2 knockdown, accumulation of RPA70 foci was signifi-
cantly increased, compared with NT controls (Fig. 2 C and D).
Moreover, the amount of chromatin-boundRPA70 is increased1.7-
fold in SIRT2-depleted cells (Fig. 2E), implying that SIRT2 limits
the amount of single-stranded DNA available for RPA binding.
Collectively, these results suggest amodel inwhich SIRT2 functions
as a replication stress response protein that maintains genome in-
tegrity by preventing the breakdown of stalled replication forks.
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Fig. 1. SIRT2 deacetylase activity is required for the replication
stress response. (A) U2OS cells were transfected with non-
targeting (NT), ATR, ATRIP, or SIRT2 siRNA, split 1:4 48 h later
and treated 24 h later with or without 3 mM HU for 24 h. Cell
viability was analyzed 24 h after recovery from treatment. HU
treated/untreated cell viability relative to NT siRNA was de-
termined. (B) Western blot analysis demonstrating efficiency of
SIRT2 knockdown with indicated siRNAs. (C) U2OS cells stably
transfected with shRNA against SIRT2 or luciferase were seeded
for colony formation, treated with indicated concentrations of
HU for 24 h, and assayed for surviving colonies 8–12 d later.
Percent survival of colonies from treated vs. untreated cells is
indicated. (D) Western blot analysis demonstrating efficiency of
SIRT2 knockdownwith shSIRT2 relative to sh-luciferase. (E) U2OS
cells stably expressing an empty vector, FLAG-SIRT2 wild-type
(WT) or FLAG-SIRT2 H187Y were transfected with NT, ATR,
ATRIP, or SIRT2 siRNA targeting the 3′ untranslated (UTR) re-
gion, split 1:4 48 h later, and treated 24 h later with or without 3
mM HU for 24 h before assaying for cell viability 24 h later.
Mean and SEM from four replicas is shown. (F) Western blot
analysis of stable cells lines demonstrating expression of FLAG-
SIRT2 WT and H187Y and efficiency of SIRT2 silencing. (G) MMT
Sirt2 KO (MMT S2KO) cells mock transfected or stably trans-
fected with SIRT2 WT or H187Y were seeded for colony forma-
tion, treated with indicated concentrations of HU for 24 h, and
assayed for surviving colonies 8–12 d later. Percent survival of
colonies from treated vs. untreated cells is indicated. (H) West-
ern blot analysis of stable MMT S2KO cell lines demonstrating
expression of SIRT2 WT and H187Y. For A, C, E, and G, mean and
SEM from at least three replicas is shown. *P < 0.05 and **P <
0.01. See also Fig. S1.
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Proteins that function in the RSR often are involved in
regulating cell cycle checkpoints. The G2/M checkpoint prevents
cells from entering mitosis to allow time for removal of damaged
DNA or replication blocks. As such, U2OS cells treated with 2
Gy of ionizing radiation (IR) displayed a strong G2/M checkpoint
response after exposure, as determined by the low percentage of
cells entering mitosis measured by phosphorylation of histone
H3 Ser10 (Fig. S2 E and F). In contrast, following SIRT2,
ATR, or ATRIP knockdown, the percentage of cells escaping
the G2/M checkpoint and entering mitosis after IR was sig-
nificantly increased (Fig. S2 E and F).

SIRT2 Interacts in a Complex with and Deacetylates CDK9 in Vitro and
in Cells. FLAG-SIRT2was purified fromHeLa cells, and proteomic
analysis by mass spectrometry identified multiple interacting pro-
teins, includingCDK9, which we previously characterized as a RSR
protein (29). SIRT2-GFP and FLAG-HA-CDK9 were expressed
in HEK293T cells and reciprocal coimmunoprecipitation (co-IP)
analyses suggested that the proteins interact in a complex (Fig. 3A
andB). The endogenous interaction of SIRT2 and CDK9was also
validated by co-IP in HeLa cells and increased in response to HU
despite similar protein levels, suggesting that the interaction of
SIRT2 and CDK9 is regulated by replication stress (Fig. 3C).
To determine if SIRT2 deacetylates CDK9, we purified acety-

lated FLAG-CDK9 fromHEK293T cells and performed an in vitro
deacetylationassaywith purifiedwild-typeFLAG-SIRT2orFLAG-
SIRT6 in thepresence and absence ofNAD+. SIRT2but not SIRT6
deacetylated FLAG-CDK9 in an NAD+-dependent manner (Fig.
3D, lane 3 and Fig. S3), and deacetylation was inhibited by nico-
tinamide (Fig. 3D, lane 4). To determine if SIRT2 deacetylates
CDK9 in cells, we transfected HeLa cells with FLAG-CDK9 along

with wild-type HA-SIRT2 orHA-SIRT2HY, a deacetylase mutant
(14). Transfection with wild-type HA-SIRT2, but not HA-SIRT2
HY, deacetylated FLAG-CDK9 in a similarmanner as our cell-free
biochemical experimental system(Fig. 3E), suggesting thatCDK9 is
a legitimate SIRT2 downstream deacetylation target.

SIRT2 Deacetylates CDK9 at Lysine 48 in Response to Replication
Stress. To determine the specific SIRT2 downstream acetyllysine
target, mass spectrometry analysis was performed from purified
FLAG-CDK9 expressed in 293T cells, which identified amino acids
44and48aspotential reversibleacetyllysines (Fig. 4A andFig. S4A),
consistent with findings using alternative approaches (39, 40). Mu-
tation of lysine residue 44 to arginine (K44R) caused no significant
difference inacetylationofFLAG-CDK9asdeterminedbyWestern
blot analysis with an antiacetyllysine antibody (Fig. 4B). In contrast,
mutation of lysine residue 48 to arginine (K48R) or both lysine
residues 44 and 48 to arginine (K44/48R) reduced FLAG-CDK9
acetylation to undetectable levels (Fig. 4B), suggesting that CDK9
K48 is a legitimate SIRT2 deacetylation target lysine. Recombinant
wild-type SIRT2, but not SIRT2-HY, also deacetylated purified
acetylated wild-type FLAG-CDK9 and FLAG-CDK9 K44R (Fig.
4B). The results of these experiments imply that SIRT2deacetylates
CDK9 at lysine residue 48.
FLAG-CDK9 from 293T cells, treated with or without HU,

was immunoprecipitated (IPed) and Western blotting with an
antiacetyllysine antibody also exhibited a significant decrease in
acetylation of CDK9 from HU-treated cells, compared with
nontreated cells (Fig. 4C). Subsequent analysis of purified
FLAG-CDK9 from these cells by mass spectrometry identified
that acetylation of CDK9 K48 is decreased at least fivefold after
treatment with HU (Fig. 4 D and E). To determine if endoge-
nous CDK9 K48 is deacetylated by SIRT2 in response to replication
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stress, we generated and validated an antiacetyl CDK9 K48 an-
tibody (Fig. S4B). Whereas endogenous CDK9 IPed from MMT
S2KO cells was acetylated at K48 before and after HU treatment,
K48 was deacetylated in response to HU treatment when these
cells were complemented with SIRT2 WT, suggesting that en-
dogenous CDK9 is present in the acetylated form at K48 in cells
and is subsequently deacetylated by SIRT2 in response to repli-
cation stress (Fig. 4F).
CDK9 K48 deacetylation in response to HU treatment was also

observed in HeLa cells and alleviated by nicotinamide treatment
(Fig. S4C). As sirtuins are known to regulate a network of proteins,
we also examined if SIRT2 deacetylates α-tubulin, a well-charac-
terized substrate (41), in response to replication stress. Similar to
CDK9 K48, α-tubulin K40 was also deacetylated in response to
HU treatment in MMT S2KO cells when complemented with
SIRT2 WT (Fig. S4D), providing further support for SIRT2 as
a RSR protein and demonstrating that SIRT2 may regulate other
proteins in response to replication stress.

CDK9 K48 Deacetylation in Response to Replication Stress Is Partially
Dependent on ATR but Not Cyclin T or K. Consistent with a tran-
scription-independent function for CDK9 in the RSR (29),
CDK9 complexed with IPed cyclin T1 (CCNT1) in 293T cells
was not deacetylated in response to HU treatment (Fig. S4E),
and no significant difference in deacetylation of CDK9 K48 after
HU treatment was observed following CCNT1 or cyclin T2
(CCNT2) silencing in 293T cells compared with a NT control
(Fig. S4 G and I). Similar to a previous report (37), we detected

an interaction of CDK9 with cyclin K1 (CCNK1) only when
overexpressed (Fig. S4F), and FLAG-HA-CDK9 complexed with
IPed CCNK1 in 293T cells also was not deacetylated in response
to HU treatment (Fig. S4F) nor was there a significant difference
in deacetylation of CDK9 K48 following CCNK1 silencing in
293T cells (Fig. S4H). Thus, these results imply that CDK9 K48
deacetylation in response to replication stress is restricted to
a cylin T- and K-independent fraction and is also not dependent
on cyclin T or K. In contrast, ATR silencing in 293T cells alle-
viated the HU-regulated deacetylation of CDK9 K48 (Fig. 4G),
suggesting that CDK9 K48 deacetylation in response to repli-
cation stress is at least partially dependent on ATR.

Lysine 48 Acetylation Impairs CDK9 Kinase Activity and Recovery from
Replication Stress. To examine the functional significance of the
acetylation status of lysine 48, U2OS cell lines stably expressing
wild-type FLAG-HA CDK9 or FLAG-HA CDK9 K48Q were
generated (Fig. 5A). Lysine 48 mutated to glutamine (K48Q) has
been shown to mimic an acetylated lysine state. Whereas no sig-
nificant difference in stability of wild-type FLAG-HA CDK9
compared with FLAG-HA CDK9 K48Q was observed following
treatment of cells with cyclohexamide (Fig. S5A andB), the kinase
activity of FLAG-HACDK9WTbut not FLAG-HACDK9K48Q
was significantly increased following treatment with HU using
both a fragment of RNA polymerase II carboxyl terminal domain
(CTD) andUBE2Aas substrates (Fig. 5B and Fig. S5C). The basal
kinase activity of FLAG-HACDK9K48Qwas comparable to that
of FLAG-HA CDK9 D167N, a kinase dead mutant (Fig. 5B). To

0

0.2

0.4

0.6

0.8

1.0deifido
mn

U/ 84
K

+44
K

- HU + HU
0

0.2

0.4

0.6

0.8

1.0

- HU + HU

deifido
mn

U/ 44
K

C

IB:

SIRT2

Acetyl K

CDK9

kDa 52

 37

SIRT2 HY

SIRT2 WT
Ac-CDK9 K44/48R

Ac-CDK9 K44R
Ac-CDK9 WT

NAD

TSA

 +  +  +  + -  -  -  - -  -  -  -  -
 -  -  -  - +  + + + -  -  -  - +
 -  -  - + -  - - + -  -  -  + -
 -  -  + - -  - + - -  - +  - -
 -  +  - - - + - - - + -  - -

Ac-CDK9 K48R

+  -  - -+ - - - + - -  - +
 +  +  + + +  + + + -  -  -  - +
 -  -  - - -  - - - -  -  -  - +
 +  +  + + +  + + + +  +  +  + +

EDIB:

Acetyl K

FLAG

FLAG

GAPDH

FLAG-C
DK9

FLAG-C
DK9

Mock

 -  +
HU
 -kDa

 52

 37

IP

Input
 52

 -  +  -  +

HU

MMT SIRT2 KO

Mock SIRT2 WT

IB:

SIRT2

Ac-CDK9 K48

CDK9

kDa
 52

 37

IP:
CDK9

cDNA

F IB:

ATR

Ac-CDK9 K48
CDK9

GAPDH

 -  - +  +
HU

kDa

 37

190

NT ATR

G

siRNA Gene

%
 In

te
ns

ity

0

0.2

0.4

0.6

0.8

400 600 800 1000200

1.0

Nicotinamide
BA

8 7 6 5 4 3 2 1 y-ions

b-ions 1 2 3 4 5 6 7 8

b2
 1

59
.1

b3
 2

87
.1 y2

 3
17

.3

y3
 4

30
.4

b4
y4

50
1.

3
b5

 5
56

.3
y5

 6
00

.4
b6

 6
27

.3

b7
 7

40
.4

y6
77

0.
5

y7
b8

91
0.

4
y8

95
5.

6

m/z

Fig. 4. SIRT2 deacetylates CDK9 at lysine residue 48 in response to replication stress. (A) MS/MS peptide spectra of IPed FLAG-CDK9 expressed in 293T cells shows
site-specific CDK9 diacetylation at lysine residues 44 and 48. (B) Acetylated CDK9 WT or deacetylated mutants CDK9 K44R, CDK9 K48R, or CDK9 K44/48R was
isolated from cells and incubated in an in vitro deacetylation assay with HA-SIRT2 WT or HY in the presence of TSA with or without NAD and nicotinamide. The
reaction mixtures were separated by SDS/PAGE and immunoblotted with antibodies against acetyllysine, SIRT2, and CDK9. (C) The 293T cells were transfected
with vector or FLAG-CDK9 together with acetyltransferases, treated with or without HU, harvested, IPed with an antibody against FLAG, separated by SDS/PAGE,
and immunoblotted with antibodies against acetyllysine, FLAG, and GAPDH. (D and E) Quantitation of acetylated peptide intensities across control and HU-
treated samples from C using LC-MS/MS. The propensity of a peptide to ionize, a prerequisite for detection, is dependent on its physicochemical properties such as
peptide length, in which representative tryptic peptides have a mass between 600 and 6,000 Da (46). In this study, the expected fully tryptic monoacetyl K48 CDK9
peptide would be only 5 amino acids (K.VALK(Ac)K.V), with an expected mass of 557.39, making this short peptide challenging to detect by LC-MS/MS. However,
we were able to observe the double acetylated K44 and K48 peptide and infer that the reduction of this signal after HU treatment was likely driven by
deacetylation at K48 specifically because no significant decrease was observed on K44 aceytlation alone (see also Fig. S4 for K44 MS/MS spectra). (F) MMT S2KO
cells mock transfected or stably transfected with SIRT2WT were treated with or without HU, harvested, IPed with an anti-CDK9 antibody, separated by SDS/PAGE,
and immunoblotted with antibodies against SIRT2, Ac-CDK9 K48, and CDK9. (G) The 293T cells were transfected with NT or ATR siRNA and treated with or
without HU, harvested, separated by SDS/PAGE, and immunoblotted with antibodies against ATR, Ac-CDK9 K48, CDK9, and GAPDH. See also Fig. S4.

Zhang et al. PNAS | August 13, 2013 | vol. 110 | no. 33 | 13549

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301463110/-/DCSupplemental/pnas.201301463SI.pdf?targetid=nameddest=SF4


determine the role of SIRT2 deacetylation in promoting CDK9
kinase activity, we performed the in vitro kinase assay using CDK9
IPed from MMT S2KO cells complemented with SIRT2 WT or
H187Y and using a fragment of CTD as a substrate and found that
endogenous CDK9 kinase activity was significantly increased fol-
lowingHU treatment in theMMTS2KOcells complemented with
SIRT2WT but not H187Y (Fig. S5D). These findings suggest that
acetylation of lysine 48 decreases CDK9 kinase activity and
deacetylation of lysine 48by SIRT2 increasesCDK9kinase activity
in response to replication stress.
We have previously shown that the kinase activity of CDK9 is

required for recovery from replication stress (29). Consistent
with these findings, cells expressing wild-type FLAG-HA CDK9,
but not FLAG-HA CDK9 K48Q, as well as silenced for endog-
enous CDK9 using siRNA targeting the 3′ untranslated region,
partially complemented the HU recovery deficit (Fig. 5 C and
D). These experiments demonstrate that CDK9 acetylation at
lysine residue 48 impairs recovery from replication stress and
suggest that CDK9 lysine 48 deacetylation by SIRT2 is critical
for the replication stress response.

CDK9 Complements the Replication Stress Response Impairment of
SIRT2 Deficiency. To confirm that the role of SIRT2 in the repli-
cation stress response is mediated through CDK9 lysine 48 acet-
ylation status, SIRT2 was silenced in U2OS cells stably expressing
wild-type FLAG-HA-CDK9 or FLAG-HA-CDK9 K48Q. FLAG-
HACDK9butnotFLAG-HACDK9K48Qcomplemented theHU
hypersensitivity of cells following SIRT2 knockdown (Fig. 6).
These results indicate that CDK9 lysine 48 is a major SIRT2
downstream target in promoting the replication stress response.

Discussion
Our results reveal a unique function for SIRT2 providing unique
scientific evidence connecting SIRT2, cell cycle checkpoint path-
ways, and the RSR, through deacetylation of CDK9, a protein
required for cells to recover from replication arrest. We found that
depletion of SIRT2 results in sensitivity to replication stress, im-
pairment in recovery from replication arrest, spontaneous accu-
mulation of RPA to foci and chromatin, and a G2/M checkpoint
deficit. These findings establish SIRT2 as a replication checkpoint
protein required to maintain genome integrity and help explain
how SIRT2 deficiency leads to genetic instability and an in vivo
tumor permissive phenotype. In this regard, we showed that
SIRT2 interacts with and deacetylates CDK9 in vitro and in cells,
thus identifying CDK9 as a unique interacting partner and sub-
strate for SIRT2. We also showed that CDK9 is deacetylated by
SIRT2 at lysine residue 48, in a manner that is partially dependent
on ATR but not cyclin T or K, which increases its kinase activity,
in response to replication stress, further validating CDK9 as
a RSR protein, identifying lysine 48 as a specific SIRT2 target, and
providing a mechanistic model for how SIRT2 maintains genomic
integrity in response to replication stress. Finally, we showed that
wild-type, but not acetylated CDK9, alleviates the RSR impair-
ment of SIRT2 deficiency, firmly placing CDK9 as a downstream
deacetylase target through which SIRT2 functions in the RSR.
Our findings support a model in which replication stress triggers

SIRT2-dependent deacetylation of CDK9 at lysine 48, thereby
stimulating CDK9 kinase activity and promoting recovery from
replication arrest (Fig. S6). SIRT2 thus acts as a positive regulator
of CDK9 function by removing its inhibitory lysine acetylation.
This leads to several downstream effects necessary to maintain ge-
nome integrity including preventing the breakdown of stalled rep-
lication forks that leads to RPA accumulating on single-stranded
DNA, arresting the cell cycle to allow additional time for repair,
and facilitating recovery from replication arrest. Loss of SIRT2
leads to genomic instability and ultimately cancer progression.
A role for sirtuins in maintaining genome integrity by regulating

the functions of nonhistone DNA damage response proteins through
deacetylation has previously been demonstrated for SIRT1 and
SIRT6. SIRT1 substrates include KU70 (5), NBS1 (42),WRN (7),
XPA (4), and TIP60 (10, 11), whereas SIRT6 substrates include
CtIP (6), PARP1 (8), and DNA-PK (9). Our results extend these
ideas and now demonstrate that a third member of the human
sirtuin family, SIRT2, also functions in maintaining genome in-
tegrity through deacetylation of CDK9.
Consistent with previous reports (39, 40), we found using pro-

teomic analysis by mass spectrometry that CDK9 is acetylated in its
catalytic core at lysine residues 44 and 48 with the major site of
acetylation at lysine 48. We further provided evidence for SIRT2
as the deacetylase that targets lysine 48 and showed that the
deacetylation of lysine 48 is regulated by replication stress. Lysine
48 deacetylation increases CDK9 kinase activity and promotes
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recovery from replication arrest. Thus, SIRT2 regulates CDK9
activity in part by removing its inhibitory acetylation to promote its
kinase activity, which is required for its functions in the RSR (29).
SIRT2 may be required for the CDK9-dependent phosphorylation
and activation of UBE2A (31), which directs H2B and PCNA
ubiquitination (33, 34). In addition, our finding that CDK9 K48
deacetylation by SIRT2 in response to replication stress is partially
dependent on ATR but not cyclin T or K, which regulates DDR
gene expression (35), is consistent with a transcription-independent
function for CDK9 in the RSR that may be downstream of ATR.
It is noteworthy that CDK9 lysine 48, which is critical for ori-

enting ATP and binding magnesium in the catalytic core (43, 44),
is highly conserved among all members of the CDK family as well
as subdomain II of most eukaryotic protein kinases (45), sug-
gesting that SIRT2 deacetylation of CDK9 at lysine 48 may be
a conserved mechanism of regulation that is generalized to other
CDKs and protein kinases. Moreover, our finding that SIRT2 also
deacetylates α-tubulin at K40 in response to replication stress
suggests that SIRT2, like SIRT1 and SIRT6, may also regulate
a network of proteins involved in genome maintenance.
In summary, our results define a function for SIRT2 in regu-

lating checkpoint pathways that respond to replication stress
by activating CDK9 through deacetylation, providing insight into

how SIRT2 maintains genome integrity and loss of SIRT2 results
in an in vitro tumor permissive phenotype.

Materials and Methods
Cell Culture. U2OS, 293, HeLa cells were grown in DMEM supplemented with
7.5% (vol/vol) FBS. Stable U2OS cells were grown in 1ug/ml puromycin (Fisher).

Transfection, Immunofluorescence, Western Blot, IP, Deacetylation and Kinase Assay,
Cell Survival and Colony Formation Assays, Cell Cycle Recovery Assay, LC-MS/MS.
Details of these methodologies can be found in SI Materials and Methods.
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