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Numerous studies indicate that Sirtuin 1 (SIRT1), a mammalian
nicotinamide adenine dinucleotide (NAD+)-dependent histone
deacetylase (HDAC), plays a crucial role in p53-mediated stress
responses by deacetylating p53. Nevertheless, the acetylation lev-
els of p53 are dramatically increased upon DNA damage, and it is
not well understood how the SIRT1–p53 interaction is regulated
during the stress responses. Here, we identified Set7/9 as a unique
regulator of SIRT1. SIRT1 interacts with Set7/9 both in vitro and in
vivo. In response to DNA damage in human cells, the interaction
between Set7/9 and SIRT1 is significantly enhanced and coincident
with an increase in p53 acetylation levels. Importantly, the inter-
action of SIRT1 and p53 is strongly suppressed in the presence of
Set7/9. Consequently, SIRT1-mediated deacetylation of p53 is ab-
rogated by Set7/9, and p53-mediated transactivation is increased
during the DNA damage response. Of note, whereas SIRT1 can
be methylated at multiple sites within its N terminus by Set7/9,
a methylation-defective mutant of SIRT1 still retains its ability to
inhibit p53 activity. Taken together, our results reveal that Set7/9
is a critical regulator of the SIRT1-p53 interaction and suggest that
Set7/9 can modulate p53 function indirectly in addition to acting
through a methylation-dependent mechanism.
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The class III HDAC sirtuins, SIRT1 to SIRT7, are homolo-
gous to yeast silent information regulator 2 (Sir2) and play

important biological roles during aging, metabolism, and auto-
phagy (1, 2). Within the sirtuins, SIRT1 is the closest homolog of
yeast Sir2. In contrast to class I and II HDACs, sirtuins require
nicotinamide adenine dinucleotide (NAD+) as a coenzyme to act
on their target proteins (3). Numerous studies have also sug-
gested a role for SIRT1 in the development of tumors because
SIRT1 is up-regulated in various cancerous tissues and cell lines,
such as leukemia and prostate cancer (4, 5). In addition, SIRT1
is overexpressed in several p53-deficient tumor cell lines, and the
transient knockdown of SIRT1 leads to increased apoptosis after
DNA damage or oxidative stress (6). Moreover, tumor sup-
pressors such as p53 (7, 8) and FoxO (9, 10) are deacetylated by
SIRT1 and, thus, inactivated in response to DNA damage, which
provides further evidence that SIRT1 is an oncogenic protein.
The tumor suppressor hypermethylated in cancer 1 (HIC1)

has been shown to inhibit SIRT1 expression by forming a re-
pressive complex with SIRT1 on its own promoter and sensitiz-
ing the p53 response to DNA damage (11). In addition, deleted
in breast cancer 1 (DBC1) has also been reported to be a nega-
tive repressor of SIRT1 in various cell lines and leads to in-
creased levels of p53 acetylation and up-regulation of p53
transcriptional activities (12, 13). However, active regulator of
SIRT1 (AROS) interacts with SIRT1 and activates its deacety-
lase activity (14). In addition to protein interactions, post-
translational modifications of SIRT1 are also important for its
activity. For instance, SIRT1 is phosphorylated by JNK2 at
Ser27, and depletion of JNK2 reduces the half-life of the SIRT1
protein (15). SIRT1 is also sumoylated at K734, which in turn

increases its activity (16). With these posttranslational mod-
ifications, SIRT1 deacetylase activity is substantially altered.
Therefore, any newly identified regulator of SIRT1 activity
would be helpful in understanding the regulation network of
SIRT1 and its biological relevance in cancer development or
tumor therapeutics.
Set7/9 was originally identified as a monomethyltransferase

for histone H3K4 methylation and is thus involved in gene acti-
vation (17, 18). Recently, Set7/9-mediated lysine methylation
has emerged as a key posttranslational modification that regulates
the functions of nonhistone proteins such as p53 (19), TAF10
(20), and DNA methyltransferase 1 (DNMT1) (21, 22). There-
fore, Set7/9 appears to function mainly through methylation of
various target proteins, which in turn up- or down-regulates target
protein activity.
In this study, we investigated a possible relationship between

Set7/9 and SIRT1 to determine whether SIRT1 activity is regu-
lated by Set7/9 in vivo and in vitro. We found that Set7/9 is able
to both interact with and methylate SIRT1. However, the
resulting methylation of SIRT1 is, by itself, dispensable for the
deacetylase activity of SIRT1 on p53. Instead, the physical in-
teraction of Set7/9 with SIRT1 disrupts SIRT1 binding to p53,
such that p53 acetylation and transactivation are significantly en-
hanced by the dissociation of p53 from SIRT1.

Results
Set7/9 Regulates p53 Activity Through a p53 K372 Methylation-
Independent Mechanism. Set7/9 is a protein methyltransferase
that has been reported to play a role in regulating cell cycle and
DNA damage responses through the direct methylation of p53
at K372 (19). However, it has been an ongoing challenge to de-
termine whether Set7/9 also modulates p53 activity independent
of its methylation function. To address this question, we gener-
ated vectors that express either wild-type p53 (p53WT) or a
mutant p53 (p53K372R) with a lysine-to-arginine mutation at
amino acid residue 372. Both plasmids were then separately
cotransfected, along with a luciferase-based expression plasmid
containing 13 repeats of the p53-responsive element (pG13L)
and a Flag-tagged Set7/9 expression plasmid, into HCT116
(p53−/−) cells, and relative luciferase activities were determined.
Fig. 1A shows that the relative luciferase activity was significantly
increased by p53WT expression (lane 3) and that coexpression
of Set7/9 (lanes 4–6), which alone showed no effect (lane 2),
significantly enhanced the p53WT-driven luciferase activity in a
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dose-dependent manner. p53K372R expression also increased
pG13L activity (lane 7), but to a lower level than observed with
p53WT, and this activity was further enhanced by Set7/9 (lanes
8–10). Because the magnitude of the stimulation by Set7/9 was
comparable for p53WT and p53K372R, these results suggested
that Set7/9 may regulate p53 activity through a mechanism other
than methylation of p53 at K372. Next, HCT116 (p53−/−) cells
were transfected with either the p53WT vector or the p53K372R
vector, and expression of the endogenous p21Waf1/Cip1 gene (a
direct target of p53) was measured by using real-time PCR in the
presence or absence of the DNA-damaging agent adriamycin
(Adr). Fig. 1B shows that p21Waf1/Cip1 expression was significantly
increased in response to Adr treatment in cells expressing either
p53WT (2.4-fold) or p53K372R (2.4-fold) compared with un-
treated sample. Moreover, Set7/9 further increased expression
of p21Waf1/Cip1 in cells expressing either p53WT (3.5-fold) or
p53K372R (3.2-fold) following Adr treatment compared with the
untreated sample (Fig. 1B). A chromatin immunoprecipitation
(ChIP) assay provided further evidence for the role of Set7/9 in
regulating p53 activity in a K372 methylation independent man-
ner. Thus, as shown in Fig. 1C, p53WT and p53K372R showed
nearly equivalent levels of enrichment on the p21Waf1/Cip1 pro-
moter after Adr treatment and, in both cases, coexpression of
Set7/9 resulted in comparable enhancements of p53WT and
p53K372R enrichments on this promoter.
The transcriptional activity of p53 depends on its acetylation

status (23). To determine whether Set7/9 was still able not only
to methylate p53 at K372, but also to regulate p53 acetylation,
HCT116 (p53−/−) cells were transfected with plasmids expressing
p53K372R and either HA-tagged p300 (a protein acetyl-
transferase) or Myc-tagged SIRT1. p53 acetylation was moni-
tored in the presence or absence of exogenous Set7/9. As shown

in Fig. 1D, p53 acetylation at K382 was markedly increased in
p300-transfected cells (lane 3 vs. lane 2), and this p53 acetylation
almost disappeared when the cells were cotransfected with
SIRT1 (lane 4). However, the SIRT1-induced inhibition of p53
acetylation was remarkably alleviated when cells were cotrans-
fected with Set7/9 (lanes 5 and 6). Furthermore, the critical role
of Set7/9 in eliciting or maintaining endogenous p53 acetylation
at K382 was demonstrated by Set7/9 RNAi treatment of HCT116
(p53+/+) cells. As shown in Fig. 1E, p53 acetylation at K382
was induced by treatment with Adr (lane 5 vs. lane 1), but this
acetylation was largely blocked with concomitant knockdown of
endogenous Set7/9 (lane 6). However, reduction in p53 acety-
lation by Set7/9-knockdown was significantly alleviated in the
SIRT1-knockdown cells (lane 8 vs. lane 6). Together, these data
suggest that Set7/9 is able to regulate p53 activity by inducing
acetylation at K382 in addition to methylation at K372.

SIRT1 Interacts with Set7/9. We next investigated the possibility
that Set7/9 interacts with SIRT1 and, by decreasing its activity,
enhances p53 acetylation and activity. To this end, plasmids
expressing Myc-tagged SIRT1 and a GFP-tagged Set7/9 were
cotransfected into HEK293T cells. Lysates of transfected cells
were subjected to a co-immunoprecipitation (Co-IP) assay with
either anti-Myc or anti-GFP followed by probing with anti-GFP
or anti-Myc, respectively (Fig. 2A). The results clearly show an
interaction between the exogenous SIRT1 and Set7/9 proteins,
and both proteins were shown by confocal microscopy to be
mainly colocalized in the nucleus (Fig. S1). Similarly, endoge-
nous SIRT1 also showed an enhanced interaction with endoge-
nous Set7/9 in HCT116 (p53+/+) cells in response to Adr
treatment (Fig. 2B, lane 3 vs. lane 4). An enhanced interaction
between Set7/9 and SIRT1 was also observed in HEK293T cells

Fig. 1. p53 is activated by Set7/9 by a methylation-independent mechanism. (A) Expression plasmids for pG13L, p53WT, p53K372R, and Set7/9 were
cotransfected into HCT116 (p53−/−) cells as indicated. Cells were harvested 24 h after transfection, and relative luciferase activity was measured. The luciferase
activity was normalized to the amount of protein in the cell lysate. The cell sample transfected with p53WT alone served as the control and its value (relative
luciferase activity) was set as 1. The relative luciferase activities of the other samples are normalized to this control. Data are means ± SD (n = 3). (B) An empty
plasmid and an expression plasmid for p53WT or p53K372R were cotransfected with or without Set7/9 into HCT116 (p53−/−) cells and, after 24 h, cells were
treated with 1 μM Adr for 6 h, and a quantitative PCR was performed to analyze p21Waf1/Cip1 expression. The signals were normalized to the expression of
GAPDH. (C) An expression plasmid for p53WT or p53K372R was cotransfected with or without Set7/9 into HCT116 (p53−/−) cells treated under the same
conditions as in B. Cells were harvested and subjected to a q-ChIP assay with anti-p53 to measure the DNA binding ability of p53 on the p21Waf1/Cip1 promoter.
(D) Expression plasmids for p53K372R, HA-p300, Myc-SIRT1, and Flag-Set7/9 were cotransfected into HCT116 (p53−/−) cells and, after 24 h, derived cell lysates
were subjected to Western blotting by using anti–acetyl-p53 (K382), anti-p53, anti-HA, anti-Set7/9, or anti-SIRT1. GAPDH served as the loading control. (E)
HCT116 (p53+/+) cells were transfected with a nonspecific siRNA (lanes 1 and 5), an siRNA against Set7/9 (lanes 2 and 6), an siRNA against SIRT1 (lanes 3 and 7),
or siRNAs against both Set7/9 and SIRT1 (lanes 4 and 8). Twenty-four hours after transfection, cells were treated with 1 μM Adr for 6 h, and the same lysates
were subjected to Western blotting by using anti–acetyl-p53 (K382), anti-p53, anti-Set7/9, or anti-SIRT1. GAPDH served as the loading control.
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in response to Adr treatment (Fig. S2). In addition, the in-
teraction between endogeneous SIRT1 and Set7/9 proteins was
markedly increased after treatment with other DNA-damaging
agents such as etoposide, cisplatin, or UV, which suggests that
the interaction of Set7/9 and SIRT1 in response to DNA damage
is a general phenomenon (Fig. 2C).
To investigate whether SIRT1 directly interacts with Set7/9,

a His-tagged Set7/9 protein was expressed in bacteria, purified,
and incubated with GST, GST-SIRT1, or GST-p53 (as a positive
control). As shown in Fig. 2D, Set7/9 showed direct interactions
with GST-SIRT1 and GST-p53, but not with GST alone. A re-
ciprocal experiment using GST-Set7/9 to pull down His-tagged
SIRT1 further confirmed the direct interaction of these proteins
(Fig. S3). To further map the regions of SIRT1 responsible for its
interaction with Set7/9, N-terminal (aa 1–244), middle (aa 245–
498), and C-terminal (aa 499–747) fragments of SIRT1 were
expressed, purified, and analyzed along with GST-SIRT1. The
results indicate a selective interaction of Set7/9 with the N-
terminal fragment (Fig. 2E). Using various deletion plasmids
of SIRT1, the Set7/9-binding region of SIRT1 was further lo-
calized to a region between residues 121 and 295 (Fig. S4). These
data raise the possibility that a direct interaction between SIRT1
and Set7/9 may play a role in the cellular DNA damage response.

SIRT1 Is Methylated at Multiple Lysines. We subsequently asked
whether SIRT1 is methylated by Set7/9. To this end, HCT116
(p53+/+) cells were treated with Adr at different doses and de-

rived lysates were subjected to IP with anti-SIRT1 followed by
probing with anti–pan-methyl-lysine antibody. The results in-
dicate a significant Adr-dependent increase in SIRT1 methyla-
tion (Fig. 3A), indicating that SIRT1 methylation is enhanced
after DNA damage. To determine the site of SIRT1 methylation,
GST-tagged SIRT1 and SIRT1 fragments were incubated with
recombinant Set7/9 in the presence of 3H-S-adenosylmethionine
(3H-SAM) and relative levels of incorporated radioactivity
were determined. As shown in Fig. 3B, the radiolabeling of either
full-length SIRT1 or the N-terminal fragment of SIRT1 was five-
fold higher than that of GST, and comparable to that observed
with GST-p53, whereas the middle and C-terminal fragments of
SIRT1 showed no significant radiolabeling above the control
(GST) level. To identify the methylated lysines, three peptide
fragments (GEPLRK35RPRR, RTILK203DLLPE, and PK233

RK235K236RK238DIN) based on the sequence of theN terminus of
SIRT1 were incubated with Set7/9 (plus S-adenosylmethionine)
and then subjected to mass spectrometry. As shown in Fig. S5,
methylation was detected only in the fragment containing K233/
235/236/238. To determine which of these lysines is methylated
by Set7/9, PK233RK235K236RK238DIN peptides with different
lysine-to-arginine substitutions were incubated with 3H-SAM and
Set7/9, and the relative radioactivity levels were determined. Fig.
3C shows that the relative radiolabeling of peptides with in-
dividually mutated lysines was not obviously decreased compared
with that of full-length SIRT1, whereas radiolabeling was signifi-
cantly reduced when lysines 233, 235, 236, and 238 were all
changed to arginines (hereafter designated 4KR). In a further
analysis, a SIRT1 fragment (aa 204–247) containing PK233RK235

K236RK238DIN was subcloned into a pGEX plasmid, and an in
vitro methylation assay using autoradiography was performed. A
methylated band was clearly visible with this SIRT1 fragment in

Fig. 2. SIRT1 interacts with Set7/9 in vitro and in vivo. (A) Expression plas-
mids for GFP-Set7/9 and Myc-SIRT1 were cotransfected into HEK293T cells
and, after 24 h, proteins were extracted and immunoprecipitated by using
anti-Myc or anti-GFP, respectively. Western blotting was performed with
antibodies as indicated. (B) HCT116 (p53+/+) cells were treated with 1 μM Adr
for 6 h, and proteins were extracted for co-IP with anti-SIRT1 and probed
with anti-Set7/9. The drug-treated sample was used for the IgG pull-down.
(C) HCT116 (p53+/+) cells were treated with 1 μM Adr for 6 h, 20 μM eto-
poside for 12 h, 10 μM cisplatin for 6 h, or UV-C (60 J/m2). Proteins were
extracted for co-IP with anti-SIRT1 and probed with anti-Set7/9. (D) His-Set7/
9 protein (cloned into pET28 and expressed in bacteria) was purified in vitro
and incubated with GST, GST-SIRT1, or GST-p53 fusion protein (purified from
bacteria by using vector pGEX-4T3). Western blotting with anti-Set7/9 was
performed to detect the interaction of SIRT1 and Set7/9 (Upper). GST, GST-
SIRT1, or GST-p53 was detected by Western blotting with anti-GST (Lower).
(E) Full-length SIRT1, an N-terminal fragment (aa 1–244), a middle fragment
(aa 245–498), and a C-terminal fragment (aa 499–747) were cloned into
pGEX (Left), expressed in and purified from bacteria, and incubated with
HEK293T cell lysates. Western blotting was performed to detect the in-
teraction of Set7/9 with SIRT1 (Right).

Fig. 3. SIRT1 is methylated at multiple lysines in vitro and in vivo. (A) HCT
116 (p53+/+) cells were treated with increasing amounts of Adr (0.1, 0.5, 1
μM). Proteins were extracted for co-IP with anti-SIRT1 and probed with anti–
pan-methyl-lysine (Upper). Methylation bands were scanned, and the rela-
tive band intensities were normalized to each SIRT1 band. The band intensity
of the control was set as 1.0, and the numerical value of the intensity of each
band was compared with the control (Lower). Data are means ± SD (n = 3).
(B) GST-fusion fragments of SIRT1 (indicated in Fig. 2F) were purified from
Escherichia coli, and an equal amounts were incubated with His-Set7/9 in
HMT buffer at 30 °C for 3 h in the presence of 3H-SAM. The cpm value of
each sample was measured by a scintillation counter. Data are means ± SD
(n = 3). (C) Peptides including WT (PKRKKRKDIN), K233R (PRRKKRKDIN),
K235R (PKRRKRKDIN), K236R (PKRKRRKDIN), K238R (PKRKKRRDIN), K233/
238R (PRRKKRRDIN), and 4KR (PRRRRRRDIN) were incubated with His-Set7/9
in the presence of 3H-SAM and the signals were measured by using a scin-
tillation counter. (D) A GST-fusion protein containing SIRT1 (aa 204–247) or
mutated SIRT1 (aa 204–247; 4KR) was incubated with His-Set7/9 in the
presence of 3H-SAM and exposed to film.

Liu et al. PNAS | February 1, 2011 | vol. 108 | no. 5 | 1927

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019619108/-/DCSupplemental/pnas.201019619SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019619108/-/DCSupplemental/pnas.201019619SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019619108/-/DCSupplemental/pnas.201019619SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019619108/-/DCSupplemental/pnas.201019619SI.pdf?targetid=nameddest=SF5


the presence of Set7/9, whereas no methylated band was observed
when the corresponding 4KR fragment was incubated with Set7/9
(Fig. 3D). These data together suggest that Set7/9 methylates
SIRT1 at lysines 233, 235, 236, and 238.

Methylation of SIRT1 Is Dispensable for Its Deacetylase Activity. To
determine whether the methylation of SIRT1 affects its activity,
GST-tagged SIRT1 or GST-tagged SIRT1-4KR was incubated
first with Set7/9 and then with acetylated p53 in vitro, and
changes in p53 deacetylation were then measured. Contrary to
expectations, levels of p53 deacetylation were comparable after
treatment with SIRT1 or SIRT1-4KR (Fig. 4A). Next, to further
assess the role of SIRT1 methylation in p53 deacetylation in
vivo, a plasmid expressing Myc-tagged WT-SIRT1 or Myc-tagged
SIRT1-4KR was transfected into HCT116 (p53+/+) cells that
were then treated with Adr. As shown by a co-IP assay, both
WT-SIRT1 and SIRT1-4KR bound p53 with nearly identical
efficiencies (Fig. 4B). Similarly, the level of p53 deacetylation at
K382 (approximately fivefold) was also comparable in cells
transfected with either WT-SIRT1 or SIRT1-4KR (Fig. 4C).
These data suggest that the methylation of SIRT1 does not affect
its deacetylase activity toward p53, at least under the assay con-
ditions analyzed here.

Interaction Between Set7/9 and SIRT1 Induces the Dissociation of
SIRT1 from p53 and, in Turn, Increases p53 Activity. To further ex-
plore the role of SIRT1 in Set7/9 regulated p53 activity, an assay

for luciferase expression driven by the p21Waf1/Cip1 promoter was
used to determine the effect of the interaction between SIRT1
and Set7/9 on p53 transactivation in HCT116 (p53−/−) cells. In
this assay, exogenous p53 significantly increased the activity of
the p21Waf1/Cip1 promoter, and exogenous SIRT1 effected a sub-
stantial reduction in transactivation by p53 (Fig. 5A, lanes 1–3).
However, exogenous Set7/9 significantly blocked the inhibitory
effect of SIRT1 on p53 transactivation in a dose-dependent
manner (Fig. 5A, lanes 4–6). We next asked whether the in-
teraction between Set7/9 and SIRT1 influences the binding of
SIRT1 to p53. A Flag-tagged Set7/9 or an empty Flag plasmid
was transfected into HCT116 (p53+/+) cells in the presence or
absence of Adr. Derived cell lysates then were immunoprecipi-
tated with anti-SIRT1, and SIRT1-associated proteins were
probed with anti-p53. The data in Fig. 5B show an association of
p53 with SIRT1 in response to Adr treatment, coincident with an
increase in the p53 level, but this interaction was significantly
decreased when exogenous Set7/9 was cotransfected. A statistical
analysis showed that the association of SIRT1 with p53 de-
creased by ∼3.5-fold in cells transfected with the Set7/9 vector
relative to cells transfected with the empty plasmid (Fig. 5B,
Lower). These data suggest that although p53 acetylation and
activity are not affected by Set7/9-catalyzed methylation of
SIRT1, they are regulated by a direct interaction between SIRT1
and Set7/9.
To further demonstrate that the interaction between Set7/9

and SIRT1 is critical for the dissociation of p53 from SIRT1, we
used a mutant Set7/9 (Set7/9 H297A) with a histidine 297-to-
alanine replacement (19) that severely reduces binding to SIRT1
(Fig. 5C). A plasmid expressing either wild-type Set7/9 (WT-
Set7/9) or mutant Set7/9 was separately cotransfected with
a Myc-tagged SIRT1 construct into HCT116 (p53+/+) cells, and
the cells were then treated with Adr. Derived cell lysates were
subjected to co-IP to detect an interaction between p53 and
SIRT1. As shown in Fig. 5D, exogenous WT-Set7/9 increased the
level of p53 acetylation at K382, whereas mutant Set7/9 was
unable to do so (Fig. 5D). Subsequently, p21Waf1/Cip1 expression
was also determined in cells transfected with WT-Set7/9 or
mutant Set7/9. Fig. 5E shows that the expression of endogen-
eous p21Waf1/Cip1 mRNA was increased in Adr-treated HCT116
(p53+/+) cells, and that this expression was further enhanced
by exogenous WT-Set7/9 but not by mutant Set7/9. These data
suggest that the interaction between Set7/9 and SIRT1 is re-
quired for the dissociation of p53 from SIRT1 as well as trans-
activation by p53.

Discussion
The data presented in this study provide evidence that the his-
tone methyltransferase Set7/9 interacts with SIRT1 in vitro and
in vivo. Although Set7/9 catalyses methylation of SIRT1 at sev-
eral lysine sites, this methylation does not affect its deacetylase
activity. However, the interaction of Set7/9 with SIRT1 does
facilitate dissociation of SIRT1 from p53, with consequent en-
hancement of both p53 acetylation at K382 and p53-mediated
transactivation in response to DNA damage.
Posttranslational modifications of SIRT1 influence SIRT1

activity (15, 16, 24–26). In view of our demonstration of a
SIRT1–Set7/9 interaction, we also confirmed by autoradiogra-
phy and mass spectrometry that Set7/9 catalyzes SIRT1 meth-
ylation. However, the Set7/9-catalyzed methylation of SIRT1 did
not influence SIRT1 deacetylase activity. Functionally, the meth-
ylation of SIRT1 is different from the other posttranslation-
al modifications of SIRT1. For example, SIRT1 is sumoylated at
lysine 734, with a resultant increase in activity, in the human lung
cancer cell line H1299, but desumoylated at this site by the nu-
clear desumoylase SENP1, with a resultant decrease in deac-
tealyse activity, in response to UV or oxidative stresses (16). In
addition, SIRT1 is phosphorylated at threonine 522 by the nu-

Fig. 4. Methylation of SIRT1 is dispensable for its deacetylation activity.
(A) GST-SIRT1-WT and GST-SIRT1-4KR mutant fusion proteins were gen-
erated and purified. The purified SIRT1 proteins were incubated first with
Set7/9 for 2 h and then with acetylated p53 in the presence of NAD+.
Deacetylase activity was then measured with an anti-acetylated p53
(K382). (B) A Myc WT-SIRT1 or a Myc SIRT1-4KR plasmid was transfected
into HCT116 (p53+/+) cells and, after 24 h, cells were treated with 1 μM Adr
for 6 h. Proteins were extracted for co-IP with anti-SIRT1 and probed with
anti-p53 (Upper). The acetylated p53 bands were scanned and relative
values are indicated below each band. The cell sample transfected with
Myc-SIRT1 serves as the control and its value is set as 1 (Lower). (C) Under
the same treatment conditions as in B, cells were harvested and subjected
to Western blotting with anti-acetylated p53 (K382). GAPDH was the
loading control. The acetylated p53 bands were scanned, and relative
values are indicated below each band. The cell sample transfected with
vector serves as the control, and its value is set as 1.
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clear protein kinase DYRK1A upon treatment of cells with the
DNA-damaging agent etoposide, which results in increased SIRT1
deacetylase activity (26). Similarly, phosphorylation of SIRT1
serine residues appears to enhance SIRT1 deacetylase activity.
Thus, in response to ionizing radiation, SIRT1 is phosphorylated
at several serines by casein kinase 2 (CK2) in HeLa cells; this
modification results in increased SIRT1 deacetylase activity and
subsequent induction of p53 deacetylation and protection of cells
from apoptotic cell death (25). Although Set7/9 was found in the
present study to catalyze the methylation of SIRT1 lysines 233,
235, 236, and 238 without any observed effect on deacetylase ac-
tivity, we cannot exclude the possibility that the methylation of
other lysines by another methyltransferase might influence SIRT1
activity or that the observed methylation events might regulate
SIRT1 activity in another context.
Set7/9 has been reported to methylate p53, pRB, and DNMT1

(19, 21, 22, 27). However, Set7/9 methylation is not always re-
lated to functional changes of targeted molecules. For example,
Set7/9 interacts with Pdx1, an insulin transactivator, and cata-
lyzes Pdx1 methylation. Although the interaction of Pdx1 with
Set7/9 is able to recruit Set7/9 to histone H3 and induce H3K4
methylation (28, 29), the methylation of Pdx1 is not directly as-
sociated with changes in Pdx1 function. In addition, although the
methylation of DNMT1 leads to a decrease in the half-life of
DNMT1, this modification is also not directly related to changes
in DNMT1 methyltransferase activity (21, 30). Similarly, results
in our study confirmed that methylation of SIRT1 did not change
its function or its half-life (data not shown).
The interaction of DBC1 with SIRT1 decreases SIRT1 activ-

ity, whereas AROS has an opposite effect. DBC1 binds directly
to the middle fragment of SIRT1 to block the catalytic domain of
SIRT1, which in turn negatively regulates SIRT1 activity (12,
13). In contrast to DBC1, AROS binds to the noncatalytic do-
main of SIRT1 and subsequently increases SIRT1 activity (14).
Although we showed here that the methylation of SIRT1 by
Set7/9 did not affect its deacetylase activity, a direct interaction

between these proteins was critical for the regulation of SIRT1
deacetylase activity on p53 because this interaction was also re-
quired for the dissociation of SIRT1 from p53 (Fig. 5B). It is
unclear how the interaction between SIRT1 and Set7/9 influen-
ces the association of SIRT1 and p53. However, among other
possibilities, this could reflect either a Set7/9-induced confor-
mational change in SIRT1 that prevents SIRT1 from binding to
p53 or a direct competition between Set7/9 and p53 for binding
to SIRT1.
Our study reveals that exposure of cells to Adr results in a sig-

nificantly decreased SIRT1 deacetylase activity on p53 concurrent
with an increased SIRT1–Set7/9 interaction. The decreased
SIRT1 activity on p53 results from the interaction of SIRT1 and
Set7/9 because increased p53 acetylation was observed with WT-
Set7/9 but not with a mutant Set7/9 that shows a significantly
decreased ability to bind SIRT1. The p53 methylation at K372 by
Set7/9 was partly associated with p53K382 acetylation and p53
activity because p53 acetylation or transactivation of the down-
stream target p21 promoter was decreased in cells expressing
a mutant p53K372R relative to a p53WT. However, and impor-
tantly, overexpressed Set7/9 still effected a significant enhance-
ment both of p53K382 acetylation and p53-dependent activation
in p53K372R-transfected cells, which suggests that, in addition
to methylating p53 at K372, Set7/9 may function on other p53-
related proteins and, thus, induce changes in p53 transactivation.
In this regard, the present results show that Set7/9 regulates p53
activity indirectly by negatively regulating SIRT1. Therefore, al-
though the p53 methylation mediated by Set7/9 may contribute to
the p53 transactivation potential, the interaction of SIRT1 and
Set7/9 may have a more critical role in enhancing p53 activity. In
addition, the interaction of SIRT1 and Set7/9 may explain why
Set7/9 knockdown induces p53 deacetylation at K382 (31, 32),
thus providing themechanistic basis for linking p53methylation at
K372 to p53 acetylation at K382.
In conclusion, our data show that Set7/9 negatively regulates

SIRT1, which results in an increased acetylation of p53 at K382.

Fig. 5. Set7/9 interrupts the binding of SIRT1 to
p53. (A) HCT116 (p53−/−) cells were cotransfected
with a plasmid expressing p21-Luc, p53WT, Myc-
SIRT1, or Flag-Set7/9 as indicated, and the lucifer-
ase assay was then performed. The luciferase ac-
tivity was normalized to the amount of protein in
the cell lysate. Data are means ± SD (n = 3). (B) A
Flag-Set7/9 construct was transfected into HCT
(p53+/+) cells, cells were treated with or without
1 μM Adr for 6 h, and proteins were extracted for
co-IP with anti-SIRT1 and probed with anti-p53 or
anti-SIRT1 (Upper). The bands for SIRT1-immun-
precipitated p53 were scanned and normalized
to each SIRT1 band (Lower). Data are means ± SD
(n = 3). (C ) HEK293T cells were cotransfected with
a Myc-SIRT1 construct and either Flag-Set7/9 or
Flag-Set7/9 H297A (Set7/9 mutant). Cell lysates
were prepared for co-IP with anti-Myc and probed
with anti-Flag (Left). The bands corresponding to
Flag-Set7/9 and Flag-Set7/9 H297A were scanned
and compared with the control (Right). Data are
means ± SD (n = 3). (D) HCT116 (p53+/+) cells were
transfected with an empty plasmid, Flag-Set7/9,
or Flag-Set7/9 H297A 24 h after transfection, cells
were treated with 1 μM Adr for 12 h, and cell
lysates were prepared and subjected to Western
blotting with anti-acetylated p53 (K382), anti-p53,
or anti-Set7/9. GAPDH was the loading control.
(E ) Under the same conditions as in (Fig. 5D), cells
were harvested and subjected to real-time PCR or
RT-PCR to measure the expression of p21Waf1/Cip1

and Set7/9. GAPDH was the loading control.
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A more complete understanding how SIRT1 is regulated and
how it in turn regulates its downstream targets will be valuable in
designing new anticancer therapies.

Materials and Methods
Cell culture and treatments, plasmid construction, luciferase assays, RNA in-
terference,Westernblotting, co-IP, RT-PCR, and real-timePCRare explained in
detail in SI Materials and Methods.

GST Pull-Down Assay. GST or GST fusion proteins were expressed in bacteria
induced with isopropyl-β-D-thio-galactoside and purified. Equal amounts of
GST or GST fusion proteins were incubated with glutathione-Sepharose 4B
beads (GE Healthcare) and then washed three times with TEN buffer (20-mM
Tris at pH 7.4, 0.1 mM EDTA, and 100 mM NaCl). His-Set7/9 purified from
bacteria was incubated with GST or GST fusion proteins. The beads were
washed three times with TENT buffer (0.5% Nonidet P-40, 20 mM Tris at pH
7.4, 0.1 mM EDTA, and 300 mM NaCl) and analyzed by Western blotting with
anti-His or anti-GST antibody.

In Vitro Methylation Assay. Briefly, GST-fusion proteins were prepared as
described above. Substrates (2 μg) were added into a 20-μL reaction con-
taining 50 mM Tris at pH 9.0, 0.5 mM DTT, 1 mM PMSF, and 1 μg of His-Set7/9
enzyme in the presence of 0.5 μCi of 3H-SAM (PerkinElmer). Reactions were

performed at 30 °C for 3 h. The methylation levels were determined either
by scintillation counting or autoradiography.

In Vitro Deacetylation Assay. GST-SIRT1 or GST-SIRT1-4KR was purified and
incubated with Set7/9 in the presence of SAM at 30 °C for 3 h to induce SIRT1
methylation. The treated SIRT1 or SIRT1-4KR was then incubated with
acetylated p53 (BIOMOL) in the presence of 50 μM NAD+ in deacetylase
buffer (50 mM Tris·HCl at pH 9.0, 5% glycerol, 50 mM NaCl, 4 mM MgCl2, 0.5
mM DTT, and 0.1 mM PMSF) at 30 °C for 90 min. The reaction mixtures were
subjected to immunoblotting by using anti–acetyl-p53 (K382) antibody.

Statistical Analysis. Values are expressed as mean ± SEM. Significant differ-
ences between means were analyzed by two-tailed, unpaired Student’s t
test, and differences were considered significant at *P < 0.05 or **P < 0.01.
Microsoft Excel was used to analyze all of the data.
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