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p53, an important tumor suppressor protein, exerts its function mostly as a sequence-specific tran-
scription factor and is subjected to multiple posttranslational modifications in response to genotoxic
stress. Recently, we discovered that lysine methylation of p53 at K372 by Set7/9 (also known as SET7 and
Set9) is important for transcriptional activation and stabilization of p53. In this report we provide a
molecular mechanism for the effect of p53 methylation on transcription. We demonstrate that Set7/9
activity toward p53, but not the nucleosomal histones, is modulated by DNA damage. Significantly, we
show that lysine methylation of p53 is important for its subsequent acetylation, resulting in stabilization
of the p53 protein. These p53 modification events can be observed on the promoter of p21 gene, a known
transcriptional target of p53. Finally, we show that methylation-acetylation interplay in p53 augments
acetylation of histone H4 in the promoter of p21 gene, resulting in its subsequent transcriptional
activation and, hence, cell cycle arrest. Collectively, these results suggest that the cross talk between lysine
methylation and acetylation is critical for p53 activation in response to DNA damage and that Set7/9 may
play an important role in tumor suppression.

The product of the TP53 gene (p53) is an important tumor
suppressor mutated in more than half of all human cancers (19,
20). In addition, p53 regulates the response of cells to DNA-
damaging agents, including those commonly used for cancer
therapy (28, 32). In response to genotoxic stress, p53 exerts its
function mostly as a sequence-specific transcription factor by
activating expression of its downstream transcription targets,
the products of which are involved in induction of cell cycle
arrest, apoptosis, and DNA repair (24, 35). Accordingly, p53
activates transcription of the p21/WAF1/CIP gene that en-
codes an inhibitor of cyclin-dependent kinases (15) and to a
significant extent accounts for the ability of p53 to induce cell
cycle arrest in response to DNA damage (33). In addition to
cell cycle arrest, p53 can also facilitate apoptosis by transacti-
vating a number of proapoptotic genes, including Bax, a pro-
apoptotic Bcl-2 family member (37); PUMA, a “BH3-only”
member of the Bcl-2 family that induces Bax-dependent cyto-
chrome c release (57); Killer/DR5 (49); and a group of genes
(PIGs) acting during apoptosis (43) (for the full list of p53-
regulated genes, see reference 62).

p53 is regulated mostly at the posttranslational level. Both
the amino and carboxy termini of p53 are subjected to multiple

posttranslational modifications (1, 59). These modifications
contribute to the stabilization and activation of p53. Phosphor-
ylation of serines 15 and 20 at the N terminus of p53 attenuates
its interaction with MDM2, which targets p53 for ubiquitin-
mediated degradation. The carboxyl terminus of p53 is sub-
jected to acetylation, ubiquitination, sumoylation, neddylation,
and phosphorylation. Acetylation of the C terminus was shown
to protect p53 from ubiquitination. Moreover, acetylation of
p53 at lysines 373 and 382 stimulates its DNA-binding activity
in vivo (18, 34) and promotes its association with p300/CBP (2,
39). Recently, acetylation of p53 was shown to be important for
its ability to block cell cycle progression in G2 phase. This block
is apparently achieved through NF-Y-p53-dependent repres-
sion of the G2-responsive genes (3, 23).

p53 was also shown to be sumoylated at lysine 386, although
the exact role of this modification in the regulation of p53 is
not yet clear (17, 27). The role of phosphorylation in the C
terminus of p53 is less well defined. Dephosphorylation of
constitutively modified serine 376 and phosphorylation of
serine 378 apparently promotes binding of the 14-3-3 protein,
which serves as a chaperone to many phosphorylated proteins
(56). Phosphorylation at serine 392 was shown to positively
regulate DNA binding and tetramerization of p53 in vitro (22,
46). Taken together, these data suggest very complex regula-
tory mechanisms. However, there is growing evidence that
different posttranslational modifications may affect each other.
For example, phosphorylation of serines 33 and 37 in the
amino terminus of p53 promotes acetylation at lysine 320 in
the carboxyl terminus (45). Similarly, phosphorylation of
serines 6, 9, 15, and threonine 18 enhances the acetylation of
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p53 mediated by p300/CBP (44). Collectively, these results
suggest that the assortment of modifications appearing on the
p53 molecule is nonrandom and may occur in an ordered
fashion.

Set7/9 was originally identified as a lysine-specific histone
methyltransferase that targets lysine 4 in histone H3 (H3-K4)
(41, 55). Although Set7/9 was unable to modify nucleosomes, it
was highly active on free histone H3. H3-K4 methylation was
shown to enhance K9 and K14 acetylation by precluding K9
methylation and hence potentiating serine 10 (S10) phosphor-
ylation (41, 61). Recently, Set7/9 was also reported to meth-
ylate nonhistone substrates, such as p53, TAF10, RPL29a, and
others (12, 26, 38). Set7/9-dependent methylation of p53 on
K372 resulted in stabilization and transcriptional activation of
the latter (12). Importantly, the carboxyl terminus of p53 un-
dergoes yet another lysine methylation on the K370 residue
(21). This methylation is mediated by SMYD2 (SET/MYND
Domain-2), which in vitro was also shown to methylate K36 of
histone H3 (8). Methylation of p53 on K370 prevents its bind-
ing to DNA. In response to DNA damage, K370 methylation is
inhibited by Set7/9-dependent K372 methylation (21). These
findings suggest that lysine methylation is a dynamic posttrans-
lational modification involved in complex regulation of p53
activity.

To investigate the molecular mechanism of p53 regulation
by Set7/9, we analyzed the role of Set7/9 in methylation of
nucleosomal histone H3 and p53 both in vitro and in vivo. We
found that the lysine methylation activity of Set7/9 was en-
hanced by DNA damage. Using Set7/9-specific small hairpin
RNA (shRNA)-expressing cells we demonstrated that the lack
of functional Set7/9 did not affect H3-K4 methylation but spe-
cifically attenuated p53 K372 methylation. Moreover, in the
absence of p53-lysine methylation, DNA damage-induced
acetylation of p53 was also impaired. Thus, the role of p53
methylation at K372 is, at least in part, to stimulate its subse-
quent acetylation, thus enhancing the stability and activity of
p53, which ultimately results in transcriptional upregulation of
the p21/WAF/CIP gene and cell cycle arrest.

MATERIALS AND METHODS

Cell cultures and DNA manipulations. U2-OS, a human osteosarcoma cell
line (ATCC HTB-96); HEK293, a human embryonic renal epithelial cell line
transformed with Ad5 (ATCC CRL-1573); and H1299 cells, a human lung
carcinoma cell line lacking endogenous p53 (ATCC CRL-5803) were cultured in
Dulbecco modified minimal essential medium supplemented with 10% fetal
bovine serum, and 100 nM glutamine and penicillin-streptomycin (all from
Gibco) in a humidified atmosphere with 5% CO2. U2-OS cells stably expressing
Flag-His6-Set7/9 wild type, H297A mutant, and shRNA-Set7/9 were generated as
described previously (12). Control U2-OS cell line was generated by stable
infection of the cells with nonrelevant shRNA as described earlier (54). The
shRNA-resistant Flag-His6-Set7/9 construct was generated by site-directed mu-
tagenesis using the oligonucleotide 5-GCG GTG CAA GGG CAT TTA GAC
GAT GGC CTG CCG CAC GGG TTC TGC-3.

Transient transfections into H1299 cells were performed using DOSPER li-
posomal transfection reagent (Roche Diagnostics) and 10 �g of DNA containing
either pCDNA3-p53 wild type or pCDNA3-p53/K372R mutant. After transfec-
tion, the cells were treated with 0.5 �� adriamycin (Adr) and harvested 12 h
later.

Cell cycle analysis. For cell cycle analysis, cells were treated with 10 Gy of
gamma irradiation, 2 �M Adr, or 300 nM 5-fluorouracil for the indicated periods
of time, harvested, washed, and fixed with 70% ethanol. The cells were then
treated with RNase and stained with propidium iodine, followed by flow cytom-
etry analysis of DNA content using CellQuest and ModFit software essentially as
described earlier (2).

Ubiquitination in vivo. H1299 cells lacking endogenous p53 were transiently
cotransfected with PCDNA3—FLAG-His6-Ubiquitin and either PCDNA3-
p53wt or PCDNA3—p53/K372R in the presence or absence of PCDNA3–
FLAG-MDM2 (obtained from A. Kinev, University of North Carolina), using
DOSPER liposomal transfection reagent (Roche Applied Science). At 24 h after
a change of media, a proteosomal inhibitor MG132 (2 �M) was added to cells for
additional 12 h to reduce degradation of the ubiquitin-conjugated p53 protein.
Cells were then harvested, lysed with 8 M urea (10 mM Tris-HCl, 100 mM Na
H2PO4, 20 mM imidazole; pH 8.0), and sonicated, and whole-cell extracts were
incubated with Ni-NTA agarose beads (QIAGEN) for 2 h at 4°C. Bead-bound
materials were washed three times with 8 M urea (pH 8.0), followed by a wash
with 8 M urea (pH 6.3), and then eluted from beads by 5 min of boiling in the
Laemmli sodium dodecyl sulfate (SDS) sample buffer. The eluates were collected
and analyzed by Western blotting with �-p53 (AB-6; Oncogene) mouse mono-
clonal antibodies.

Analysis of Set7/9 activity. U2-OS cells stably expressing Flag-His6-Set7/9 were
treated with 0.5 �M Adr for the indicated time periods before harvesting.
Nuclear extracts were then prepared as described earlier (13) in the presence of
phosphatase inhibitor cocktail. Then, 2-mg portions of nuclear extracts were
subjected to immunoprecipitation with M-2 monoclonal antibodies conjugated to
agarose beads (Sigma). After washes, 15 �l of Flag-Set7/9 beads were subse-
quently used in methylation assay. Portions (2 �g) of purified recombinant
GST-p53300-393, GST-histone H31-27K4R, and purified nucleosomes (a gift from
G. Schnitzler, Tufts University) were used as substrates for Set7/9-dependent
methylation. To assess the effect of phosphorylation on Set7/9 activity, Flag-Set7/
9-containing beads were treated or mock treated (processed without the
enzyme) with 40 U of alkaline phosphatase for 1 h at 37°C. After washes with
methylation reaction buffer (50 mM NaCl, 50 mM Tris [pH 8.3], 10% glyc-
erol, 0.5 mM MgCl2, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl
fluoride), Set7/9 beads were incubated with substrates in the presence of 1.5
�l of S[3H]adenosylmethionine ([3H]SAM) (Amersham).

Analysis of chromatin for monomethylation of K4-H3. Control and shRNA-
Set7/9 U2-OS cells were treated with 0.5 �M Adr and collected at the indicated
time points. The nuclear pellet fraction was purified as described previously (12).
The salt concentration was adjusted to 500 mM NaCl by dilution with buffer B,
and 7 �g of the each fraction was analyzed by Western blotting using anti-mono-
methyl K4 H3 antibodies (Abcam) at a dilution of 1:1,000.

Immunoprecipitation of methylated p53. Various derivatives of U2-OS cells
were harvested at the indicated times after treatment with Adr, and whole-cell
extracts were then prepared. Typically, 1.5 mg of whole-cell extract was incu-
bated with 5 �g of antigen-purified rabbit polyclonal anti-methyl-K372 p53
antibodies (12) at 4°C for 16 h. Protein A-agarose beads (Repligen) were added
to the sample, followed by incubation for an additional 4 h at 4°C. Agarose beads
were collected by centrifugation at 12,000 � g for 1 min, washed three times with
wash buffer (0.5% Tween 20, 50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 mM
EDTA), resuspended in 30 �l of lysis buffer (100 mM Na2H2PO4, 150 mM NaCl,
2 mM EDTA, 5 mM dithiothreitol, 1% Triton X-100, 3% SDS, 1 mM sodium
orthovanadate and 150 mM �-mercaptoethanol), and then incubated for 30 min
at room temperature to release methyl-K372-p53 protein from the antibody and
protein A-beads. Alternatively, methylated p53 was released from the antibody
by incubation with an excess amount of the competitor methyl-p53 peptide
(Abcam). Samples were then separated by SDS-polyacrylamide gel electrophore-
sis and immunoblotted with p53-specific antibody (Ab-6; Oncogene). The acet-
ylation status of p53 in vivo was tested by Western blotting with either polyclonal
acetyl-382 p53 antibodies (Cell Signaling) or polyclonal acetyl-373/382 p53 an-
tibodies (Santa Cruz).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
as described previously (12). Briefly, the cross-linked extracts made out of 5 �
106 to 10 � 106 cells were used in ChIP. The following antibodies were used in
the assay: 2 �g of polyclonal antigen-purified anti-methylated p53, 1 �g of
polyclonal anti-p53 and anti-acetylated K373/382 p53 (Santa Cruz), 2 �g of
polyclonal anti-acetylated H4 (Upstate), and 2 �g of polyclonal anti-K4H3-Me1
(Abcam). After purification, immunoprecipitated DNAs were analyzed by quan-
titative PCR (MJR, DNA Engine Opticon 2) using p21- and GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase)-specific primers in the presence of
CyberGreen dye (ABI). The plotted values represent the ratio of p21 to GAPDH
signals.

Reverse transcription-PCR. Total RNA was extracted by using the TRI re-
agent (Sigma, Poole, United Kingdom). First-strand cDNA was synthesized by
using Ready-To-Go You-Prime First-Strand beads (Amersham Biosciences).
The reactions were processed in a DNA thermal cycler under the following
conditions: denaturation at 94°C for 1 min, annealing at 67°C for 30 s, and
extension at 72°C for 45 s. The number of cycles was 36. PCR primers for human
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p21 (Cip1/WAF1) and GAPDH (GenBank accession numbers NM_000389 and
NP_002037, respectively) were designed by using the Primer3 software.

Interplay between p53 modifications. Methylation and acetylation interplay
using different p53 peptides was performed as described previously (42). For
the methylation assay 2.5 nmol of each peptide was methylated with 0, 0.5, 1,
or 2.5 pmol of the recombinant purified His6-Set7/9 protein in a 20-�l reac-
tion mixture at 30°C for 10 min. Reaction mixtures were then incubated with
20 �l of streptavidin-conjugated Sepharose (Pharmacia Biotech) in the pres-
ence of excess of unlabeled SAM at 4°C for 1 h. After extensive washing with
BC500 and 1% Triton X-100, the bound materials were subjected to scintil-
lation counting.

In the acetylation assay, 2.5 nmol of each peptide was acetylated with 0.2 �l of
purified, baculovirus-expressed p300 for the indicated times in a 20-�l reaction at
30°C. The acetylation reaction was then stopped by dilution with BC300 con-
taining an excess of unlabeled acetyl-coenzyme A (CoA). Reaction mixtures
were then incubated with 20 �l of streptavidin-conjugated Sepharose (Pharmacia
Biotech) in the presence of excess of unlabeled acetyl-CoA at 4°C for 1 h. After
extensive washing with BC500 and 1% Triton X-100, the bound materials were
subjected to scintillation counting. The following peptides were used in the
reactions: p53 unmodified, NH2-SHLKSKKGQSTSRHKKLMFK (biotin); p53
acetyl-K373-K382, NH2-CSHLKSKK-(Ac)GQSTSRHKK-(Ac)LMFK (biotin);
and p53 methyl-K372, NH2-CSHLKSK-(Me)2-KGQSTSRHKKLMFK (biotin).

Analysis of 1Me-K372-p53 antibody. The efficiency of 1Me-K372 p53-specific
antibody to recognize double-modified p53 (K372 methylated/K373 acetylated)
was tested in vitro by immunoblotting. To this end, 1 �g of the recombinant
purified glutathione S-transferase (GST)-p53 protein (amino acids 300 to 393)
was incubated for 1.5 h at 30°C in the presence of either 0.5 �g of recombinant
purified His6-Set7/9 and 2 pmol of [3H]SAM (methylation) or 100 ng of recom-
binant p300 (PROTEINONE, USA) and 2 nmol of [3H]acetyl-CoA. To prepare
the double-modified protein, GST-p53 was first methylated and then acetylated
as described above. Mock-treated p53 supplemented with both SAM and acetyl-
CoA was used as a negative control. The resulting proteins were then subjected
to SDS-polyacrylamide gel electrophoresis, transferred, and immunoprobed with
the following antibodies: anti-GST (Santa Cruz) to evaluate the levels of total
GST-p53 in reactions, anti-1Me-K372-p53 (Abcam) to detect methylated p53,
and anti-acK373-p53 (Upstate Biotech) to control the efficiency of acetylation.

RESULTS

In order to elucidate the functional consequences of p53 meth-
ylation by Set7/9 in vivo, we decided to examine the effect of
Set7/9 on the dynamics of protein accumulation for p53 and its
major transcriptional target p21/WAF/CIP in response to DNA
damage. To this end, a time course experiment was performed
using two U2-OS-derived cell lines stably expressing either non-
specific or Set7/9-specific small hairpin RNA (U2-OS-control or
U2-OS-shRNA-Set7/9, respectively) treated with a radiomimetic
drug, Adr.

As expected, we found that the level of Set7/9 expression in
U2-OS-shRNA-Set7/9 cells was diminished fourfold compared
to that in U2-OS-control cells (Fig. 1A1 and B, left). Treat-
ment with Adr did not affect the levels of Set7/9 expression in
either of these cell lines, as judged by Western blotting with
Set7/9-specific antisera (Fig. 1A1 and B, left). On the contrary,
Adr treatment of the control and shRNA-Set7/9 cells induced
differential stabilization and accumulation of p53 in response
to DNA damage. The levels of p53 protein peaked at 6 and
12 h post-DNA damage treatment in control cells (Fig. 1A2),
whereas in shRNA-Set7/9 cells stabilization of p53 was both
delayed and attenuated (Fig. 1A2, and Fig. 1B, middle). These
data suggest that Set7/9 indeed contributes to the stabilization
of p53 upon DNA damage in agreement with our previously
published results (12). Notably, compared to control cells, the
low levels of p53 protein in shRNA-Set7/9 cells were paralleled
by attenuated expression of the p21/WAF/CIP protein (Fig.
1A3 and B, right).

Since p21/WAF/CIP is a potent inhibitor of cyclin-depen-
dent kinases and is modulated by the p53-Set7/9 axis, we next
analyzed the effect of Set7/9 on cell cycle progression. U2-OS
cells engineered to express normal or diminished levels of
Set7/9 were treated separately with Adr and 10 Gy of gamma
irradiation, which causes double-strand breaks in the DNA
(Fig. 2). U2-OS cells transfected with a Set7/9 expression vec-
tor and treated with Adr were used as a positive control. As
expected, Adr treatment of control U2-OS cells transfected
with an empty pCDNA vector resulted in p53-dependent G1

and G2/M arrest (Fig. 2A1 and 2). Ectopic expression of Set7/9
(Fig. 2D left, upper panel) generated even more pronounced
arrest in G2/M compared to control U2-OS cells (Fig. 2A,
compare panels 2 and 4). Intriguingly, U2-OS shRNA-Set7/9
cells, expressing diminished levels of Set7/9 (Fig. 2D middle,
upper panel), exhibited less pronounced arrest in G2/M com-

FIG. 1. Knockdown expression of Set7/9 causes destabilization of
p53 and attenuates p21 expression in response to DNA damage.
(A) Immunoblot analysis of Set7/9 (panel 1), p53 (panel 2), p21 (panel
3), and Ku80 (panel 4) in U2-OS cells stably infected either with
scrambled shRNA (54) (control) or with Set7/9-specific shRNA
(shRNA-Set7/9). Both cell lines were analyzed for the expression of
the above proteins at different time points after DNA damage treat-
ment with 0.5 �M Adr. (B) Quantification of the Western blot signals
shown in panel A. All signals were normalized to the Ku80 signal.
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pared to the control cells (Fig. 2A, compare panels 2 and 6). To
ensure that the observed phenotype was not due to a nonspe-
cific, off-target effect of Set7/9-shRNA, we transfected Set7/9
knockdown cells with vector expressing shRNA-resistant
Set7/9 (Fig. 2D right, upper panel). Reintroduction of Set7/9
into these cells rescued the phenotype of G2/M arrest in re-
sponse to Adr treatment (Fig. 2A, compare panels 6 and 8).

To test the notion that Set7/9 affects cell cycle specifically in
response to DNA damage, we analyzed the cell cycle distribu-
tion of wild-type and Set7/9 knockdown cells treated with

gamma irradiation. Similar to Adr, gamma irradiation treat-
ment caused a robust G2/M arrest in control cells (Fig. 2B,
compare panels 1 and 2). The G2/M-phase arrest was impaired
in Set7/9 knockdown cells (Fig. 2B, compare panels 2 and 4).
In agreement with our previously published results, the expres-
sion levels of Set7/9 directly correlated with the cellular levels
of p53 (Fig. 2D, middle panel), indicating that these effects are
mediated through p53. Moreover, both Adr and gamma irra-
diation induced p53-K372 methylation in U2-OS cells (Fig. 2C,
third row). Collectively, these results suggest that Set7/9-me-

FIG. 2. Set7/9 controls p53-dependent cell cycle arrest in the G2 phase in response to DNA damage. (A) Fluorescence-activated cell sorting
(FACS) analysis of control- and shRNA-Set7/9-infected U2-OS cells transfected with either empty or Set7/9-expressing vectors after DNA damage
treatment with 2 �M Adr. Panels 1, 3, 5, and 7 and panels 2, 4, 6, and 8 represent untreated and Adr-treated cells, respectively. Mock-treated or
Adr-treated cells were harvested, fixed, and stained with propidium iodide (PI) before sorting. The percentage of cells in G1, G2/M, and S phases
are indicated in the right corner of each panel. (B) FACS analysis of control- and shRNA-Set7/9-infected cells treated or mock-treated with 10
Gy of gamma irradiation. Panels 1 and 3 and panels 2 and 4 represent untreated and treated cells, respectively. (C) Western blot analysis of U2-OS
cells treated with Adr and gamma irradiation (�-irrad). The status of Set7/9 (upper), p53 (lower), 1Me-K372-p53 (middle), and Ku80 (bottom) was
analyzed by Western blotting with the corresponding antibodies. (D) Western blots of the corresponding cell lines analyzed in panel A. The
amounts of Set7/9, p53, and Ku80, used as a loading control, are shown in cell lines treated with Adr as in panel A. Note that ectopic Set7/9
migrates more slowly than the endogenous protein because of the Flag- and His6 tag epitopes.
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diated methylation of p53 is activated by DNA damage and is
important for the ability of p53 to induce cell cycle arrest in
G2/M phase.

We have previously demonstrated that Set7/9-dependent
methylation of p53 was induced by DNA damage (12). A time
course experiment in HEK293 cells showed differential K372
p53 methylation at 0.5 and 4.5 h after Adr treatment (Fig. 3A).
This fact prompted us to examine the regulation of the lysine
methyltransferase (KMTase) activity of Set7/9 in response to
DNA damage. To this end, HEK293 cells stably expressing
Flag-Set7/9 were treated with Adr for the indicated periods of
time (Fig. 3B and C). The Flag-Set7/9 protein was immuno-
purified from these cells and assayed for KMTase activity

against the recombinant purified GST-p53 protein used as
substrate. A 1.5-fold increase in Set7/9 activity was readily
detected at 15 min and was further elevated 2.5-fold at 45 min
after DNA damage compared to the basal activity at the 0-h
time point. Another peak of activity was observed at 4.5 h
(4-fold increase over the basal activity) (Fig. 3B and C). Im-
portantly, neither the protein level nor subcellular localization
of Set7/9 changed upon DNA damage (Fig. 3B and data not
shown). Thus, we concluded that DNA damage regulated the
activity of Set7/9 in a biphasic manner.

We have previously demonstrated that Set7/9 failed to meth-
ylate nucleosomal histones (41, 61). Given that the KMTase
activity of endogenous Set7/9 against p53 is increased after

FIG. 3. KMTase activity of Set7/9 is regulated by DNA damage. (A) HEK293 cells were treated with Adr for the indicated periods of time and
methylated p53 was immunoprecipitated by using anti-K372Me1-p53 serum. The precipitated material was analyzed by immunoblotting with
anti-p53 (Ab-6) monoclonal antibodies. (B) On the left is shown an experimental scheme to study the effect of DNA damage on regulation of Set7/9
activity. The right side shows that p53 methylation by Set7/9 is regulated by DNA damage. Ectopic Flag-Set7/9 immunopurified from HEK293 cells
treated with Adr for the indicated time periods was examined for the ability to methylate the recombinant GST-p53300-393 protein. Shown are the
input amounts of the loading control Ku80 (top row), the amounts of Set7/9 used in the reaction (second row), and the levels of methylated p53
(third row), as well as the levels of total p53 used in reactions as judged by immunoblotting with the corresponding antibodies (fourth row).
(C) Summary plot of the densitometry measurements of the p53 methylation signal generated by Set7/9 after DNA damage. The values were
obtained from at least four independent experiments and were normalized to the protein amount of Set7/9. The maximal Set7/9 activity was
arbitrarily set as 1. Standard deviations are shown as vertical bars.
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DNA damage, we revisited Set7/9 activity toward nucleosomal
histones under these conditions. We analyzed the ability of
ectopic Set7/9 immunopurified from cells harvested at different
time points after DNA damage (see the scheme in Fig. 4A) to
methylate purified nucleosomes in vitro (Fig. 4A). GST-H31-27

bearing the K4R substitution mutation and GST-p53300-393

fusion proteins were used as negative and positive controls,
respectively. The methylation signal of nucleosomal H3 treated
by Set7/9 was at least fivefold weaker than the p53-specific
methylation signal using the same preparations of Set7/9 (Fig.
4A and B). A methylation signal was undetectable when the
histone H3 tail with the K4R mutation was used as a substrate,
serving as a specificity control for the methylation reaction
(Fig. 4A and B). Although the nucleosomal H3 methylation
signal was not affected by DNA damage, the activity of Set7/9
toward p53 peaked at 1.5 and 4.5 h after DNA damage (Fig.
4A and B). This result is in a good agreement with the results
shown in Fig. 3 derived from a different cell type, suggesting
that regulation of Set7/9 activity by DNA damage is rather a
general phenomenon. Collectively, these data suggest that, at
least in vitro, the nucleosomal histones, which are considered
to be the “physiological” substrate for histone-specific methyl-
transferases, cannot be efficiently methylated by Set7/9.

It was plausible that Set7/9 might act cooperatively with
other histone modification enzymes to efficiently monometh-
ylate H3-K4 in vivo. If this were the case, then the immuno-
purified Set7/9 protein alone would not be expected to meth-
ylate nucleosomes in vitro. Therefore, we next assessed the
effect of DNA damage on global Set7/9-dependent H3-K4
monomethylation in vivo (Fig. 4C). To this end, bulk chroma-
tin extracted from control and shRNA-Set7/9 U2-OS cells was
analyzed for monomethylation of H3-K4 as a function of DNA
damage by immunoblotting. Both cell lines showed similar
levels of H3-K4 methylation irrespective of the presence of
Set7/9 and DNA damage. These results suggest that Set7/9,
even after DNA damage, is not able to methylate bulk nucleo-
somal H3-K4 in vivo.

It was still possible, however, that Set7/9 did methylate his-
tones in only a small subset of promoters. Such a subtle pro-
moter-specific effect may be masked by the global H3-K4
methylation of genomic chromatin. To test this possibility, we
examined the effect of Set7/9 on the level of H3-K4 methyl-
ation in the promoter of the p21/WAF/Cip gene, which we
previously identified as a transcriptional target for Set7/9 (12).
ChIP assays were performed on the previously characterized
U2-OS versus U2-OS-shRNA-Set7/9 cells (Fig. 4D) before and
after DNA damage using antibody specific to 1Me-K4-H3.
Quantitative reverse transcription-PCR with p21-specific prim-
ers showed comparable levels of H3-K4 methylation in the p21
promoter in U2-OS and U2-OS-shRNA-Set7/9 cells, although
the peak of maximal K4-H3 monomethylation was slightly
shifted in U2-OS-shRNA-Set7/9 cells compared to the control
cells (Fig. 4D). We concluded that ablation of Set7/9 did not
have any direct effect on H3-K4 monomethylation. Impor-
tantly, the shRNA-Set7/9 cells exhibited low levels of Set7/9
expression compared to normal U2-OS cells, which was also
accompanied by the diminished amounts of the p21 transcript
after DNA damage (Fig. 4E, compare the 12- and 24-h time
points in control versus shRNA-Set7/9 cells). Furthermore, the
downregulation of p21 transcription observed in shRNA-

Set7/9 cells versus normal U2-OS cells was specific as the levels
of GAPDH transcription were unaffected (Fig. 4E, middle
row). Significantly, the attenuated transcription of p21 in
Set7/9 knockdown cells resulted in a significant decrease of its
protein levels (Fig. 4E, bottom). Collectively, these data
strongly suggest that Set7/9 regulates the expression of p21/
WAF/CIP and other genes not through histone methylation
but rather via methylation of their relevant transcription reg-
ulators, such as p53 in the case of p21.

Set7/9-mediated methylation of p53 at K372 results in sta-
bilization and “activation” of p53 as a transcription factor (12)
without affecting its DNA-binding activity, at least in vitro
(data not shown). One possibility is that K372 methylation of
p53 directly ablates the ubiquitination of five other lysine res-
idues present in the carboxyl terminus of p53. We reasoned
that if methylation directly counteracts ubiquitination, then the
nonmethylatable p53 might be a better substrate for in vivo
ubiquitination than the wild-type methylatable protein. In di-
rect contradiction to this hypothesis, the results of the exper-
iment shown in Fig. 5 indicate that the wild-type and K372R
mutant ectopic p53 are ubiquitinated with similar efficiency in
the absence of DNA damage (Fig. 5A, compare lanes 4 and 5).
In addition, another p53 mutant, bearing a mutation in one of
the acetylation sites, K373R, showed a similar ubiquitination
pattern, strongly suggesting that ubiquitination targets several
lysine residues in the carboxyl terminus of p53 and that muta-
tion of just one lysine is not sufficient to alter stability of the
p53 protein. Thus, we concluded that K372 methylation affects
the stability of p53 indirectly, possibly by modulating other
modifications in the C terminus of p53.

Acetylation of p53 has been reported to stabilize the protein
by blocking ubiquitination of the target lysine residues in its C
terminus. The site of p53 methylation by Set7/9 (K372) is
surrounded by several lysines subject to acetylation by p300/
CBP in vitro (K370, K373, K381, and K382) and in vivo (K373
and K382). In the case of histone H3, methylation of K4 results
in increased acetylation of K9 and K14 (61). We hypothesized
that, similar to histone H3, methylation of K372 in p53 may
affect the efficiency of its acetylation. Therefore, we tested
whether the C-terminal lysines of p53 also exhibit similar in-
terplay between the extent of their methylation and acetyla-
tion.

To investigate the causal link between p53 methylation and
acetylation, we compared the levels of p53 acetylation in
HEK293 cells stably expressing either wild-type Set7/9 or its
K297A mutant, which is dominant negative toward the endog-
enous protein (12). Overexpression of Set7/9 wild type, but not
of the K297A mutant, increased the level of p53 acetylation in
HEK293 cells (Fig. 5B). These results indicate that K372 meth-
ylation of p53 by Set7/9 is likely required for efficient acetyla-
tion of p53 in vivo.

We reasoned that if methylation was required for acetylation
of p53 in vivo, then the methylation-impaired p53 should be
compromised for acetylation. To test this hypothesis, we trans-
fected p53-negative H1299 cells stably expressing Set7/9 with
plasmids expressing either p53 wild-type or K372R nonmethy-
latable mutant protein. After 12 h of treatment with Adr, the
total protein levels of p53 wild type and its K372R mutant were
normalized, and their acetylation statuses were examined by
immunoblotting with the corresponding antibodies (Fig. 5C).
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FIG. 4. DNA damage does not activate nucleosomal HMTase activity of Set7/9. (A) Flag-Set7/9 immunopurified from U2-OS-Flag-Set7/9 cells,
which were treated with DNA damage for the indicated periods of time, was tested in the methylation reaction in the presence of [3H]SAM with
the following substrates: GST-p53300-393, GST-H31-27 (K4R), and nucleosomes purified from MCF-7 cells (top). The efficiency of protein
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Since the most robust methylation of p53 was observed in the
chromatin-enriched insoluble fraction of whole-cell extract
(12), the transfected cells were fractionated into soluble and
chromatin-containing insoluble fractions, and the resulting ma-
terials were analyzed separately. Consistent with our previous
results, methylated p53 was observed mostly in the insoluble
fraction. Moreover, in the same fraction we observed a signif-
icant difference in the levels of acetylation between the wild-
type p53 and its methylation-deficient mutant (Fig. 5C, upper
left panel). No appreciable difference in acetylation was de-

tected in the soluble fractions. This result indicates that meth-
ylation specifically affects acetylation in only a subfraction of
chromatin-bound p53 (Fig. 5C, bottom row). Notably, the cel-
lular amounts of wild-type and K372R mutant p53 were nor-
malized prior to their comparison (Fig. 5C, bottom left panel)
and thus do not account for the difference observed.

To directly address the question of methylation-acetylation
interplay, we used chemically modified p53 peptides, either
methylated or acetylated, with the intent to measure the ability
of p300/CBP and Set7/9 to utilize these premodified peptides

methylation was determined by exposure of the 3H-labeled autoradiograph to film followed by densitometry. The protein levels were verified by
Coomassie staining (bottom). (B) Quantification analysis of the experiment shown in panel A. (C) The levels of K4-H3 monomethylation in U2-OS
versus U2-OS shRNA-Set7/9 cells. Cells were treated with 0.1 �M Adr for the indicated time periods, followed by chromatin extraction. Chromatin
samples were probed for K4-H3 monomethylation by immunoblotting with specific antibody (Abcam). The input protein levels were analyzed by
Ponceau-S staining. (D) The level of K4-H3 monomethylation in the p21 promoter is independent of the presence of Set7/9. A ChIP assay using
K4H3-Me1-specifc antibody was performed on U2-OS and U2-OS shRNA-Set7/9 cells treated with 0.1 �M Adr. The levels of K4H3-Me1 in the
promoter regions of p21 were determined by quantitative PCR using specific primers. The values represent the ratio of p21 to GAPDH signals.
(E) p21 mRNA expression depends on Set7/9 activity. U2-OS cells stably infected with either scrambled shRNA (control) or vectors expressing
shRNA-Set7/9 (shRNA-Set9) were treated with 0.5 �M Adr for 0, 12, and 24 h to induce DNA damage. Total RNA from these cells was then
isolated, converted into cDNA by reverse transcriptase and analyzed for the presence of the p21 coding sequence by PCR using specific primers.
GAPDH signal served as a loading control. In parallel, the same samples were subjected to Western blot analysis to measure the levels of p21
protein.

FIG. 5. p53 acetylation is impaired in the absence of K372 methylation. (A) The methylation-deficient mutant of p53 does not exhibit increased
ubiquitination in the absence of DNA damage. H1299 cells were transiently transfected with vectors expressing His6-ubiquitin and either p53 wild
type or K372R methylation- or K373R acetylation-defective mutants. These cells were also transfected with HDM2-expressing plasmid where
indicated. After incubation with proteosomal inhibitor MG132 for 12 h, cells were lysed with 8 M urea, and His6-ubiquitin-containing proteins were
purified on Ni-NTA beads. The bead-bound proteins were eluted and analyzed by immunoblotting with p53-specific antibody (Ab-6). The positions
of p53 and its ubiquitinated ladder are indicated. Lanes 1 to 3 (INPUT) represent 10% of the starting material, and lanes 4 to 6 (Ni-NTA beads)
represent the bead-bound material eluted from Ni-agarose beads. (B) p53 acetylation depends on the KMTase activity of Set7/9. HEK293 cells
stably expressing Set7/9 wild type or its catalytically impaired mutant (H297A) were subjected to immunoprecipitation with acetyl-p53-specific
antibody. The resulting proteins were analyzed by immunoblotting with (Ab-6) p53-specific antibody. Input (INP) lanes represent 10% of the
starting material. (C) Mutation in p53 methylation site diminishes acetylation. H1299 (p53-) cells were transfected with vectors expressing either
wild type or K372R nonmethylatable mutant p53. After DNA damage, cells were fractionated into soluble and insoluble chromatin fractions. The
amounts of both p53 variants were normalized after Western blotting. The levels of acetylation in the wild-type and mutant p53 protein present
in soluble and insoluble fractions were analyzed by immunoblotting with specific antibodies and quantified. The relative strength of p53 acetylation
signal was quantified by arbitrarily setting the p53 wild-type signal as 1.
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FIG. 6. Methylation of p53 on K372 promotes its subsequent acetylation. (A) In vitro interplay between acetylation and methylation modifi-
cations of p53. Chemically nonmodified, premethylated, and preacetylated p53 peptides were incubated with Set7/9 (left panel) or p300 (right
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as substrates in the corresponding enzymatic reactions (Fig.
6A). We first compared the ability of Set7/9 to methylate either
nonmodified, K372/382 acetylated, or K372 methylated p53
peptides in vitro (Fig. 6A, left). As expected, the recombinant
Set7/9 protein effectively methylated the nonmodified p53 pep-
tide. The K372-me p53 peptide served as a poor substrate for
Set7/9-mediated methylation, confirming that K372 is the only
methylation site in the C terminus of p53 (12). Importantly,
preacetylation of the p53 peptide at K373/382 also inhibited
subsequent methylation of K372 by Set7/9.

In parallel, the premodified p53 peptides were subjected to
acetylation by purified, baculovirus-expressed p300 (Fig. 6A,
right). Unmodified peptide was efficiently acetylated by p300.
Preacetylation of the p53 peptide at K373 and K382 dramati-
cally reduced subsequent acetylation by p300, indicating that
these lysines are the major sites of acetylation. Importantly,
premethylation at K372 did not inhibit, but rather slightly
enhanced subsequent acetylation of p53 by p300.

These results led us to conclude that methylation and acet-
ylation can exist on the same molecule of p53, but that meth-
ylation must precede acetylation. To test the validity of these
predictions in vivo, we compared the kinetics of DNA damage-
induced methylation and acetylation of the endogenous p53.
First, we compared the kinetics of p53 methylation in vivo after
DNA damage in U2-OS versus U2-OS shRNA-Set7/9 cells
(Fig. 6B). Methylated p53 in control U2-OS cells was readily
detected at 1.5 h after Adr treatment (Fig. 6B, middle right). In
contrast to methylation, the kinetics of p53 acetylation in the
same samples was much slower, showing an appreciable level
of p53 acetylation only after 4.5 h of exposure to Adr (Fig. 6B,
bottom panel). These results suggest that in vivo methylation
of p53 precedes its acetylation. Another important observation
made in this experiment was that the lack of p53 methylation
in shRNA-Set7/9 cells (Fig. 6B, compare the middle left and
middle right panels) was paralleled by attenuation of the DNA
damage-induced p53 acetylation (compare the 1.2-fold in-
crease in p53 acetylation in shRNA-Set7/9 cells versus the
3-fold increase in control cells at 4.5 h after DNA damage)
(Fig. 6D). Importantly, the lack of efficient methylation of p53
in the absence of Set7/9 resulted in attenuation of p21/WAF/

CIP transcription, a known p53 transcriptional target (Fig. 6C,
upper panel).

To corroborate our results and to determine the levels of
p53 K372 methylation at later time points after DNA damage,
we expanded the time course experiment shown in Fig. 6B by
including an additional, 14-h time point after Adr treatment
(Fig. 6E). The p53 expression levels at 0, 4.5, and 14 h in both
shRNA-Set7/9- and scrambled shRNA- expressing cell lines
were normalized to each other before assessing the levels of
K372 methylation (Fig. 6E, upper and lower panels, respec-
tively). In agreement with the results of our previous experi-
ment, the ratio of methylated to total p53 in control cells, after
peaking at 1.5 h (Fig. 6B), started to decline at later time points
after DNA damage (Fig. 6E, lower right panel, and Fig. 6F).
These results correlate with our in vitro data, which demon-
strate that acetylation inhibits subsequent methylation of p53
(Fig. 6A, left). The attenuated expression of Set7/9 in shRNA-
Set7/9 cells consistently resulted in the loss of K372 methyl-
ation signal in p53 (Fig. 6B, middle left panel, and Fig. 6E,
lower left panel), confirming the identity of Set7/9 as the 1Me-
K372-specific KMTase.

The decreased K372-p53 methylation signal in vivo at 4.5 and
14 h after DNA damage could be a result of interference between
1Me-K372-specific antibody and acetylation mark on the adjacent
K373 residue. To test this possibility, we analyzed the ability of
1Me-K372-specific antibody to recognize an in vitro-methylated/
acetylated p53 peptide. As evident from Fig. 6G (middle panel),
acetylation of p53 on K373 had no significant effect on the ability
of 1Me-K372-specific antibody to recognize methylated K372 res-
idue. This result strongly supports the notion that attenuation of
p53-K372 methylation does occur in vivo as DNA damage-in-
duced acetylation of p53 progresses.

Since p53 exerts its function mostly as a DNA-binding tran-
scription factor, we next compared the levels of methylated and
of acetylated p53 bound to the promoter of its target gene, p21
as a function of DNA damage and the presence of Set7/9. To
accomplish this task, we performed a time course ChIP exper-
iment using Adr-treated U2-OS control- and shRNA-Set7/9-
expressing cells (Fig. 7). As expected, DNA damage increased
the levels of p53 bound to the p21 promoter in both U2-OS

panel) in the presence of [3H]SAM or [3H]AcCoA, respectively. The efficiency of de novo methylation or acetylation was determined by peptide
incorporation of radioactive tritium using scintillation counting. The results were plotted as a function of Set7/9 protein concentration in the case
of methylation and incubation time in the case of acetylation. (B) The dynamics of p53 methylation in response to DNA damage. U2-OS and
U2-OS shRNA-Set7/9 cells were treated with Adr for the indicated time periods, followed by immunoblotting with p53-specific antibody to
normalize the levels of p53 between the two cell lines. Adjusted amounts of cells were then used to prepare nuclear extracts. Insoluble,
chromatin-enriched pellets were solubilized by sonication and used for immunoprecipitation with methylated or acetylated p53-specific antibody.
Western blot analysis of both input and immunoprecipitated material was performed with monoclonal antibody against p53 (Ab-6; Oncogene). To
avoid the interference between the p53 signal and the signal from the heavy chain of immunoglobulin G (in the case of immunoprecipitations),
�-light chain-specific antibody conjugated to peroxidase was used as a source of the secondary antibody. (C) p21 mRNA expression depends on
Set7/9 activity. U2-OS cells stably infected with either control shRNA (scrambled shRNA) or shRNA-Set7/9 (shRNA-Set9) vectors were treated
with 0.5 �M Adr as in panel B. The total RNA from these cells was then isolated, converted into cDNA by using reverse transcriptase, and analyzed
for the presence of the p21 coding sequence by PCR using specific primers. GAPDH signal served as a loading control. (D) Quantification of the
results shown in Fig. 6B. The values shown in the plot represent the ratio between acetylated and total p53. (E) The experiment shown in panel
B was repeated using an additional 14-h time point after DNA damage. (F) Quantification of the levels of methylated p53 in control U2-OS cells
treated with Adr for the indicated periods of time. The values shown in the plot represent the ratio between methylated and total p53 from the
experiments shown in panels B and C. (G) Effect of K373 acetylation on the recognition efficacy of methylated p53 by 1Me-K372-p53-specific
antibody. Recombinant purified GST-p53300-393 proteins were either mock treated, methylated, or sequentially methylated by Set7/9 and acetylated
by p300 HAT. The resulting proteins were analyzed by immunoblotting with GST-, 1Me-K372-p53-, or ac-K373-p53-specific sera to assess the levels
of total, methylated, and methylated/acetylated p53, respectively.
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and shRNA-Set7/9 cells, although the latter exhibited less p21
DNA-p53 association (Fig. 7B). Next, we analyzed the dynam-
ics of p53 methylation in these two cell lines. In agreement with
the results shown in Fig. 4A, the maximal accumulation of
methylated p53 on the promoter was detected at approxi-
mately 1.5 h after DNA damage. The occupancy of the p21
promoter by methylated p53 was greatly diminished in shRNA-
Set7/9 cells compared to that in the control cells (Fig. 7C). We
also analyzed the levels of acetylated p53 at the p21 promoter
in U2-OS and shRNA-Set7/9 cells (Fig. 7D). Supporting the
notion that methylation of p53 should precede acetylation,
Adr-induced accumulation of acetylated p53 on the p21 pro-
moter in U2-OS control cells was delayed relative to the ap-
pearance of methylated p53 (compare Fig. 7C and D). Impor-
tantly, the levels of acetylated p53 bound to the p21 promoter
were reduced in shRNA-Set7/9 cells compared to the control
cells.

One of the consequences of p53 acetylation is enhanced
recruitment of p300/CBP through the recognition of acetyl-
lysines by the bromodomain of p300/CBP (2, 39). The latter
results in increased histone H4 acetylation and gene activation
(29, 39, 52). In accordance with this, the ChIP data showed
higher levels of histone H4 acetylation at the promoter of
p21/WAF/Cip in the control cells compared to the shRNA-
Set7/9 cells (Fig. 7E).

Collectively, the results of the present study indicate that in
response to DNA damage Set7/9 directly methylates the p53
protein, promoting its acetylation and thus rendering it tran-
scriptionally active.

DISCUSSION

The role of posttranslational modifications such as phosphor-
ylation, acetylation, or ubiquitination in regulation of p53 tran-

FIG. 7. The loss of p53 methylation attenuates promoter acetylation of the p21 gene. (A) Schematic representation of the p21 gene. The
binding sites of p53 and the transcription start site are indicated. Positions of the PCR primers used in the Q-PCRs are indicated. (B) The p21
promoter occupancy by p53 is decreased in the absence of Set7/9. A ChIP assay using p53-specific antibody was performed on U2-OS and U2-OS
shRNA-Set7/9 cells treated with Adr for the indicated time periods. Immunoprecipitated DNA was analyzed by quantitative PCR for the presence
of p21 and GAPDH using specific primers. Values were normalized to the GAPDH signal. (B, C, D, and E) ChIP analysis of the p21 promoter
as performed in panel B for the presence of methylated p53 using methylated p53-specific antibody (C), acetylated p53 using acetylated p53-specific
antibody (D), and acetylated histone H4 using acetylated histone H4-specific antibody (E).
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scriptional activity is well documented (5). Recently, we dis-
covered that in response to DNA damage p53 undergoes yet
another modification, lysine methylation at K372, mediated by
KMTase Set7/9 (12). In the present study, we provide evidence
that DNA damage-induced Set7/9-mediated K372 methylation
renders p53 stable and transcriptionally active via facilitating
the appearance of a subsequent posttranslational modification,
acetylation. Acetylation of the C-terminally located lysines is
known to enhance the activity and stability of p53 through
direct competition with ubiquitination mediated by Mdm2 (6).

A chief task for p53 as a tumor suppressor is to protect cells
from abnormal proliferation during genotoxic stress. To
achieve this goal, p53 induces cell cycle arrest of damaged cells
in both G1 and G2 phases by activating the expression of the
cyclin-dependent kinase inhibitor, p21/WAF/CIP (9, 53),
and/or by directly repressing the transcription of genes in-
volved in G2/M progression (3, 10, 23, 60). The p21 protein
inhibits the enzymatic activity of cyclin-dependent kinases cdk2
and cdk1 (cdc2), and their respective cyclin partners E and B,
which are required for enzymatic activation of these kinases.
Cdk2 and Cdk1 (cdc2) promote cell cycle progression through
the G1/S and G2/M stages, respectively (36). Therefore, the
inability of Set7/9 knockdown cells to undergo G2/M arrest in
response to DNA damage (Fig. 2A, compare panels 1 and 2
and panels 5 and 6) may be explained by the fact that the
expression of p21 in these cells is significantly attenuated com-
pared to wild-type cells (Fig. 1A and 4E). Importantly, rein-
troduction of Set7/9 into the Set7/9 knockdown cells rescued
the G2/M phase arrest, confirming that the observed pheno-
type was specific to Set7/9, as well as pointing to Set7/9 as a
critical regulator of p53-mediated checkpoint arrest in G2/M
(Fig. 2A, compare panels 1, 5, and 7 to panels 2, 6, and 8).

At present, we do not know whether Set7/9 operates only
through p21 to activate the DNA damage checkpoint in G2/M
or whether it also enhances the ability of p53 to directly repress
cdc2, cyclin B, cdc25, and 14-3-3 genes, which are required for
G2/M transition.

Irrespective of the mechanism, the present study demon-
strates that the efficiency of DNA damage-induced G2/M ar-
rest depends on Set7/9 and correlates with the K372 methyl-
ation status of p53. In line with this notion, Set7/9 had no effect
on the cell cycle arrest elicited by 5-fluorouracil treatment,
which induces ribosomal stress rather than DNA damage per
se (data not shown). Collectively, these results strongly suggest
that methylation of p53 on K372 by Set7/9 is a DNA damage-
specific modification. Future experiments will determine
whether p53 methylation is specific to single-strand or double-
strand DNA breaks and whether other forms of genotoxic
stress known to induce p53 operate through K372 methylation.

The fact that methylation of p53 is dynamic prompted us to
investigate the role of DNA damage in regulation of Set7/9.
Since neither the level of Set7/9 protein expression nor its
subcellular localization changed in response to DNA damage
(Fig. 1A, 3C, and data not shown), we concluded that it was the
activity of Set7/9 that was altered. Interestingly, the regulation
of Set7/9 KMTase activity by DNA damage seems to be bipha-
sic. The physiological significance of this phenomenon in the
case of Set7/9 is yet to be determined; however, several reports
describe biphasic transcriptional regulation in response to
DNA damage (4, 48). One plausible explanation of this effect

is that the activity of Set7/9 itself is subject to regulation by
posttranslational modifications. Our preliminary data indicate
that in response to Adr treatment, the DNA-bound fraction of
Set7/9 becomes phosphorylated. Interestingly, phosphorylation
of Set7/9 also occurs in a biphasic manner. It is tempting to
speculate that phosphorylation regulates the enzymatic activity
of Set7/9 and/or the protein-protein interactions with its part-
ner(s), e.g., p53. Of note is the fact that the in vivo methylation
profile of p53 coincides with the peaks of Set7/9 activity (data
not shown). In addition to activation, in vivo phosphorylation
of Set7/9 may target the latter for degradation, thereby pro-
tecting cells from potentially hazardous accumulation of “su-
per-active” Set7/9. A similar mechanism was described for
ubiquitination, which stimulates the activity of several tran-
scription factors, at the same time targeting these proteins for
proteosome-dependent degradation (25, 47). If true, then
phosphorylated hyperactive Set7/9 molecules tagged for deg-
radation should at some point be replenished by the “naive”
nonphosphorylated and hypoactive form of Set7/9, allowing
the cell to decide whether to continue the program of p53
activation. Irrespective of the physiological consequences, the
fact that KMTase activity of Set7/9 is biphasic indicates that it
is subject to regulation by the DNA damage-induced signal
transduction pathways.

Importantly, our extensive analysis of Set7/9-dependent
methylation upon DNA damage revealed that Set7/9, even in
its “active” state, was unable to efficiently methylate nucleoso-
mal histone H3, which is a bona fide substrate for chromatin-
related enzymes. Collectively, our data strongly suggest that
Set7/9 exerts its function as a factor methyltransferase but not
as a histone methyltransferase.

How does methylation of p53 on K372 lead to p53 activation
and stabilization as a transcription factor? One possibility is
that methylation of p53 at K372 directly interferes with its
ubiquitination at the same lysine residue and therefore stabi-
lizes the protein. However, at least in vitro, p53 was shown to
undergo ubiquitination at multiple lysines, including K370,
K372, K373, K381, and K382, whereas Set7/9 methylates p53
only at one residue, K372. Therefore, it is unlikely that the
monomethylation of one lysine residue is able to efficiently
abolish ubiquitination at five other sites.

A plausible alternative to this scenario is that K372 methyl-
ation may stabilize p53 through triggering another modifica-
tion rival to ubiquitination, e.g., acetylation. Acetylation is well
documented to inhibit ubiquitination of the same target lysines
in the C terminus of p53 (7, 38). Our data, which suggest that
methylation precedes and enhances acetylation of p53 in vivo,
support the latter scenario. The exact molecular mechanism of
this methylation-acetylation interplay is still unclear but is
likely to be complex. The fact that methylation of the p53
peptide at K372 failed to enhance the efficiency of its subse-
quent acetylation by the recombinant p300 protein in vitro
strongly indicates that this connection is indirect and may in-
volve other accessory protein(s). In addition, our in vivo data
indicate that the dynamics of p53 methylation overlap with, but
do not exactly parallel, acetylation (Fig. 6B and 7). This ob-
servation is in agreement with our in vitro acetylation and
methylation data, whereby robust acetylation inhibits methyl-
ation of p53 (Fig. 6A). Collectively, these results suggest that
K372 methylation plays a positive role in acetylation of p53
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only at the early stage of DNA damage and later becomes
dispensable for acetylation.

Why is K372 methylation important for acetylation of p53
immediately after DNA damage? One possibility is that K372
methylation is required to counteract the negative effect of
K370 methylation, which, in turn, inhibits p53 binding to DNA
(21). In line with this assumption, it was shown that DNA
damage-induced methylation of K372 by Set7/9 repressed p53-
K370 methylation by Smyd2 (21). Thus, methylation of p53 on
K372 may facilitate its DNA binding in vivo. It is well docu-
mented that DNA-bound, tetrameric p53 represents a better
substrate for p300/CBP-mediated acetylation compared to its
unbound, monomeric form (11, 14). In agreement with this
hypothesis, we observed a stimulatory effect of K372 methyl-
ation on acetylation only in the subfraction of insoluble, DNA-
bound p53, whereas in the soluble fraction, methylation had no
obvious effect on p53 acetylation (Fig. 5C). This finding
strongly argues that Set7/9-dependent methylation plays a role
in regulation of p53 only in the context of chromatin. More-
over, our cell cycle results, which revealed the critical role of
Set7/9 in regulation of the p53 ability to induce G2/M arrest
(Fig. 2A), along with the fact that p53 acetylation is also crucial
for this process (3, 23), strongly imply the existence of a func-
tional cross talk between K372 methylation and acetylation in
the p53 molecule.

It is also important to note that similar positive interplay
between lysine methylation and acetylation has already been
described for histone H3 (41, 61). Specifically, K4-H3 methyl-
ation blocks the deacetylation or methylation of K9-H3, hence,
allowing S10-H3 phosphorylation to occur (16, 41, 61). The latter
modification, in turn, enhances K14-H3 acetylation (30, 31).

Lastly, it should be noted that the exact mechanism of meth-
ylation-dependent acetylation of p53 remains to be described.
After the parallel between p53 and histone modifications, it is
tempting to speculate that one of the members of the ING (for
inhibitor of growth) family, which were recently discovered to
bind methylated K4 of histone H3 (50, 58) via their plant
homeodomains, can also specifically recognize methylated
K372 of p53 to recruit histone acetyltransferase(s) to enforce
subsequent p53 acetylation. On a related note, ectopic expres-
sion of ING2 and ING4/5 were shown to increase the levels of
p53 acetylation in vivo (40, 51). Future studies will test this
intriguing possibility as well as elucidate the complex cascade
of posttranslational modifications that precisely regulate the
critical function of p53 in response to genotoxic stress.
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