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Abstract
E2F1 promotes DNA damage-induced apoptosis and the post-translational modifications of E2F1 play an important
role in the regulation of E2F1-mediated cell death. Here, we found that Set9 and LSD1 regulate E2F1-mediated
apoptosis upon DNA damage. Set9 methylates E2F1 at lysine 185, a conserved residue in the DNA-binding domain
of E2F family proteins. The methylation of E2F1 by Set9 leads to the stabilization of E2F1 and up-regulation of its
proapoptotic target genes p73 and Bim, and thereby induces E2F1-mediated apoptosis in response to genotoxic
agents. We also found that LSD1 demethylates E2F1 at lysine 185 and reduces E2F1-mediated cell death. The
identification of the methylation/demethylation of E2F1 by Set9/LSD1 suggests that E2F1 is dynamically regulated
by epigenetic enzymes in response to DNA damage.
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Introduction

Set9, originally identified as a lysine methyltransferase
of histone H3 lysine 4 (H3K4), regulates the biological
function of non-histone proteins such as TAF10 (8),
p53 (9), and DNMT1 (10) through lysine methylation.
LSD1 is the first identified histone demethylase (11),
but also regulates p53 and DNMT1 as well as the other
non-histone proteins (12). For example, LSD1 decreases
p53 transactivation through demethylating p53 protein
at lysine 370 (13). LSD1 is also involved in the regulation
of cell proliferation and LSD1 knockout mice are embryonic lethal (14). Taken together, the dynamic methylation and demethylation of non-histone proteins could
be an important regulatory step in the control of diverse
biological processes.
Here, we identified that Set9 methylates E2F1 at K185
and the methylation stabilizes E2F1 protein, thereby
enhancing E2F1-induced apoptosis upon DNA damage.
On the other hand, LSD1 demethylates E2F1 at lysine 185
and inhibits DNA damage-induced cell death. Our findings uncover a new mode of regulation of E2F1 and the
process of apoptosis.

E2F family of transcription factors plays an essential role
in both cell cycle regulation and cell death (1). During cell
entry from G1 to S phase, E2F1 is activated once released
from the Rb-E2F1 repressor complex and a series of genes
responsible for transition into S phase are transcriptionally regulated (2). On the other hand, E2F1 also promotes
apoptosis in response to DNA damage, and induces the
expression of a set of proapoptotic genes including p73
and Bim (3,4).
Many post-translational modifications have been
shown to regulate E2F1’s activity. For example, serine
31 phosphorylation of E2F1 by ATM/ATR stabilizes the
E2F1 protein and promotes DNA damage-induced cell
death (5). Acetylation of lysine 117, 120, 125 in E2F1 by
PCAF can also up-regulate E2F1’s activity in the process
of cell death (6).
Recently, the regulation of lysine methylation by
methyltransferases and demethylases has been demonstrated to play critical roles not only in the regulation
of histone proteins but also in non-histone proteins (7).
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Experimental procedures

In vitro demethylation assay
E2F1 protein was first methylated in vitro by Set9, then
2 µg of methylated products were incubated with 5 µg
recombinant LSD1 in the demethylation assay buffer
(50 mM HEPES/NaOH pH 8.0, 25% glycerol) at 37°C for
2 h. After the reaction, mixtures were subjected to electrophoresis on SDS-PAGE followed by western blotting or
autoradiography.

Cell culture and transfections
U2OS, HCT116 p53 , and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 5% CO2 concentration. Cells were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.
−/−

Electrophoretic mobility shift assay
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RNAi plasmids

The 3′-biotin-labeled DNA probe was prepared by
annealing complementary oligonucleotides synthesized by Invitrogen. The probe sequence is as described
(16):
GCGTTTGGCGCTTTGGCGCTTTGGCGC.
Electrophoretic mobility shift assay (EMSA) was carried out
using the LightShift Chemiluminescent EMSA Kit according to the manufacturer’s protocol (Pierce, Rockford, IL).

ShLuc (TR3002) or shSet9 (TI306985) plasmids were
purchased from Origene, Rockville, MD. ShE2F1 target
sequence is: GTCACGCTATGAGACCTCA. ShLSD1 plasmid was a gift from Dr. Y. Shi (Harvard Medical School,
Boston, MA).

Immunoprecipitation and western blotting

Luciferase reporter assay

Immunoprecipitation and western blots were performed
as described (15).

Bim-Luc was kindly provided by Dr. Q. Yu (Genome
Institute of Singapore, Singapore). Luciferase assays were
carried out using the Dual-Luciferase assay kit (Promega,
Madison, WI).
Primers for real-time PCR:

In vitro methylation assay
The 2 µg of the recombinant full-length GST-E2F1 protein or His-E2F1 DBD (DNA-binding domain) were
incubated with 1.5 µg recombinant Set9 in the presence
of 2 µCi 3H-S-adenosyl methionine (SAM; PerkinElmer,
Waltham, MA) or 0.1 µM SAM (Sigma, St. Louis, MO) in
the reaction buffer (50 mM Tris–Cl pH 8.5, 5 mM MgCl2,
0.8 mM dithiothreitol [DTT]) at 30°C for 1 h. The reaction products were loaded on SDS-PAGE, followed by
autoradiography or western blotting with the K185meE2F1-specific antibody.
A

p73 forward: AACGCTGCCCCAACCACGAG
p73 backward: GCCGGTTCATGCCCCCTACA
GAPDH forward: GAAGGTGAAGGTCGGAGTC
GAPDH backward: GAAGATGGTGATGGGATTTC.

Cell apoptosis assay
Cells were stained with Annexin V-APC (BD) followed
by flow cytometry. For transient transfection, GFP was
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Figure 1. Set9 methylates E2F1 at K185 in vitro and in vivo. (A) Methylation assays were performed by incubating the recombinant Set9 and
GST tagged E2F1 in the presence of 3H-SAM. The reaction products were loaded on SDS-PAGE gels and methylation of E2F1 was assessed by
autoradiography. Set9 methylates E2F1 in vitro. (B) In vitro methylation assay performed as in A. E2F1 K185 is the site methylated by Set9.
(C) Comparison of the sequences surrounding the methylation site in the E2F family and p53. The methylated lysines are indicated in bold.
(D) Lysates of 293T cells transfected with plasmids encoding Myc-E2F1 together with FLAG-Set9 or the control vector were immunoblotted
with the methylation-specific (K185me) E2F1 antibody. Set9 methylates E2F1 at K185 in vivo. (E) K185me-E2F1-immunoprecipitates from
cells transfected with Myc-E2F1 and treated with adriamycin for 0–6 h were immunoblotted with anti-Myc antibody.
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Figure 2. Set9 stabilizes E2F1 protein and increases E2F1 function. (A) Lysates of 293T cells transfected E2F1 WT or E2F1 K185R together
with Set9 or the control vector and treated with or without MG132 were immunoblotted with the Myc or actin antibody, the latter to
serve as a loading control. Set9 can stabilize E2F1 protein. (B) Lysates of HCT116 p53−/– cells stably transfected with shSet9 or the control
shLuc and treated with cycloheximide (CHX) for the indicated hours were immunoblotted with the E2F1 antibody. Quantification of
relative E2F1 protein levels shows Set9 knockdown destabilizes E2F1. (C) The electrophoretic mobility shift assay (EMSA) was performed
using recombinant His-tagged E2F1 DBD (amino acids 92–195). (D) In vitro methylation was carried out by incubating the recombinant
full-length GST-E2F1 protein with Set9 WT followed by electrophoretic mobility shift assay (EMSA) analysis as in (C). (E) 293T cells were
transfected with plasmids encoding E2F1, Set9 WT, or Set9 H297A together with plasmids encoding the Bim-luciferase reporter gene and
tk-renilla reporter. Shown are mean + SE of normalized firefly/renilla luciferase values. Set9 significantly increases E2F1-dependent Bimluciferase reporter gene expression (t-test, P < 0.01, n = 3). (F) U2OS cells stably expressing inducible ER-E2F1 were transfected with Set9
WT or H297A. P73 mRNA level was analyzed by quantitative real-time PCR. Shown are the relative values normalized to GAPDH (t-test,
P < 0.01, n = 3). (G) Cos7 cells stably expressing inducible ER-E2F1 were transfected with shLuc or shSet9 in the presence or absence of
4-OHT. Cell lysates were immunoblotted with the indicated antibody to BIM, p73, Set9, or actin. Set9 knockdown reduces E2F1-induced
BIM and p73 expression.
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co-transfected with the indicated plasmids and GFPpositive cells were sorted by FACS and analyzed for cell
death.

Results

promoter-driven luciferase and Set9 H297A, which lacks
methyltransferase activity, failed to induce Bim expression (Figure 2E). WT Set9, but not H297A Set9, also drastically induced E2F1-mediated expression of p73, another
putative target of E2F1 during DNA damage-induced

Methylation stabilizes E2F1 and augments its
transcriptional activity
It has been shown that protein methylation plays an
important role in protein stability (19). In our experiments, we found that methylation by Set9 increased
the protein levels of E2F1 wild type (WT), but that Set9
failed to stabilize the mutant E2F1 (K185R) (Figure 2A).
Furthermore, the protein levels of E2F1 K185R are much
lower than that of E2F1 WT and the decrease can be
rescued by treating with proteasome inhibitor MG132
(Figure 2A). Knockdown of Set9 dramatically decreased
E2F1’s half-life (Figure 2B). Taken together, E2F1 methylation at K185 by Set9 stabilizes E2F1 through inhibiting
proteasome-dependent degradation.
K185 is a conserved site in the DNA-binding domain
(DBD) of all the E2F family members. Therefore, we tested
whether methylation affects E2F1’s DNA-binding activity.
In these experiments, E2F1 DBD (amino acids 92–195) or
recombinant full-length E2F1 was first methylated in vitro
and then followed by the EMSA. We found that methylation
of E2F1 increased its DNA-binding activity (Figure 2C and
2D). Next, we examined whether methylation regulates
E2F1’s transactivity in cells. Bim is one of the proapoptotic
Bcl-2 family members and known to be transcriptionally
regulated by E2F1 (20). We found that overexpression
of Set9 significantly increased the expression of Bim
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Set9 is the first identified lysine methyltransferase that
can methylate non-histone proteins such as TAF10, p53,
and DNMT1 as well as many other proteins (8–10). To
test whether E2F1 is a substrate for Set9, we expressed
recombinant E2F1 together with Set9 protein and performed a methylation assay in vitro. Set9 shows strong
methyltransferase activity toward E2F1 (Figure 1A).
To further delineate the methylation site, we mutated
lysine 185, which is in a conserved Set9 methylation
motif (Figure 1C), to arginine. As expected, K185R mutation abolished Set9-mediated E2F1 methylation (Figure
1B and 1C). Set9 is known as a monomethyltransferase
on non-histone substrates (17). Therefore, we generated
a polyclonal antibody that specifically recognized the
monomethylated E2F1 at K185. Using this antibody, we
found that overexpressed Set9 methylated E2F1 in 293T
cells (Figure 1D). It has been shown that Set9 methylates
p53 and activates p53 transcriptional activity in response
to DNA damage (18). We next examined E2F1 methylation levels in cells at different time points after treatment
with adriamycin, a drug that promotes DNA damage.
The methylation levels of E2F1 gradually increased during the drug treatment (Figure 1E), suggesting that DNA
damage induces the methylation of E2F1.
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Figure 3. Methylation of E2F1 enhances E2F1-dependent cell
death in U2OS cells. (A) U2OS cells stably expressing Set9 WT or
H297A mutant were treated with CDDP (20 µm) or vehicle for 36 h.
Cells death was analyzed with Annexin V staining followed by
FACS (t-test, P < 0.01, n = 3). Set9 WT, not H297A, increased CDDPinduced cell death. (B) U2OS cells were transfected with GFP and
E2F1 WT or K185R together with Set9 WT or H297A. Forty-eight
hours after transfection, cells were treated with CDDP (20 µm) for
24 h. Cells death was assessed as in (B) after GFP sorting (t-test,
P < 0.01, n = 3). K185 methylation of E2F1 is critical for Set9mediated apoptosis upon DNA damage. (C) U2OS cells were
co-transfected with Set9 and the E2F1 shRNA plasmid (U6/E2F1)
or control vector (U6). Cells were treated with CDDP (20 µm) for
24 h and apoptosis was analyzed as in (B) (t-test, P < 0.01, n = 3).
Set9 mediates apoptosis through E2F1.
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apoptosis (Figure 2F). In other experiments, Set9 knockdown dramatically reduced E2F1-mediated expression of
Bim and p73 (Figure 2G). These findings suggest that Set9
stabilizes E2F1 protein and increases its activity through
methylation of E2F1 at lysine 185.

together, the methylation of E2F1 by Set9 increased cell
death induced by DNA damage.
It has been reported that Set9 increases DNA
damage-induced cell death through methylating p53
and up-regulating p53 transactivity (9). However, loss
of function of p53 is found in a variety of cancer cell
lines, and E2F1 has been shown to induce apoptosis in a
p53-independent manner (3,21,22). We therefore asked
whether Set9 could enhance E2F1-mediated apoptosis in
the absence of p53. As expected, overexpression of Set9
promotes DNA damage-induced cell death in HCT116
p53−/− cells (Figure 4A), and Set9 knockdown rendered
cells resistant to CDDP-induced apoptosis (Figure 4B).
Western blotting also showed that Set9 WT, not H297A
Set9, increased the protein expression of E2F1’s targets
p73 and Bim in HCT116 p53−/− cells after DNA damage
(Figure 4C). Collectively, Set9 increases the proapoptotic
function of E2F1 independently of p53.
To further characterize the function of Set9 in cell
growth, we performed a colony-formation assay and we
found that Set9 WT but not the H297A mutant inhibited
cell growth in HCT116 p53−/− cells (Figure 4D), although
knockdown of Set9 led to increased cell proliferation

We next examined the role of methylation in E2F1dependent apoptosis. Consistent with previous findings
(9), we observed that Set9 WT, but not the Set9 H297A,
increased apoptosis in U2OS cells induced by CDDP
(cisplatin) treatment (Figure 3A). Expression of WT E2F1
also induced apoptosis, although K185R mutant E2F1
failed to increase cell death in U2OS cells (Figure 3B).
Overexpression of Set9 significantly increased E2F1 WTbut not K185R-mediated apoptosis in response to DNA
damage (Figure 3B), suggesting methylation at K185 is
critical for E2F1’s proapoptotic activity upon DNA damage. To further test whether E2F1 mediates Set9-induced
cell death in response to DNA damage, we knocked down
E2F1 by using a shE2F1 construct in Set9 overexpressed
cells. E2F1 deficiency led to a reduction in Set9-mediated
cell death in the presence of CDDP (Figure 3C). Taken
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Set9 enhances E2F1-dependent cell apoptosis
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Figure 4. Set9 increases apoptosis in HCT116 p53 null cells. (A) HCT116 p53−/− cells stably expressing GFP or GFP-Set9 WT were treated with
or without 50 µm CDDP for 24 h. Cell death was analyzed after Annexin V staining followed by FACS. Set9 significantly enhances apoptosis
in HCT116 p53−/− cells (t-test, P < 0.01, n = 3). (B) HCT116 p53−/− cells stably transfected with shLuc or shSet9 were treated with or without
CDDP. Cell death was analyzed as in (A). Set9 knockdown significantly reduces apoptosis in HCT116 p53−/− cells (t-test, P < 0.01, n = 3). (C)
Lysates of HCT116 p53−/− cells stably transfected with GFP-Set9 WT, GFP-Set9 H297A, or the control vector and treated with or without
25 µm VP16 were immunoblotted with the indicated antibodies. Enzyme inactive (H297A) Set9 induces less expression of E2F1 target
genes compared with Set9 WT. (D) Colony-formation assay was performed in HCT116 p53−/− cells stably transfected with GFP-Set9 WT,
GFP-Set9 H297A, or the vector control. Set9 expression inhibits colony formation in the absence of p53. (E) HCT116 p53−/− cells were stably
transfected with shLuc or shSet9 and colony-formation assay was performed as in (D). Set9 knockdown increases colony formation.
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(Figure 4E). Taken together, Set9 inhibits cell growth
and enhances E2F1 proapoptotic ability independently
of p53.

Recently, LSD1 has been shown to demethylate
non-histone proteins including p53 and DNMT1 (13,20).
In our experiments, we found that LSD1 physically
interacted with E2F1 (Figure 5A). We then examined
the possibility of E2F1 demethylation by LSD1. We
observed that LSD1 removed K185 methylation of E2F1
in vitro (Figure 5B and 5C). We also found that ectopically expressed LSD1 decreased E2F1 methylation levels
in 293T cells (Figure 5D), although LSD1 knockdown
significantly enhanced E2F1 methylation at K185 in cells
(Figure 5E). Similar to the function of LSD1 in p53+/+
cells (7), knockdown of LSD1 increased DNA damageinduced apoptosis in HCT116 p53−/− cells (Figure 5F).
Taken together, LSD1 inhibits CDDP-induced apoptosis
through demethylating E2F1 at lysine 185.

Discussion
In this study, we have uncovered a novel regulatory
mechanism of E2F1 in DNA damage-induced cell death.
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LSD1 demethylates E2F1 and knockdown of LSD1
increased CDDP-induced cell death

Our findings indicate that E2F1 is methylated at K185 and
stabilized by Set9, and Set9-mediated methylation of E2F1
enhances the proapoptotic ability of cells upon DNA damage in both p53 WT U2OS and p53 null HCT116 cells. We
also found that LSD1 inhibits E2F1-mediated cell death
in the presence of DNA damage by demethylating E2F1 at
K185.
As a methyltransferase, Set9 methylates histone H3K4 in
vitro, but the recombinant Set9 fails to target nucleosome
for methylation (23). There have been several non-histone
proteins reported to the date as the substrates for Set9
including TAF10, p53, estrogen receptor α (ERα), RelA,
PCAF, and DNMT1, indicating Set9 may be an important methyltransferase for non-histone proteins. It has
also been shown that Set9 regulates substrates through
increasing protein stability (p53, ERα) or decreasing protein stability (DNMT1, RelA) (9,10,24–26). However, the
molecular mechanism underlying Set9-mediated protein
stability needs to be further investigated.
When this manuscript was under preparation,
Kontaki and Talianidis have reported that in H1299
p53-deficient tumor cells, Set9 and LSD1 regulate DNA
damage-induced cell death in a manner opposite to that
in p53 WT cells, through the regulation of E2F1 stabilization (27). In this article, the authors suggested that
Set9-mediated methylation of E2F1 at lysine 185 inhibits
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Figure 5. LSD1 demethylates E2F1 and LSD1 knockdown enhances CDDP-induced apoptosis. (A) FLAG-immunoprecipitates of 293T cells
transfected with Myc-E2F1 and FLAG-LSD1 or the control vector were immunoblotted with the Myc antibody. E2F1 interacts with LSD1
in vivo. (B) The recombinant GST-E2F1 protein was methylated by Set9 in the presence of 3H-SAM as in Figure 1A, and incubated with
His-LSD1 in the demethylation buffer. The methylation of E2F1 was detected by autoradiograph. (C) In vitro demethylation assay was
performed as in (B) and the methylation of E2F1 was analyzed by using the K185me-E2F1-specific antibody. LSD1 demethylates E2F1 in
vitro. (D) Myc-immunoprecipitates of 293T cells transfected with Myc-E2F1 together with Set9 and LSD1 were immunoblotted with the
K185me-E2F1 or Myc antibody. LSD1 can demethylate E2F1 in vivo. (E) Cells were transfected with Myc-E2F1 and Set9 together with the
shLSD1 (U6/LSD1) plasmid or the control vector (U6). The Myc-immunoprecipitates were blotted with the K185me-E2F1 antibody. LSD1
knockdown increases E2F1 methylation. (F) HCT116 p53−/− cells stably transfected with the U6/LSD1 plasmid or control vector were treated
with or without CDDP. Cell death was analyzed as in Figure 4B. Knockdown of LSD1 significantly increases cell death in HCT116 p53−/− cells
(t-test, P < 0.01, n = 3).
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acetylation and phosphorylation of E2F1 and promotes
its ubiquitination and degradation, whereas LSD1 stabilizes E2F1 by demethylation. In our findings, we also
found that Set9 methylates E2F1 at lysine 185 and LSD1
demethylates it. However, in contrast to their results, we
observed that Set9-dependent methylation at lysine 185
stabilized E2F1 protein and enhanced E2F1-mediated
cell death upon DNA damage in both p53 WT and p53
null cancer cells, although LSD1 inhibited E2F1 activity
through demethylating E2F1. Even though the discrepancy might be due to the difference of cell types or DNA
damage agents or the methods of cell death analysis,
our data showed that Set9 overexpression induced DNA
damage and cell death both in p53 WT (U2OS) and
p53 null (HCT116 p53−/−) cells, which is consistent with
the biological function of Set9 reported in the previous
studies (10,26,28). Furthermore, overexpression of Set9
significantly reduced colony formation in HCT116 p53−/−
cells (Figure 4D), and Set9 knockdown increased colony
formation (Figure 4E). Together, these findings suggest
that Set9 retards cancer cell growth and promotes DNA
damage-induced cell death. Additionally, LSD1 has
been shown to function as a counterpart to Set9 in the
regulation of Set9-methylated substrates. For example,
LSD1 removes Set9-mediated DNMT1 methylation at
K1096 and increases its activity (20). High expression of
LSD1 has been found in prostate carcinoma, neuroblastoma, breast cancer, and colon cancer (29–32). LSD1 is
also involved in the epithelial–mesenchymal transition
(EMT) in malignant procession (33). Recently, high
expression of LSD1 has been found in breast cancer tissue and LSD1 knockdown using siRNA or inhibition with
small molecular inhibitors led to growth retardation of
breast cancer cells (34). Conventional knockouts of LSD1
turn out to be embryonic lethal (14). Together, multiple
lines of evidences indicate that LSD1 functions as a protumorigenesis protein and is highly correlated with cell
proliferation and cancer progression.

Conclusions
In summary, our findings provide a new regulatory
mechanism of E2F1 function in DNA damage-induced
cell death, in which Set9 and LSD1, a pair of epigenetic
modifiers, dynamically regulate E2F1 transcription activity in response to apoptotic stimuli. Our data implicate
these molecules are potential pharmaceutical candidates
for cancer intervention.
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