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ABSTRACT

Posttranslational modifications of the Forkhead fam-
ily transcription factor, FOXO1, have been known to
have important regulatory implications in its diverse
activities. Several types of modifications of FOXO1,
including acetylation, phosphorylation, and ubiquiti-
nation, have been reported. However, lysine methy-
lation of FOXO1 has not yet been identified. Here, we
reported that FOXO1 is methylated by G9a at K273
residue in vitro and in vivo. Methylation of FOXO1
by G9a increased interaction between FOXO1 and
a specific E3 ligase, SKP2, and decreased FOXO1
protein stability. In addition, G9a expression was in-
creased by insulin and resulted in insulin-mediated
FOXO1 degradation by K273 methylation. Tissue ar-
ray analysis indicated that G9a was overexpressed
and FOXO1 levels decreased in human colon cancer.
Cell proliferation assays revealed that G9a-mediated
FOXO1 methylation increased colon cancer cell pro-
liferation. Fluorescence-activated cell sorting (FACS)
analysis indicated that apoptosis rates were higher
in the presence of FOXO1 than in FOXO1 knock-out
cells. Furthermore, we found that G9a protein lev-
els were elevated and FOXO1 protein levels were de-
creased in human colon cancer patients tissue sam-
ples. Here, we report that G9a specific inhibitor, BIX-
01294, can regulate cell proliferation and apoptosis
by inhibiting G9a-mediated FOXO1 methylation.

INTRODUCTION

Forkhead box O (FOXO) family members, FOXO1
(FKHR), FOXO3 (FKHRL1), FOXO4 (AFX) and
FOXO6, are multifunctional transcription factors that reg-
ulate the transcription of target genes that play critical roles
such as tumor suppression, energy metabolism, lifespan
extension, apoptosis, and oxidative stress resistance (1–4).

Recent studies have shown that by regulating pro-apoptotic
genes such as BIM, FasL and TRAIL, FOXOs acts as
tumor suppressors resulting in the inhibition of the growth
of several tumors including prostate, breast, glioblastoma,
and colon cancers (5–9). The expression of FOXO3 is
significantly decreased in colon cancer when compared to
normal tissue, which correlates to the pathological stage
(10).

Many studies have reported that the transcriptional ac-
tivity of FOXO1 is regulated by posttranslational modifi-
cations (PTMs) such as phosphorylation, acetylation, and
ubiquitination (4,11–14). For example, the FOXO family is
acetylated by p300, CBP and PCAF, and deacetylated by
histone deacetylases (HDACs) and Sirtuins (SIRTs) fam-
ily. FOXO acetylation results in the regulation of tran-
scriptional activity by inhibiting the DNA binding abil-
ity or increasing protein stability (12,15). FOXO1 stabil-
ity is regulated via proteasomal degradation by an E3 lig-
ase, SKP2 and FOXO3 stability is regulated by MDM2 via
ERK-mediated phosphorylation (16,17).

G9a (EHMT2) is constituted by the Su(var)3–9,
Enhancer-of-zeste, Trithorax (SET) domain and exhibits
histone methyltransferase (HMTase) activity. It forms
heterodimers with G9a-like protein (GLP; also known
as EHMT1) and together, they catalyze H3K9-me1 and
H3K9-me2, which are transcriptional repressive histone
markers (18,19). Peptide methylation arrays have revealed
that G9a also methylates non-histone proteins such as
CDYL1, WIZ, and ACINUS (20). In addition, G9a methy-
lates p53 at K373 and regulates apoptosis by preserving p53
in an inactive form (21). Pontin is methylated by G9a/GLP
methyltransferase in hypoxic conditions and it potentiates
HIF-1�-mediated activation by increasing the recruitment
of p300 to a subset of HIF-1� target promoters (22).
Moreover, C/EBP� is methylated by G9a at K39 resulting
in the repression of transcriptional activity (23). Reptin, a
chromatin-remodeling factor, is methylated by G9a at K67
in hypoxic conditions. Methylated Reptin by G9a binds to
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the promoters of a subset of hypoxia-responsive genes and
negatively regulates their transcription (24).

In this study, we tried to identify specific HMTase re-
sponsible for FOXO1 and association with colon cancer. We
discovered that G9a interacts with and methylates FOXO1
at K273 in vitro and in vivo. Methylation of FOXO1 by
G9a increases the interaction between FOXO1 and SKP2,
which is a specific E3 ligase for FOXO1. We observed
that G9a was upregulated by insulin signaling, which re-
sulted in decreased FOXO1 protein stability via the G9a-
mediated methylation of FOXO1. In addition, we observed
that G9a was overexpressed and FOXO1 was underex-
pressed in human colon cancer tissues when compared
to normal tissues. Moreover, attenuated FOXO1 stability
via G9a-mediated methylation increased cell proliferation,
which was inhibited by the G9a inhibitor, BIX-01294, by
decreasing FOXO1 methylation. Consistent with our cell
line works, G9a protein levels were increased and those of
FOXO1 protein were reduced in human colon cancer pa-
tient tissue samples and it is associated with the tumor–
node–metastasis (TNM) grade. Collectively, the data sug-
gested that G9a-mediated FOXO1 methylation promoted
colon cancer, the inhibition of which could be a potential
therapeutic target.

MATERIALS AND METHODS

Plasmid constructs

The p3XFlag-CMV10-FOXO1 and pGEX4T1-FOXO1
deletion constructs were designed as previously described
(25). The pGEX4T1-FOXO �2, pGEX4T1-FOXO1 �2
N-terminal fragment, pGEX4T1-FOXO1 �2 C-terminal
fragment, pGEX4T1-FOXO1 �2-K245R, K248R, K262R,
K265R, K272R, K273R, K274R, 2KR (K272R, K273R),
p3XFlag-CMV10-FOXO1 K273R, pcDNA3.0-Flag-G9a,
Flag-G9a-685C, Flag-G9a-936C, pEGFP-G9a, pEGFP-
G9a �SET, pGEX4T1-G9a SET and HA-Ub were used in
each experiment.

Cell culture and transient transfection

293T cells, shG9a stable 293T cells, MEF WT, and MEF
G9a knock-out cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Gibco), and HCT116, DLD-1, and
SW480 cells were grown in RPMI 1640 medium (Gibco)
containing 10% heat-inactivated fetal bovine serum (Wel-
gene) and 0.05% penicillin-streptomycin (Welgene) at 37◦C
in 5% CO2. HCT116 cells and 293T cells were transfected
with the indicated DNA constructs using polyethylenimine
(PEI) (Polyscience).

Reagents

BIX-01294 was purchased from Santa Cruz Biotechnology.
MG132 (20 �M) and cycloheximide (100 �M) were pur-
chased from Enzo Life Science.

RNA interference

This procedure was previously described (26). Briefly,
DNA oligonucleotides encoding G9a shRNA (5′-
CACACATTCCTGACCAGAGAT-3′) were subcloned

into pLKO.1-puro (Addgene) lentiviral vector according to
standard procedures. To produce the viral particles, 293T
cells were cotransfected with plasmids encoding VSV-G,
NL-BH and the shRNAs. Two days after transfection, the
media containing the viruses were collected and used to
infect cells in the presence of polybrene (8 �g/ml).

Histone methyltransferase (HMTase) assay

GST-FOXO1 WT, GST-FOXO1 deletion constructs,
and/or GST-FOXO1 point mutants were incubated
overnight at 30◦C with GST-G9a in the presence of 40
nCi of S-adenosyl-[methyl-14C]-L-methionine [14C-SAM]
(Perkin Elmer) in HMTase assay buffer (50 mM Tris–
HCl [pH 8.5], 20 mM KCl, 10 mM MgCl2, 10 mM
�-mercaptoethanol, 1.25 M sucrose). Reaction prod-
ucts were separated by SDS-PAGE and analyzed by a
phosphorimager.

Antibodies

Antibodies against FKHR (FOXO1; sc-11350, sc-3.74427),
H3 (sc-8654), �-actin (sc-47778), GFP (sc-9996), HA (sc-
805), Ub (sc-166553; Santa Cruz Biotechnology), �-tubulin
(T4026), Flag (F3165; SIGMA), EZH2 (3147S; Cell signal-
ing), Methyl-lysine (Me-K; ab-7375; Abcam), H3K9-me2
(07-441) and G9a (07-551; Millipore) were used for western
blotting and immunoprecipitation (IP) analysis.

Immunoprecipitation (IP)

To determine the level of FOXO1 methylation in vivo and
for the FOXO1 and G9a binding assays, transfected cells
were lysed in RIPA buffer (50 mM Tris–HCl [pH 8.0], 150
mM NaCl, 0.1% SDS, 0.5% SDC, 1% NP-40, 1× protease
inhibitor cocktail, and 1 mM EDTA) and immunoprecipi-
tated overnight at 4◦C with indicated antibodies in IP buffer
(50 mM Tris–HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 1 mM PMSF and 1× pro-
tease inhibitor cocktail). Protein A/G agarose beads (Gen-
DEPOT) were added for 2 h with agitation at 4◦C. Bound
proteins were eluted and analyzed by immunoblotting with
indicated antibodies.

GST-pull-down assay

Cell lysates, ectopically expressing pEGFP-G9a in 293T
cells, were incubated with either GST-FOXO1 or GST-
FOXO1 deletion mutants in TNT reaction buffer (50 mM
Tris–HCl [pH 7.6], 150 mM NaCl, 0.1% Triton X-100).
Next, the protein complexes were washed three times with
TNT washing buffer (50 mM Tris–HCl [pH 7.6], 300 mM
NaCl, 0.5% Triton X-100). Associated proteins were eluted,
resolved by SDS-PAGE, and immunoblotted with the indi-
cated antibodies.

LTQ-orbitrap mass spectrometry

Samples were separated by SDS-PAGE and isolated via gel
cutting. After an overnight trypsin or chymotrypsin diges-
tion, the eluted peptides were separated using a C18 col-
umn with a linear gradient (A: 100% H2O, 0.1% formic
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acid, B: 100% ACN) at a flow rate of 300 nl/min. Typi-
cally, 2 �l of sample was injected. Mass spectrometry was
performed with a dual-mass spectrometer (LTQ Orbitrap
Velos; Thermo Scientific) coupled to a nano-LC system
(EASY nLC; Thermo Scientific). This method consisted of
a cycle combining one full MS scan (mass range: 150–2000
m/z). Proteins were identified by searching the MS/MS
spectra using SEQUEST.

Subcellular fractionation

Preparation of nuclear and cytosolic fractions was carried
out by lysing cells for 10 min on ice using buffer A (10 mM
HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1 mM DTT,
0.5 mM PMSF, 1× protease inhibitor cocktail, and 0.4%
NP-40), followed by centrifugation at 15,000 × g for 3 min.
Supernatants were retained as cytosolic fractions, whereas
the pellets were subjected to further lysis in buffer B (20 mM
HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 10% glycerol,
1 mM DTT, 0.5 mM PMSF and 1× protease inhibitor cock-
tail). The pelleted material was then resuspended by pipet-
ting. After a 2 h agitation at 4◦C, lysates were centrifuged at
15 000 × g, and the resulting supernatants were collected as
nuclear fractions.

Reverse transcription and real-time PCR

Total RNA was isolated from transfected cells us-
ing RNAiso Plus (TaKaRa). After synthesis, cDNA
was quantified and then subjected to FOXO1, G9a,
and HNF4a mRNA expression analysis. The fol-
lowing PCR primers were used: FOXO1 forward,
5′-TACGAGTGGATGGTCAAGAG-3′; reverse, 5′-
ATGAACTTGCTGTGTAGGGAC-3′, G9a forward,
5′-GAGCGAGGGTTTGAGGAGTT-3′; reverse, 5′-
TGATGCGGTCAATCTTGGGT-3′, HNF4a forward,
5′-ACAGATGTCCACCCCTGAGA-3′, reverse 5′-
AGAGGGGCTTGACGATTGTG-3′. The following
FOXO1 PCR primers were used: Disassociation curves
were performed after each PCR run to ensure that a
single product of the appropriate length was amplified.
Mean threshold cycle (CT) and standard error values
were calculated from individual CT values obtained from
triplicate reactions per stage. The normalized mean CT
value (�CT) was estimated by subtracting the mean CT of
�-actin. The value ��CT was calculated as the difference
between control �CT and values obtained for each sample.
The n-fold change in gene expression, when compared to a
control, was calculated as 2-��CT.

Chromatin immunoprecipitation (ChIP) assay

ChIP analyses were performed as described in the litera-
ture (1). Briefly, HCT116 cells were transfected with the
indicated plasmids and harvested after incubation for 48
h. The cells were cross-linked by addition of 1% formalde-
hyde to the medium and incubation for 10 min at 37◦C, fol-
lowed by addition of 125 mM glycine and incubation for
5 min at room temperature. The cells were then lysed in
SDS lysis buffer, and the samples were sonicated and im-
munoprecipitated using the indicated antibodies. The im-
munoprecipitates were eluted and reverse cross-linked. The

DNA fragments were then purified and PCR amplified
for quantification. The following PCR primers were used
G9a forward, 5′-GCAGAACTGAGGCCAGGAAT-3′; re-
verse, 5′-AAGGAGCCGCTACATGCTTT-3′, Disassocia-
tion curves were generated after each PCR run to ensure
amplification of a single product of the appropriate length.
The mean threshold cycle (CT) and standard error values
were calculated from individual CT values, obtained from
duplicate reactions per stage. The normalized mean CT
value was estimated as �CT by subtracting the mean CT
of the input from that of HNF4a.

In vivo ubiquitination assay

Cells were transfected with indicated plasmids using PEI
and harvested 48 h later. MG132 (Enzo Life Science; 20
�M) was added to cells 6 h before lysis in modified RIPA
buffer (10 mM Tris–HCl [pH 7.5], 150 mM NaCl, 5 mM
EDTA, 1% NP-40, 1% sodium deoxycholate, 0.025% SDS,
1× protease inhibitor cocktail) as described previously (27).
Ubiquitinated protein was immunoprecipitated overnight
at 4◦C with anti-HA antibody in IP buffer (50 mM Tris–
HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 1 mM PMSF and 1 × protease inhibitor
cocktail). Protein A/G agarose beads (GenDEPOT) were
added for 2 h with agitation at 4◦C. Bound proteins were
eluted and analyzed by immunoblotting with anti-Flag an-
tibody.

Fluorescence-activated cell sorting (FACS) analysis

HCT116 and FOXO1 KO HCT116 cells were treated with
BIX-01294 for 24 h. Immediately before FACS analysis, the
cells were treated with RNase A (20 mg/ml) and stained
with Annexin V-FITC (BD bioscience) and propidium io-
dide (PI) (BD bioscience) for 30 min. Cells were then sub-
jected to FACS analysis using a BD Accuri™ C6 Plus Flow
Cytometer (BD bioscience).

CRISPR/Cas9 KO system

A guide sequence (5′-GCGCGAGCTCAATGACCGGC-
3′) targeting the first exon of FOXO1 was selected from
the CRISPR design web site (http://crispr.mit.edu). Two
complementary oligos containing the FOXO1 guide se-
quence and BsmBI ligation adapters were synthesized.
Each oligo was phosphorylated and annealed using T4
polynucleotide kinase (New England Biolabs). The an-
nealed oligo was ligated by T4 DNA ligase (Enzynom-
cis) to lentiCRISPRv2 vector. The lentiCRISPRv2 or
lentiCRISPRv2-gRNA FOXO1 construct was transfected
by PEI in HCT116 cells. After transfection for 48 h, selec-
tion was performed with 500 ng/ml of puromycin (Sigma)
for 3 days. Selected cells by puromycin were seeded a single
cell. FOXO1 knock-out was confirmed by western blotting
and sequencing.

Tissue array

Formalin-fixed, paraffin-embedded tissue array slides con-
taining colon cancer and normal tissues were purchased
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from US BIOMAX. Briefly, after deparaffinization in xy-
lene and rehydration in graded ethanol, endogenous perox-
idase activity was blocked by incubating with 3% hydrogen
peroxide for 10 min. Next, tissue sections were heated in
100 mM citrate buffer (pH 6.0) for 10 min to retrieve anti-
gens and then preincubated with normal horse serum for
20 min at room temperature. Anti-FOXO1 and anti-G9a
antibodies (diluted 1:100) were used as the primary anti-
bodies. The specimens were subsequently incubated with bi-
otinylated anti-rabbit secondary antibody (Vectastain Lab-
oratories) and streptavidin–horseradish peroxidase (Zymed
Laboratories Inc.). DAB (3,3-diaminobenzidine; Vectastain
Laboratories) was used as a chromogen, and eosin was used
for counterstaining.

Soft agar assay

For the soft agar colony formation assay, 5 × 103 cells were
plated in a six-well culture dish as a suspension in 1.5 mL of
2 × RPMI containing 10% FBS and 0.35% agar on a layer
of 1.5 ml of the same medium containing 0.5% agar. The
cells were treated with 1 �M BIX-01294. The plates were
incubated for 2–3 weeks until colonies formed.

Colon cancer patient tissue samples

This study utilized tissue samples derived from human
colon or rectum (n = 35; n = 12 for TNM stage I, n = 12 for
TNM stage II, n = 11 for TNM Stage III and n = 12). Nor-
mal tissues were extracted from adjacent sections of cancer
tissues (n = 6). All patient tissue samples were obtained un-
der Institutional Review Board (IRB)–approved protocols.
Written informed consent was obtained from all patients.
All tissue samples were deidentified, and protected health
information was reviewed according to the Health Insur-
ance Portability and Accountability Act guidelines. The
biospecimens and data used for this study were provided
by the Biobank of Chonnam National University Hwasun
Hospital, a member of the Korea Biobank Network. Tissue
samples were homogenized and lysed in RIPA buffer (50
mM Tris–HCl [pH 8.0], 150 mM NaCl, 0.1% SDS, 0.5%
SDC, 1% NP-40, 1× protease inhibitor cocktail, and 1 mM
EDTA). After a 2 h agitation at 4◦C, samples were cen-
trifuged at 20 000 × g, and the resulting supernatants were
collected.

Statistical analysis

Data are expressed as mean ± SD of three or more indepen-
dent experiments. Statistical significance (P < 0.05) was cal-
culated using Microsoft Excel. Differences between groups
were evaluated by a Student’s t-test.

RESULTS

The methylation of FOXO1 by G9a

Although PTMs of FOXO1 such as phosphorylation,
acetylation, and ubiquitination has been discovered (28–
30), the only known instance of FOXO1 methylation until
now was the arginine methylation by PRMT1, which blocks

FOXO1 phosphorylation and results in nuclear accumula-
tion (31). Lysine methylation of proteins plays an impor-
tant role in the transcriptional regulation and protein sta-
bility of transcription factors such as p53, E2F1, androgen
receptor (AR), and Reptin (24,32–34). Therefore, we hy-
pothesized that lysine methylation of FOXO1 is also im-
portant to its function. To identify the HMTase specific
for FOXO1, we initially screened several HMTases includ-
ing G9a for FOXO1 methylation activity. We performed
the HMTase assay using purified FOXO1 along with HM-
Tases including G9a, SMYD2, EZH2, SET8 and WHSC1.
Among the tested HMTases, only G9a could methylate
FOXO1 (Supplementary Figure S1A). To further confirm
FOXO1 methylation by G9a, we conducted the HMTase
assay using purified GST-FOXO1 and GST-G9a SET do-
main. Again, FOXO1 was methylated by G9a in a dose-
dependent manner (Figure 1A). To determine whether G9a
methylated FOXO1 in vivo, we checked the methylation level
of FOXO1 via IP assay in HCT116 cells. We found an in-
crease of FOXO1 methylation levels in G9a-overexpressed
cells, but not EZH2-overexpressed cells (Figure 1B). When
G9a wild type (G9a WT) was overexpressed, G9a WT in-
creased FOXO1 methylation however, SET domain deleted
G9a (G9a �SET) fail to increase FOXO1 methylation (Fig-
ure 1C). To further investigate whether endogenous methy-
lation of FOXO1 was mediated by G9a, we treated with
BIX-01294 and measured FOXO1 methylation levels in
colon cancer cell lines. As expected, FOXO1 methylation
levels were decreased in BIX-01294 treated HCT116, DLD-
1 and SW480 cells, which indicated that G9a catalyzed the
methylation of FOXO1 in vivo (Figure 1D, Supplementary
Figure S1B and S1C). This concentration of BIX-01294 is
enough to inhibit G9a activity toward H3K9-me2 (Supple-
mentary Figure S1D). Altogether, these results suggest that
FOXO1 is methylated by G9a, both in vitro and in vivo.

G9a-mediated methylation of FOXO1 at lysine 273 in vitro
and in vivo

To precisely identify the methylation site(s) of FOXO1,
we conducted the HMTase assay using FOXO1 deletion
constructs FOXO1 �1, �2, and �3 (Figure 2A, upper
panel). Among the deletion constructs tested, only FOXO1
�2, which spanned amino acids 236–440, was methylated
by G9a (Figure 2A, lower panel). We further generated
FOXO1 �2 N- and C-terminus fragments to perform the
HMTase assay (Figure 2A, upper panel). Among the two
FOXO1 �2 deletion constructs, only the FOXO1 �2 N-
terminus fragment was methylated by G9a (Figure 2B).
There are seven lysine residues within the FOXO1 �2 N-
terminus fragment (Figure 2C, upper panel). Each lysine
residue was individually mutated to arginine and FOXO1
point mutants were tested for G9a-mediated methylation
(Figure 2C, lower panel). Among the tested FOXO1 �2
point mutants, G9a-mediated methylation was abrogated
in the FOXO1 K273R mutant, thereby indicating FOXO1
K273 as the methylation site targeted by G9a (Figure 2C,
lower panel). Additionally, we performed the LTQ-orbitrap
mass spectrometry analysis of the FOXO1 �2 fragment,
which indicated that G9a carried out both, mono- and di-
methylation of FOXO1 K273 (Figure 2D). To confirm this
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Figure 1. FOXO1 is methylated by G9a. (A) Purified GST-FOXO1 was incubated overnight at 30◦C with increasing amounts of GST-G9a SET. Reaction
mixtures were separated by SDS-PAGE and analyzed via a phosphorimager. (B and C) HCT116 cells were transfected with the indicated plasmids and
immunoprecipitated with anti-methyl lysine antibodies. Associated proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag, anti-
HA, and anti-GFP antibodies. Methyl lysine levels were normalized by input of FOXO1. (D) HCT116 cells were transfected with the indicated plasmids and
immunoprecipitated with anti-methyl lysine antibodies. After 24 h of transfection, the cells were treated with 5 �M BIX-01294 for 24 h. Associated proteins
were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag, anti-G9a and anti-�-actin antibodies. Methyl lysine levels were normalized by
input of FOXO1.

data in vivo, we compared the methylation levels between
FOXO1 WT and FOXO1 K273R. Methylation of FOXO1
K273R was lower when compared to that of FOXO1 WT
(Figure 2E). In addition, previous results demonstrated that
endogenous FOXO1 methylation was observed by IP as-
say in DLD-1 and SW480 cells (Supplementary Figure S1B
and C). To further identify FOXO1 methylation in vivo, we
conducted the LTQ-orbitrap mass spectrometry analysis in
FOXO1 transfected HCT116 cells. As expected, FOXO1
methylation at K273 was detected in vivo (Supplementary
Figure S2A). FOXO1 at K273 is a conserved residue in the
human FOXO family and is evolutionarily preserved be-
tween Mus musculus, Sus scrofa, Xenopus laevis, and Danio
rerio indicating the functional importance of the residue
(Supplementary Figure S2B). Altogether, these data suggest
that G9a carries out mono- and di-methylation of FOXO1
at K273 in vitro and in vivo.

Interaction between FOXO1 and G9a

Next, we examined the interaction between FOXO1 and
G9a to determine the mechanism of G9a-mediated methy-
lation. To test the interaction between the two proteins in

vivo, we performed an IP assay with anti-Flag antibodies
(FOXO1) in 293T cells that ectopically expressed FOXO1
WT or FOXO1 deletion constructs. G9a strongly interacted
with FOXO1 WT and FOXO1 �1 (both of which contained
the Forkhead domain) and showed weak interaction with
FOXO1 �2 and �3 (both of which lacked the Forkhead
domain; Figure 3A). The Forkhead domain is known as
a DNA binding domain and has been suggested to play
a role in protein-protein interaction (35). To identify the
G9a domain involved in this interaction, we performed an-
other IP assay using G9a deletion constructs. When G9a
WT and deletion constructs were immunoprecipitated with
anti-Flag antibodies (G9a), we observed that FOXO1 in-
teracted with G9a WT and G9a �1 (which contained the
ANK and SET domains), but weakly interacted with G9a
�2 (Figure 3B). Next, to determine whether these pro-
teins interacted endogenously, we performed a co-IP assay
by using antibodies against G9a and FOXO1. The results
showed that endogenous G9a could interact with endoge-
nous FOXO1 (Figure 3C). Furthermore, we performed IP
assay to determine where G9a and FOXO1 interacted. Af-
ter HCT116 cells were separated into the cytoplasm and nu-
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Figure 2. G9a methylates FOXO1 at K273. (A) The figure represents the domains of the FOXO1 deletion constructs (upper panel). Purified GST-FOXO1
deletion mutants were incubated overnight at 30◦C with GST-G9a SET. Reaction mixtures were separated by SDS-PAGE and analyzed via a phosphorim-
ager (lower panel). (B) Purified GST-FOXO1 deletion mutants were incubated overnight at 30◦C with GST-G9a SET. Reaction mixtures were separated
by SDS-PAGE and analyzed via a phosphorimager. (N: nucleus, C: cytoplasm) (C) Lysine residues of the FOXO1 �2 N-terminus protein are indicated
(upper panel). Purified GST-FOXO1 �2 or GST-FOXO1 �2 point mutants were incubated overnight at 30◦C with GST-G9a SET. Reaction mixtures were
separated by SDS-PAGE and analyzed via a phosphorimager (lower panel). (D) The LTQ-orbitrap mass spectrometry analysis of the FOXO1 �2 protein
identified mono- and di- methylation of the K273 residue. (E) HCT116 cells were transfected with the indicated plasmids and immunoprecipitated with
anti-methyl lysine antibodies. Associated proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag and anti-GFP antibodies.

clear fractions, the cell lysates were co-immunoprecipitated
with FOXO1. We observed that FOXO1 interacted with
G9a in the nucleus (Supplementary Figure S3). Collec-
tively, the data demonstrated that the Forkhead domain of
FOXO1 interacted with the ANK domain of G9a in the nu-
cleus in vivo.

G9a-mediated FOXO1 methylation decreased FOXO1 sta-
bility

Since previous studies reported that FOXO1 phospho-
rylation regulated its subcellular localization (4,12), we
analyzed whether G9a-mediated methylation altered this
feature. Cell fractionation and IP analysis indicated that
FOXO1 methylation did not seem to affect FOXO1 sub-

cellular localization (Supplementary Figure S4A). Since
another report demonstrated that FOXO3 protein stabil-
ity was regulated by SET9-mediated methylation (36), we
hypothesized that G9a-mediated FOXO1 methylation at-
tenuates FOXO1 stability. First, we checked the FOXO1
mRNA and protein levels in G9a-overexpressed cells. Even
though G9a does not regulate FOXO1 transcription (Fig-
ure 4A), protein expression patterns were regulated in G9a
overexpressed or depleted 293T cells (Supplementary Fig-
ures S4B and C). Next, we decided to test FOXO1 sta-
bility via G9a-mediated methylation in colon cancer cells.
Interestingly, FOXO1 protein levels were decreased when
G9a was overexpressed in HCT116 cells (Figure 4B). Re-
duction of FOXO1 protein levels by G9a were markedly
recovered by the proteasome inhibitor MG132, suggesting
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Figure 3. FOXO1 interacts with G9a. (A) 293T cells were transfected with the indicated plasmids and immunoprecipitated with anti-Flag antibodies.
Associated proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag or anti-GFP antibodies. (B) Schematic diagram of G9a
deletion constructs (left panel). 293T cells were transfected with the indicated plasmids and immunoprecipitated with anti-Flag antibodies. Associated
proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag or anti-FOXO1 antibodies (right panel). (C) Endogenous interactions
between FOXO1 and G9a were examined in 293T cells. 293T cell lysates were immunoprecipitated with anti-FOXO1 or anti-G9a antibodies and associated
proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-G9a or anti-FOXO1 antibodies.

that the FOXO1 K273 methylation possibly regulated the
stability of FOXO1 via proteasomal degradation (Figure
4B and Supplementary Figure S4D). In addition, we con-
firmed that the decrease of FOXO1 stability was depen-
dent on the G9a SET domain in HCT116 and MEF cells
(Supplementary Figures S4E and S4F). The hypothesis was
further supported by increased FOXO1 protein levels in
MEF G9a null cells (Figure 4C). Moreover, FOXO1 pro-
tein level was elevated in BIX-01294 treated DLD-1 and
SW480 cells (Figure 4D). Next, we measured FOXO1 stabil-
ity in various cell lines in the presence of a protein synthe-
sis inhibitor, cycloheximide (CHX). FOXO1 stability was
attenuated when G9a was overexpressed in HCT116 and
293T cells (Figure 4E and Supplementary Figure S4G),
while it was maintained for up to 4 h in G9a knock-down
cells, which supports the reduced FOXO1 stability via G9a-
mediated methylation (Supplementary Figure S4H). Again,
FOXO1 stability was enhanced in HCT116 and 293T cells
treated with BIX-01294 (Figure 4F and Supplementary Fig-
ure S4I). Also, we obtained consistent results in DLD-1
cells (Supplementary Figure S4J). Therefore, these results
suggest that G9a-mediated methylation attenuates FOXO1
protein stability via proteasomal degradation.

G9a-mediated methylation induced poly-ubiquitination of
FOXO1

Next, we studied the mechanism of methylated FOXO1
degradation. It is interesting that increased FOXO1 poly-
ubiquitination was observed when G9a was overexpressed
(Figure 5A). G9a �SET did not induce FOXO1 poly-
ubiquitination, indicating that ubiquitination of FOXO1
was dependent on the G9a HMTase activity (Figure 5A).
Consistent results were obtained in shG9a stable 293T
cells (Figure 5B). Therefore, it was reasonable to specu-
late that FOXO1 methylation at K273 probably affected
the poly-ubiquitination of FOXO1. To test this, we con-
ducted ubiquitination assays using FOXO1 K273R mutant.
The results showed that FOXO1 poly-ubiquitination was
inhibited when FOXO1 K273R was overexpressed in 293T
and HCT116 cells (Figure 5C and Supplementary Figure
S5A). The poly-ubiquitination of FOXO1 was decreased in
G9a knocked out MEF cells compared to G9a WT MEF
cells (Supplementary Figure S5B). Consistent with poly-
ubiquitination data, protein stability of FOXO1 K273R was
increased despite of G9a overexpression (Figure 5D). A pre-
vious study demonstrated that SKP2, an oncogenic subunit
of the Skp1/Cul1/F-box protein ubiquitin complex, pro-
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Figure 4. Methylation of FOXO1 by G9a induces proteasomal degradation. (A) The mRNA levels of FOXO1 in transfected with GFP-G9a HCT116 or
shG9a stable 293T cells, were analyzed by qRT-PCR and normalized by �-actin. (B) HCT116 cells transfected with GFP-G9a or empty vector were lysed,
immunoblotted with anti-FOXO1, anti-GFP and anti-�-actin antibodies, and treated with 20 �M of MG132 for 6 h. (C) MEF WT and MEF G9a (–/–)
cells were lysed and immunoblotted with anti-FOXO1, anti-G9a, and anti-�-actin antibodies. (D) DLD-1 (left panel) and SW480 (right panel) cells were
lysed and immunoblotted with anti-FOXO1, and anti-�-actin antibodies. (E and F) HCT116 cells transfected with GFP-G9a or empty vector (E) and
BIX-01294 treated cells (F) were subjected to CHX (100 �g/ml), and harvested at the indicated time points. Cells were lysed and immunoblotted with
anti-GFP, anti-FOXO1, anti-G9a, and anti-�-actin antibodies.

motes the degradation of FOXO1 via proteasomal degra-
dation (17). Therefore, we further questioned whether E3
ubiquitin ligase SKP2 might be involved in G9a-mediated
FOXO1 degradation. We reasoned that FOXO1 methyla-
tion by G9a might enhance the interaction between FOXO1
and SKP2 and therefore, tested this possibility. The inter-
action between FOXO1 and SKP2 substantially increased
when G9a was overexpressed, while the FOXO1 K273R
mutant attenuated this interaction (Figure 5E). Cumula-
tively, the data indicated that FOXO1 methylation by G9a
promoted poly-ubiquitination of FOXO1 and its proteaso-
mal degradation via increased interaction with SKP2.

Insulin enhanced G9a-mediated FOXO1 methylation

Several studies have associated hyperinsulinemia with colon
and prostate cancers (37–39). For instance, the top 25% of
C-peptide, which is an indicator of hyperinsulinemia, in-
creased a 3-fold higher risk of colon cancer (40,41). More-
over, a previous study also reported that FOXO1 was de-
graded in insulin-treated cells (42). Therefore, we hypoth-
esized that G9a-mediated FOXO1 degradation led to tu-
morigenesis via insulin activity. First, we tested whether
G9a was induced by insulin. When HCT116 cells were
treated with insulin, G9a transcription and promoter ac-

tivity were increased (Figure 6A and 6B). Consistent with
the transcription data, G9a protein levels were increased
by insulin (Figure 6C, Supplementary Figure S7A and
S7B). Next, we tested the effect of insulin signaling in G9a
knock-out MEF cells. G9a protein levels were increased
and FOXO1 protein levels were decreased in the pres-
ence of insulin in wild-type MEF cells. However, FOXO1
protein levels were not changed in G9a null cells despite
of insulin treatment (Figure 6D). Furthermore, insulin-
mediated reduced FOXO1 protein levels were restored in
BIX-01294 treated HCT116 cells (Figure 6E). Next, we
tested whether FOXO1 degradation by insulin was associ-
ated with G9a-mediated FOXO1 methylation. To our sur-
prise, FOXO1 methylation levels were increased upon treat-
ment with insulin (Figure 6F). These data indicate that
insulin-mediated FOXO1 degradation was induced by G9a-
mediated FOXO1 methylation. Next, we tested whether in-
sulin treatment increased poly-ubiquitination of FOXO1.
As expected, FOXO1 poly-ubiquitination levels were in-
creased in insulin-treated cells. Again, FOXO1 K273R mu-
tants did not experience increased poly-ubiquitination (Fig-
ure 6G). Altogether, the data suggested that FOXO1 degra-
dation by insulin signaling required G9a-mediated FOXO1
methylation.
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Figure 5. FOXO1 methylation increases interaction with SKP2. (A) 293T cells were transfected with the indicated plasmids. After treatment with MG132
(20 �M) for 6 h, cells were lysed and immunoprecipitated with anti-Flag antibodies. Associated proteins were eluted, resolved by SDS-PAGE, and im-
munoblotted with anti-HA, anti-Flag, and anti-GFP antibodies. (B) shG9a stable 293T cells were transfectedf with the indicated plasmids. After treatment
with MG132 (20 �M) for 6 h, cells were lysed and immunoprecipitated with anti-Flag antibodies. Associated proteins were eluted, resolved by SDS-
PAGE, and immunoblotted with anti-HA, anti-Flag, anti-�-actin, and anti-G9a antibodies. (C) 293T cells were transfected with the indicated plasmids.
After treatment with MG132 (20 �M) for 6 h, cells were lysed and immunoprecipitated with anti-Flag antibody. Associated proteins were eluted, resolved
by SDS-PAGE, and immunoblotted with anti-HA, anti-Flag, and anti-GFP antibodies. (D) 293T cells transfected with the indicated plasmids were sub-
jected to CHX (100 �g/ml) and harvested at the indicated time points. Cells were lysed and immunoblotted with anti-Flag, anti-GFP and anti-�-actin
antibodies. (E) 293T cells were transfected with the indicated plasmids and immunoprecipitated by anti-Flag antibody. Associated proteins were eluted,
resolved by SDS-PAGE, and immunoblotted with anti-Flag, anti-HA, and anti-GFP antibodies.

HNF4a-mediated induction of G9a expression by insulin

Next, we investigated the mechanism of G9a induction by
insulin. We searched binding proteins on the G9a promoter
using cisRED program (http://www.cisred.org/human9).
We found several binding motifs for proteins including
HNF4, HNF3, STAT5A, MRF-2 and PAX-6 on G9a pro-
moter. Previous report suggests that FOXO1 inhibits DNA
binding ability of HNF4 via interacting between FOXO1
and HNF4. However, the interaction is dissociated when in-
sulin was treated and resulted in increase of HNF4a activ-
ity (43). Additionally, microarray data (GSE69639) showed
that HNF4a was increased 2.4-fold in HT29 human colon
cancer cell when insulin was treated (44). Therefore, we
hypothesized that induction of HNF4a expression by in-
sulin may regulate G9a expression. To test this hypothe-
sis, we first measured HNF4a expression levels by qPCR
in insulin treated HCT116 cells. Consistent with the mi-
croarray data, HNF4a was increased in HCT116 cells by in-
sulin (Supplementary Figure S7A). Next, we tested whether
G9a mRNA and protein expression levels were increased in

HNF4a transiently transfected HCT116 cells. Indeed, the
results showed that HNF4a induced both mRNA and pro-
tein of G9a (Supplementary Figure S7B). To further con-
firm these results, we measured G9a promoter activity in
HNF4a overexpressed cells. G9a promoter activity was ele-
vated by HNF4a in a dose dependent manner (Supplemen-
tary Figure S7C). We next determined whether HNF4a is
directly recruited to G9a promoter by ChIP assay. The result
showed that highly recruited HNF4a at G9a promoter when
HNF4a was overexpressed (Supplementary Figure S7D).
These data suggest that HNF4a increases G9a expression
via recruitment to G9a promoter when insulin was treated.

G9a-mediated FOXO1 methylation promotes colon cancer
cell proliferation

Previous reports showed that the decreased transcriptional
activity of FOXO1 promoted tumorigenesis in various can-
cers such as breast, lung, and prostate cancer (5,7,17). G9a
also promoted tumorigenesis and was overexpressed in dif-
ferent types of cancer (21,45,46). In addition, abnormal

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article-abstract/47/4/1692/5232440 by guest on 04 Septem

ber 2019

http://www.cisred.org/human9


Nucleic Acids Research, 2019, Vol. 47, No. 4 1701

Figure 6. FOXO1 methylation by G9a and insulin-induced increase in G9a expression. (A) HCT116 cells were analyzed by real-time qPCR to examine the
mRNA expression levels of G9a. Cells were untreated or treated with insulin (Ins; 600 nM) for 6 h. Results are shown as means ± SD; n = 3. *P < 0.05,
(B) HCT116 cells were co-transfected with the G9a promoter-luc construct, treated with insulin, and harvested at the indicated time points. Cell extracts
were then assayed for luciferase activity, which was normalized to �-galactosidase. Results are shown as means ± SE; n = 3. *P < 0.05. (C) HCT116
cells were treated with insulin (600 nM) and harvested at the indicated time points. Cells were lysed and immunoblotted with anti-FOXO1, anti-G9a, and
anti-�-actin antibodies. (D) MEF WT and MEF G9a null cells were treated with insulin (600 nM) for 6 h. Cells were lysed and immunoblotted with anti-
FOXO1, anti-G9a, and anti-�-actin antibodies. (E) HCT116 cells were treated with insulin (600 nM) for 6 h and BIX-01294 (5 �M) for 24 h. Cells were
lysed and immunoblotted with anti-FOXO1, anti-G9a, and anti-�-actin antibodies. (F) HCT116 cells were transfected with the indicated plasmids and
immunoprecipitated with anti-methyl lysine antibodies. Associated proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-Flag and
anti-G9a. (G) HCT116 cells were transfected with the indicated plasmids. After treatment with MG132 (20 �M) and insulin (600 nM) for 6 h, associated
proteins were eluted, resolved by SDS-PAGE, and immunoblotted with anti-HA, anti-Flag and anti-G9a antibodies.

induction of insulin promoted aberrant crypt foci, which
are the earliest changes seen in the colon leading to can-
cer (47,48). Therefore, we tested whether G9a regulated
cell proliferation and apoptosis by negatively regulating
FOXO1 stability. To test this, we generated FOXO1 knock-
out (KO) HCT116 cells via the CRISPR/Cas9 system (Sup-
plementary Figure S8), and conducted colony formation
assay with or without BIX-01294 treatment. The number
of colonies decreased in BIX-01294 treated control cells;
however, we observed that the decrease in the number of
colonies in the FOXO1 KO cells was less than that of con-
trol cells (Figure 7A). To further confirm these observations,
we conducted MTT cell proliferation assay. Consistent with
the colony formation assay result, control cells showed de-
creased cell proliferation in BIX-01294-treated G9a inactive
cells when compared to FOXO1 KO cells (Figure 7B). Like-
wise, FACS analysis also showed that apoptosis was fur-
ther induced in BIX-01294-treated HCT116 control cells
(from 16.3% to 29%) than in FOXO1 KO cells (from 9.3%
to 15.7%) (Figure 7C). Moreover, we measured anchorage
independent cell growth via soft agar assay. Consistent with
other proliferation assays, the result showed that BIX-01294
increasingly inhibited cell growth in control cells than in
FOXO1 KO cells (Figure 7D).

Since we identified the role of G9a-mediated FOXO1
methylation in colon cancer cell lines, we next checked G9a

and FOXO1 expression levels in human colon cancer pa-
tients tissue samples. The analysis of the Human Protein
Atlas Database (http://www.proteinatlas.org) indicated that
G9a was upregulated and FOXO1 was downregulated in
colon cancer (Supplementary Figure S9). To further con-
firm this, we examined FOXO1 and G9a expression in a
large cohort of human colon cancer samples using immuno-
histochemical analysis of tissue microarrays. As expected,
G9a was overexpressed in colon cancer crypt cells when
compared to normal cells (Figure 8A, left panel). On the
contrary, FOXO1 levels were lower in human colon can-
cer crypt cells than in normal cells (Figure 8A, right panel).
These data supported our findings that showed G9a nega-
tively regulating FOXO1 expression in human colon cancer
cell lines.

Furthermore, we investigated whether FOXO1 expres-
sion was dysregulated by G9a thorough measuring the lev-
els of FOXO1 and G9a protein levels in 35 colon cancer pa-
tients tissue samples. We observed that 23 colon patients
showed elevated G9a protein expression (74.2%). Impor-
tantly, over half of the G9a overexpressed patients had de-
creased protein expression of FOXO1 (53.8%). Especially,
FOXO1 expression negatively correlated with different tu-
mor grades (TNM grade 1; 22.2%, TNM grade 2; 50%,
TNM grade 3; 100%), indicating that downregulation of
FOXO1 plays an important role in colon cancer progres-
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Figure 7. G9a-mediated FOXO1 methylation regulates colon cancer proliferation. (A) HCT116 cells (5 × 103) were treated with BIX-01294 (1 �M). After
5 days, colony numbers were measured by Quantity One software (colony counting; sensitivity: 5, averaging: 5) (B) Cell viability was determined via MTT
assay. HCT116 cells and HCT116 FOXO1 KO cells were either treated or untreated with BIX-01294 (1 �M) for 24 h. Results are shown as means ± SD;
n = 3. **, P < 0.01. (C) Apoptotic cells were measured by FACS analysis. Cells were stained with PI and Annexin V for 15 min at room temperature.
Cells were then subjected to FACS analysis using a BD Accuri™ C6 Plus Flow Cytometer. Results are shown as means ± SD; n = 3 (lower panel). (D)
Representative images of cells through the soft agar assay in HCT116 WT and FOXO1 KO HCT116 cells. Cells were treated BIX-01294 (1 �M) or not.

sion (Figure 8B–D). Altogether, the data suggested that
G9a-mediated FOXO1 methylation attenuates stability of
FOXO1, resulting in promoting cancer cell proliferation
and colon tumorigenesis.

DISCUSSION

Posttranslational modification of proteins is important for
various cellular processes such as cell growth regulation
and development. However, not many studies have been re-
ported regarding the methylation of the FOXO protein fam-
ily. Recently, it was observed that FOXO1 arginine methyla-
tion by PRMT1 inhibited FOXO1 phosphorylation and re-
sulted in nuclear accumulation under oxidative stress (31).
Another report suggested that FOXO3 methylation at K271
by SET9 resulted in the decrease of FOXO3 stability, but
an increase in its transcriptional activity (36). Additionally,
FOXO3 was also methylated at K270 by SET9, resulting in
suppression of FOXO3 transcriptional activity (49).

In the present study, we first showed that FOXO1 was
methylated at K273 by G9a in vitro. In addition, FOXO1
methylation was also detected in vivo by mass spectrometry
analysis (Supplementary Figure S2A) and IP assay using
K273R mutant (Figure 2E). Importantly, this site is well-
preserved evolutionarily in the human FOXO family and
different species (Supplementary Figure S2). The methyla-
tion of FOXO1 did not completely disappear in FOXO1
K273R point mutant, suggesting the possibility that other
methylation target sites by SET9 such as K270 and K271
may exist (Figure 2E). The other FOXO1 modifications
such as acetylation, phosphorylation, and other methyla-

tions still need to be studied for possible crosstalk with
K273 methylation.

Many reports suggest that epigenetic modifications reg-
ulate protein stability. For instance, methylation of PCNA
at K248 by SETD8 enhances the stability of PCNA by in-
hibiting poly-ubiquitination and increasing the interaction
between PCNA and FEN1 (50). SETD7 methylates p53 at
K372, enhancing p53 stability and its transcriptional activ-
ity (34). Similarly, we observed that G9a-mediated FOXO1
methylation attenuated FOXO1 protein stability (Figure 4).
In addition, G9a-mediated FOXO1 methylation enhanced
the interaction between SKP2 and FOXO1, resulting in in-
creased poly-ubiquitination of FOXO1 and its subsequent
degradation (Figure 5).

Furthermore, we showed that insulin induced G9a ex-
pression and promoted FOXO1 methylation, resulting in
FOXO1 degradation via G9a HMTase activity (Figure 6).
Consistent with our suggested mechanism, previous studies
revealed that various cancers such as colon, prostate, and
breast cancers were promoted by abnormal production of
insulin (37,39,51). Crypt foci (the early stage of colon can-
cer), in particular, has been reported to be stimulated by
insulin (47,48). Moreover, insulin promoted phosphoryla-
tion dependent poly-ubiquitination of FOXO1, resulting in
FOXO1 degradation (42). Another report revealed that the
interaction between FOXO1 and G9a increased in insulin
treated HepG2 cells (52). Insulin also regulated FOXO1 lo-
calization from the nucleus to the cytoplasm (29). How-
ever, since this regulation is reversible, nucleus-accumulated
FOXO1 could be methylated by G9a, which was upregu-
lated by insulin.
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Figure 8. FOXO1 protein levels were decreased by G9a in colon cancer patients tissue. (A) Formalin-fixed tissue array slides were used in immunohis-
tochemistry experiments. Tissue array slides from colon cancer and normal tissues were used for immuno-histochemical 3,3-diaminobenzidine (DAB)
staining of FOXO1 or G9a. (B–D) Colon cancer patients tissue were lysed and immunoblotted with anti-FOXO1 anti-G9a and anti-�-actin antibodies.
(B) TNM grade 1, (C) TNM grade 2 and (D) TNM grade 3. FOXO1 and G9a protein levels were normalized by �-actin. The dotted line indicates the
degree of expression of normal tissue.

Consistent with previous studies, we also detected differ-
ences in FOXO1 and G9a expression between normal and
colon cancer tissue samples. Tissue array analysis showed
that G9a was upregulated, while FOXO1 was downregu-
lated in human colon cancer crypt cells (Figure 8A). More-
over, the Human Protein Atlas database showed the same
results (Supplementary Figure S9). It is likely that the in-
crease in crypt foci and colon cancer risk via insulin activity
might be associated with the induction of G9a, which results
in the degradation of FOXO1 via G9a-mediated methyla-
tion. We also observed a robust effect of FOXO1 in colon
cancer cell proliferation but not FOXO1 KO colon can-
cer cells, which strongly suggests the role of G9a-mediated
FOXO1 methylation in colon cancer growth. Human Pro-
tein Atlas database showed that lower expressed FOXO1
cancer patients of survival rate is shorter than higher ex-
pressed FOXO1 cancer patients in rectum adenocarcinoma
(READ), renal and liver cancers. G9a was increased in

many cancer types including colon, bladder, liver, lung and
leukemia according to Oncomine database. In addition,
there are reports that G9a promotes cancer cell growth, in-
vasion and metastasis in lung and colon cancer (45,46,53).
We further confirmed the expression levels of FOXO1 and
G9a using human colon cancer patient samples. Many pa-
tients were overexpressed G9a and downregulated FOXO1.
Expression in majority of the patients, the amount of pro-
tein of FOXO1 was decreased by G9a, and this pattern was
found to be more pronounced with higher TNM grade.
Together, these data suggest that G9a-mediated FOXO1
degradation may play an important role in progression of
colon cancers.

There are reports that G9a promotes cell proliferation
and cell cycle exit during myogenic differentiation (54). Ad-
ditionally, G9a promotes tumor cell growth and invasion by
increasing H3K9-me2 activity at the CASP1 promoter (55).
G9a could regulate cell proliferation and apoptosis by reg-
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ulating H3K9-me1/2, however we obtained more dramatic
effect in FOXO1 WT cells and that of KO cells (demon-
strated in the colony formation and MTT assays) (Figure
7). These results indicated the possibility of a mechanism
for FOXO1 methylation as well as H3K9-me1/2 catalyzed
silencing of specific target genes’ expression. In this study,
we demonstrated that insulin-induced G9a expression via
induction of HNF4a resulted in FOXO1 methylation. G9a
attenuated the stability of methylated FOXO1 via enhanced
interaction between FOXO1 and SKP2. Degradation of
FOXO1 via G9a-mediated methylation increased cell pro-
liferation and decreased apoptosis in colon cancer cells.

In summary, we have uncovered a mechanism involv-
ing G9a-mediated FOXO1 methylation via insulin signal-
ing lead to the development of colon cancer. G9a-mediated
FOXO1 methylation attenuates FOXO1 protein stability.
Finally, our results demonstrated that FOXO1 methylation
is important for cell proliferation and colony formation in
colon cancer cells. Our studies suggest that G9a inhibitor,
BIX-01294, may have therapeutic potential in colon cancer
by inhibiting FOXO1 degradation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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