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Global histone modification patterns correlate with tumor pheno-
types and prognostic factors in multiple tumor types. Recent
studies suggest that aberrant histone modifications play an
important role in cancer. However, the effects of global epige-
netic rearrangements on cell functions remain poorly understood.
In this study, we show that the histone H3 lysine 9 (H3K9) meth-
yltransferase SUV39H1 is clearly involved in regulating cell migra-
tion in vitro. Overexpression of wild-type SUV39H1, but not
enzymatically inactive SUV39H1, activated migration in breast
and colorectal cancer cells. Inversely, migration was reduced by
knockdown of SUV39H1 or chemical inhibition by chaetocin. In
addition, H3K9 trimethylation (H3K9me3) was specifically
increased in invasive regions of colorectal cancer tissues. More-
over, the presence of H3K9me3 positively correlated with lymph
node metastasis in colorectal cancer patients. Furthermore, over-
expression of SUV39H1 drove tumorigenesis in mouse, resulting
in a considerable decrease in survival rate. These data indicate
that H3K9 trimethylation plays an important role in human colo-
rectal cancer progression, possibly by promoting collective cell
invasion. (Cancer Sci 2013; 104: 889–895)

G lobal changes in the epigenetic landscape are a hallmark
of cancer.(1,2) For example, genome-wide loss of lysine

16 acetylation and lysine 20 trimethylation of histone H4
(H4K16ac and H4K20me3, respectively) is observed in multi-
ple types of human cancers.(3,4) Moreover, global histone mod-
ification patterns predict clinical outcome, and correlate with
tumor phenotypes and prognostic factors, in tumors including
breast, prostate, lung, and gastric cancer.(5–10) Although
somatic mutation is widely accepted as the origin of cancer,
recent studies suggest that epigenetic alterations may be key
initiating events, and that genetic and epigenetic alterations
interact at all stages of cancer development and cancer pro-
gression.(11,12) Importantly, epigenetic aberrations, unlike
genetic mutations, are potentially reversible and can potentially
be restored to their normal state by epigenetic therapy.(13,14)

Thus, the reversible nature of epigenetic aberrations has led to
the promising field of epigenetic therapy, which includes
anticancer drugs targeting histone deacetylases and histone
methyltransferase.(15,16)

Cell migration is a critical step in tumor invasion and metas-
tasis.(17) Recent studies suggest that chromatin structure may
play a role in cell migration.(18) Global changes in chromatin
organization are induced by cell migration cues, particularly
elevation in trimethylation of histone H3 at lysine 9.(19) It has
also been reported that cell migration requires chromatin con-
densation.(20) Consistently, we have shown that the activation
of breast cancer cell migration occurs concomitantly with a

slight increase in global histone H3 lysine 9 trimethylation
(H3K9me3).(21)

Histone H3 lysine 9 methylation is a repressive mark that is
related to heterochromatin formation.(22) Despite a clear corre-
lation among the global H3K9 methylation patterns in several
cancers such as gastric cancer,(6–8,10) the underlying molecular
link between H3K9 methylation and cancer progression
remains unknown. Therefore, in this study we investigated the
role of global H3K9me3 in cancer progression in vivo and
in vitro.

Materials and Methods

Cell culture and transfection. Maintenance of the human
breast cancer cell lines MDA-MB-231 and ZR75-30 cells
(ATCC, Manassas, VA, USA) was carried out as described
previously.(21) The human colorectal adenocarcinoma cell line
DLD-1 (ATCC) was cultured in RPMI-1640 supplemented
with 10% (w ⁄v) FBS (Biowest, Miami, FL, USA), 100 U ⁄mL
penicillin, and 100 lg ⁄mL streptomycin. Cells were transfect-
ed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
or Polyethylenimine “Max” (Polysciences, Warrington, PA,
USA).

Antibodies and reagents. Mouse anti-H3K9me3 and a rat
anti-histone H3 antibody were described previously.(23) Mouse
anti-b-tubulin mAb and chaetocin were from Sigma-Aldrich
(St. Louis, MO, USA). Small interfering RNAs against the
SUV39H1 coding region (#1 GAACCTCTATGACTTTGAA,
#2 CCAACTACCTGGTGCAGAA, #3 CTAAGAAGCGGG
TCCGTAT) and negative control siRNA were obtained from
Nippon Gene (Tokyo, Japan) and transfected into cells using
RNAi Max (Invitrogen).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
specimens of human colorectal cancer were obtained from surgi-
cal cases from Osaka University Hospital (Osaka, Japan) follow-
ing approval by the ethics committee. Sections (4 lm) were
deparaffinized in xylene, dehydrated in a graded series of etha-
nol, and processed for antigen retrieval by autoclaving in
0.01 M citrate buffer. Endogenous peroxidase was blocked by
incubating in 3% H2O2-methanol at room temperature for
15 min. After washing with 0.05% Tween 20-supplemented
Tris-buffered saline (TBS-T) and blocking with 5% BSA in
TBS-T at room temperature for 30 min, sections were incubated
with the primary antibodies indicated in figure legends and then
with appropriate biotinylated secondary antibodies. Sections
were further incubated with peroxidase-conjugated streptavidin
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(Dako, Glostrup, Denmark) and visualized with 3,3-diam-
inobenzidine solution (Sigma-Aldrich). The sections were then
counterstained with hematoxylin.

Staining scores. The immunohistochemical staining of tissues
was evaluated based on the percentage of the cancer cells
stained.(8) First, each cell was defined as negative or positive
(either intermediate or strong nuclear staining) in whole speci-
mens. The percentage of positive cells in each specimen was
then graded using the following categories: score 1, <10%
cancer cells positively stained; score 2, 10–30% cancer cells
positively stained; score 3, 31–70% cancer cells positively
stained; and score 4, >70% cancer cells positively stained. The
results were further classified into two groups, low expression
(score 1,2) and high expression (score 3,4).

Immunofluorescence microscopy. Immunofluorescence micro-
scopy was carried out as described previously.(24) In this study,
image acquisition was carried out using an IX81 (Olympus) or
Eclipse E600 (Nikon, Tokyo, Japan) microscope equipped with
a Plan Apo 60 9 ⁄NA 1.4 lens.

Construction of plasmids. Human SUV39H1 cDNA was
amplified and inserted into the vector pEGFP-C1. Point-
mutated SUV39H1 (SUVH1-C326A) was generated by site-
directed mutagenesis using appropriate oligo-DNA primer sets
and inserted into pEGFP-C1. All cDNA constructs were veri-
fied by DNA sequencing.

Western blot analysis. Cell lysates were sonicated and centri-
fuged. Supernatants were resolved by SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Millipore, Billerica, MA,
USA). Membranes were probed with the indicated antibodies
and detected with using the ECL Plus kit (GE Healthcare, Lit-
tle Chalfont, UK).

Wound healing assay. Confluent MDA-MB-231 cells were
scratched using a pipette tip (time = 0), incubated for the indi-
cated times, and fixed. Phase-contrast images were obtained
every 5 min. For quantitative analysis, the distance of the
wound was measured and the ratio to the original wound
distance was shown (n = 7). Results are expressed as the mean
distance (n = 7) � SD.

Cell motility assay. Cell migration assays were carried out as
described previously, using Boyden chambers containing poly-
carbonate membrane inserts (8-lm pore size; Neuro Probe,
Gaithersburg, MD, USA) coated with Cellmatrix Type I-C
(Nitta Gelatin, Osaka, Japan),(21) with some modification.
Briefly, plasmids indicated in figure legends were transiently
transfected into the cells, and 1 9 104 cells were seeded into
the upper chamber in medium containing 0.1% BSA without
FBS. Then FBS was added to the lower chamber as a chemo-
attractant. The number of cells migrating to the lower surface
in 3 h was counted. These experiments were repeated a mini-
mum of four times.

Real-time cell motility assay. Real-time cell motility assays
were carried out as described previously, using an xCELLi-
gence real-time cell analyzer (Roche, Basel, Switzerland).(21)

Briefly, the CIM- plate was coated with Cellmatrix Type I-C.
Then, 17 h after transfection, 5 9 104 cells were seeded into
the upper chamber in medium containing 0.1% BSA but no
FBS. The lower chamber was filled with medium containing
FBS, which served as a chemoattractant. The top chamber was
sealed at the bottom with a microporous membrane containing
gold microelectrodes. Cells were permitted to migrate to the
bottom chamber, and the impedance (indicated as the “cell
index”) was measured. The cell index increased due to cell
migration through membrane pores and adhesion to the sensor
side of the membrane. These experiments were repeated a
minimum of three times and the results were recorded as the
cell index value after 9 h.

Matrigel invasion assay. Transwell inserts (Chemotaxicells
with 8-lm pore size; Kurabo, Osaka, Japan) were coated with

100 lg ⁄mL Matrigel (Becton Dickinson Biosciences, Franklin
Lakes, NJ, USA), which includes laminin, type IV collagen,
and perlecan, and then inserted into a 24-well chamber. Next,
1 9 105 DLD-1 cells transiently transfected with the indicated
plasmid were seeded in the upper chamber in medium contain-
ing 0.1% BSA without FBS. The lower chamber was filled
with medium containing FBS as a chemoattractant. Cells were
permitted to migrate for 24 h then fixed and stained with
hematoxylin. The number of cells that invaded to the lower
surface was counted. Each assay was carried out in triplicate.

Cell proliferation assay. Cells were seeded into 96-well plates,
and cell growth was measured using WST-1 reagent (Dojindo
Laboratories, Kumamoto, Japan) as described previously.(21)

In vivo tumorigenesis. Before experiments were initiated, all
protocols were approved by the Institutional Animal Care and
Use Committee of the Osaka University Graduate School of
Medicine and Health Science. DLD-1 cells were transfected
with pEGFP-C1-SUV39H1 or empty vector (pEGFP-C1). On
the next day, cells were suspended in culture medium
(1 9 106 ⁄50 lL) and injected s.c. into the backs of 4-week-
old female BALB ⁄ c nude mice (n = 4 for each cell line; two
injection points per mouse). Mice were obtained from Oriental
Yeast Co. (Tokyo, Japan) and maintained under specific patho-
gen-free conditions in animal facilities in accordance with
institutional guidelines. The sizes of the implanted tumors
were measured using calipers three times per week for
3 months. Tumor volumes were estimated using the formula
V = LW2 9 (p ⁄6), where V is volume (mm3), L is longest
diameter (mm), and W is smallest diameter (mm). For immu-
nohistochemistry, 1 month after injection, implanted tumors
were isolated, fixed, and embedded into paraffin. Sections were
immunostained with anti-H3K9me3 mAb. Survival rate was
calculated by Kaplan–Meier analysis.

Correlation between H3K9 trimethylation and clinicopathologic
variables. Tissues were obtained from stage II and III patients
(51–87 years old, mean 69.3 years; 28 male and 24 female)
and stained with anti-H3K9me3 mAbs.
For statistical analyses, Student’s t-test and Fisher’s test

were applied. P-values <0.05 were considered statistically
significant.

Anchorage-independent colony formation assay. Two millili-
ters of culture medium with 0.6% agar was first plated into
each 6-well plate. After the bottom agar was solidified, another
1.5 mL of 0.3% agar in culture medium carrying 1–5 9 104

cells was poured. After 2 weeks’ incubation, colonies were
directly photographed and counted.

Results

Histone H3K9 methyltransferase SUV39H1 promotes breast can-
cer cell migration. Cell migration is a critical step in tumor
invasion and metastasis. Recently, we showed that the activa-
tion of breast cancer cell migration occurs concomitantly with
a slight increase in global H3K9me3.(21) Therefore, to directly
assess the requirement of H3K9me3 for directional migration,
we focused on the ubiquitously expressed histone H3 lysine 9
methyltransferase SUV39H1,(25) and blocked its enzymatic
activity using the chemical inhibitor chaetocin.(26) First, we
studied the effect of chaetocin on a wound healing assay using
the breast cancer cell line MDA-MB-231. Control cells closed
wounds, generated by scratching, within 10 h (Fig. 1a, upper).
In contrast, in the presence of chaetocin, the wounds remained
unclosed over the same time period (Fig. 1a, lower). In addi-
tion we found a subtle, but reproducible, decrease in cell
migration in another chaetocin-treated breast cancer cell line,
ZR75-30 (Fig. 1b).
To confirm the specificity of chaetocin, we next knocked

down SUV39H1 using siRNA. Consistent with the results
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obtained with the drug, knockdown of SUV39H1 led to
decreased cancer cell migration (Fig. 1c).
In contrast, cell migration activity increased in cells overex-

pressing SUV39H1 (Fig. 1d, left), in which the level of

SUV39H1 and H3K9me3 increased as expected (Fig. 1d,
right). These findings clearly indicate that histone H3K9me3 is
involved in promoting cell migration. It is to be noted that the
addition of chaetocin suppressed cell motility within 3 h in
the wound healing assay (Fig. S1), suggesting that transcrip-
tional regulation is not required for H3K9me3-dependent cell
migration.

Enzymatic activity of SUV39H1 is required for activation of cell
migration and invasion. In order to determine whether upregu-
lation of H3K9me3 promotes migration of other types of can-
cer cells, we investigated the colorectal cancer cell line
DLD-1. We chose this line because it shows moderately lower
levels of H3K9me3, but similar total histone H3 levels, rela-
tive to other cell lines, as revealed by Western blotting
(Fig. 2a). As expected, SUV39H1 overexpression increased the
level of H3K9me3 (Fig. 2b, right). The expression of wild-
type SUV39H1 significantly promoted colorectal cancer cell
migration relative to cells transfected with an empty vector
(Fig. 2b, left). SUV39H1 is a methyltransferase but is also
known to accumulate at the heterochromatin,(27) suggesting
that it may play other roles, as in the case of other methyl-
modifying enzymes that have functions independent of their
enzymatic activities.(28) We therefore asked whether activation
of cell migration by SUV39H1 is dependent on its enzymatic
activity. To this end, we introduced a point mutation (cysteine
326 to alanine) in a cysteine-rich region of the SET domain,
yielding SUV39H1-C326A, which lacks enzymatic activity.(29)

Expression of the C326A mutant did not promote cell motility,
but instead decreased motility relative to GFP-transfected cells
(Fig. 2b), suggesting that trimethylation of H3K9 by
SUV39H1 is likely to be required for promotion of directional
migration. Moreover, cell invasion was also increased in
DLD-1 cells overexpressing wild-type SUV39H1, but not in
cells expressing the methyltransferase-deficient C326A mutant
(Fig. 2c). Because we observed cell invasion after 24 h, it is
possible that differences in cell growth might have affected the
measurement of invasion activity. To rule this out, we ana-
lyzed proliferation of DLD-1 cells transfected with SUV39H1,
SUV39H1-C326A, or empty vector. All of these cells showed
almost the same growth rate over 3 days (Fig. 2d). From these
findings, we conclude that the enzymatic activity of SUV39H1
is required for activation of cell migration. In addition,
SUV39H1 overexpression activated anchorage-independent
colony formation, which is a key parameter for cells to acquire
a metastatic potential (Fig. 2e,f).

Histone H3 lysine 9 trimethylation specifically increases in the
invasive region of colorectal cancer tissue. To investigate the
clinical significance of H3K9 trimethylation, we carried out
immunohistochemistry on colorectal cancer tissue, using anti-
H3K9me3 mAb and a series of mAbs specific for particular
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Fig. 1. Histone H3 lysine 9 (H3K9) methylation is associated with
breast cancer cell migration. (a) For this experiment we used an
aggressive human breast cancer cell line, MDA-MB-231. Confluent cells
were incubated with (lower) or without (upper) 200 nM chaetocin for
2 h then scratched to create a model wound. Phase-contrast images
were obtained every 5 min. Snapshots taken every 2 h are shown
(upper). Unclosed area was quantified (lower). (b) Cell migration of
another human breast cancer cell line, ZR75-30, was analyzed using
an xCELLigence instrument in the presence or absence of chaetocin.
(c) ZR75-30 cells were transfected with either siRNA against SUV39H1
or a negative control siRNA, and cell migration was measured (left).
Knockdown efficiency was confirmed by RT-PCR (right). (d) ZR75-30
cells were transfected with plasmids expressing either GFP or GFP-
SUV39H1, and cell migration was measured (left). The transfectant
with empty vector (pEGFPC1) was used as the control for all following
experiments. The expression level of GFP-SUV39H1 and H3K9me3 level
was analyzed in Western blotting using anti-GFP mAb and anti-H3K9
trimethylation (anti-H3K9me3) (right). *P < 0.05, **P < 0.01.
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modified histones.(23) We observed strong H3K9me3 staining at
the invasive front (Fig. 3a, right, Fig. 3c), whereas H3K9me3
staining was moderate next to the surface of the tumor (Fig. 3a
left, Fig. 3b). It should be noted that this differential staining
pattern could be observed even within a single specimen
(Fig. S2). We observed no detectable difference in other histone
modifications, including H3K9me2, H3K36me2, and
H3K36me3, between cancer and non-cancerous tissue (Fig. S3).

Staining intensity of H3K9me3 correlates with lymph node
metastasis. To evaluate the pathological significance of
H3K9me3 in colorectal tumors, we analyzed the correlation
between histone H3K9me3 levels and various clinicopathologi-
cal data in 52 patients with colorectal cancer. The H3K9me3
staining scores were divided into two groups, low (specimens
containing <30% H3K9me3-positive cells) and high (speci-
mens containing >30% H3K9me3-positive cells); details
described in Figure S4 and “Materials and Methods”. As
shown in Table 1, the H3K9me3 staining status positively cor-
related with lymph node metastasis (P = 0.018), whereas
H3K9me3 was not correlated with other clinicopathological
data such as lymphovascular or vascular invasion.

Upregulated histone lysine 9 methylation drives tumor forma-
tion. In order to investigate the effect of global H3K9 methyla-
tion on tumorigenesis, DLD-1 cells expressing SUV39H1 were
injected s.c. into the backs of nude mice, and tumor volume was
followed for 3 months (Fig. 4a). One month after injection, we
began to observe differences in tumor sizes between mice
implanted with GFP-SUV39H1-expressing DLD-1 cells and
those implanted with GFP-expressing control cells. Subse-
quently, the size differences increased significantly (Fig. 4a),
and the survival rate of mice implanted with SUV39H1-express-
ing cells decreased considerably (Fig. 4b). To confirm the H3K9
methylation level in vivo, tumors were isolated from mice and
immunostained with anti-H3K9me3 mAb. Interestingly, the
tumor tissue from control mice showed H3K9me3 staining only
at the tumor border (Fig. 4c). In contrast, the tumor tissue
obtained from mice implanted with SUV39H1-expressing cells
showed strong H3K9me3 staining in most cells.

Discussion

Correlations between H3K9 trimethylation and tumor progres-
sion have been reported in multiple cancers. However, the
pathological effects of H3K9me3 have remained unknown.
Here, we demonstrated that the level of global H3K9me3 is
especially elevated in the invasive area in colorectal cancer
tissue, and that H3K9 trimethylation correlates with lymph
node metastasis. Through overexpression of H3K9 methyltrans-
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Fig. 2. Histone H3 lysine 9 (H3K9) methylation by SUV39H1 activates
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thylation (H3K9me3) and histone H3 in several human colorectal can-
cer cells were analyzed using Western blotting, with anti-H3K9me3
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ferase, we revealed that SUV39H1 positively regulates cell
migration in vitro through its enzymatic activity. Furthermore,
global H3K9 methylation upregulates tumorigenesis in vivo.

How does the overexpression of SUV39H1 activate directional
cell migration in vitro? Figures 1 and 2 suggest that trimethyla-
tion of H3K9 by SUV39H1 is required for directional cell
migration. However, the molecular mechanism underlying
SUV39H1-induced cell migration remains unknown. H3K9me3
is widely accepted as a transcriptional repression mark; there-
fore, one plausible explanation is that H3K9me3 at specific
chromatin loci may regulate cell migration through transcrip-
tional regulation, as has been reported for other methyl-modi-
fying enzymes.(29) However, our result suggests that
transcriptional regulation is not required for H3K9me3-depen-
dent cell migration (Fig. S1). Thus, another attractive possibil-
ity is that H3K9me3 could serve as a platform for a nuclear
envelope-spanning protein complex, the linker of nucleoskel-
eton and cytoskeleton (LINC) complex, which associates with
and coordinates both chromatin and the centrosome.(30–32) In
migrating cells, the centrosome is positioned between the
nucleus and the leading edge, and proper positioning of centro-
some is essential for directional cell movement. Thus, regula-
tion of the centrosome by H3K9me3 through the LINC
complex may be required for cell migration. Along these lines,
it is noteworthy that the H3K9 mono- and dimethyltransferase
G9a is essential for proper centrosome function.(33) H3K9
mono- and dimethylation is an indispensable step on the path-
way to trimethylation; therefore, disrupting G9a might block
SUV39H1-induced H3K9 trimethylation.

How does induced H3K9 methylation drive tumorigenesis
in vivo? Some reports have indicated the importance of
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Table 1. Correlation between histone H3 lysine 9 trimethylation

(H3K9me3) and clinicopathologic variables in patients with colorectal

cancer (n = 52)

Overall K9me3-low K9me3-high P-value†

WHO classification

Well 11 2 9 0.728

Moderate 37 8 29

Poor 1 0 1

Others 2 1 1

Tumor stage

T1 2 1 1 0.556

T2 3 0 3

T3 46 10 36

T4 1 0 1

Lymph node metastasis

Present 31 3 28 0.018

Absent 21 8 13

Vascular invasion

Present 24 4 20 0.324

Absent 27 7 20

Lymphovascular invasion

Present 48 10 38 0.886

Absent 3 1 2

†Fisher’s exact test. K9me3-high, specimens containing >30%
H3K9me3-positive cells; K9me3-low, specimens containing <30%
H3K9me3-positive cells. The total number of analyzed patients varies
between 51 and 52 because some of the clinical data was not
available.
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SUV39H1 in tumorigenesis: suppression of SUV39H1 attenu-
ates the anchorage-independent growth of transformed NHBZ
cells,(34) and the mRNA of SUV39H1 is elevated in primary
colorectal cancer,(35) whereas the detection of SUV39H1 in
immunohistochemistry is difficult in colorectal cancer tissue
probably because SUV39H1 protein is expressed below detec-
tion level. In this study, we showed that SUV39H1 expression
drives tumorigenesis in vivo. Importantly, we revealed that
strong H3K9me3 staining is observed only at the surface of
tumors in mice implanted with control DLD-1 cells (Fig. 4c).
Overexpression of SUV39H1 activated both cell invasion and
migration (Fig. 2b), but did not affect cell growth in vitro
(Fig. 2d). Moreover, we did not observe significant differences
in the staining pattern for vascular formation markers between
tumor samples derived from GFP- and GFP-SUV39H1-
expressing cells (data not shown). Recently it has been
reported that collective cell invasion is required for expansive
tumor growth.(36,37) Based on these findings, we propose that
upregulation of H3K9me3 by SUV39H1 activates cell invasion
and migration, resulting in an expansion of the tumor volume.
The analysis of the mechanisms underlying the roles of

epigenetic alteration in tumor progression is still an early

stage. However, based on the early data, inhibition of H3K9
methylation is a rational target for cancer therapy.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Addition of chaetocin immediately affected the cell migration suggesting that the impaired cell motility was not a result of transcriptional
regulations.

Fig. S2. Histone H3 lysine 9 trimethylation level is higher at invasive area than surface area in colorectal cancer tissue.

Fig. S3. There is no detectable differences in H3K9me2, H3K36me2, and H3K36me3, between cancer and non-cancerous tissue.

Fig. S4. Histone H3 lysine 9 trimethylation level in colorectal cancer tissue was analyzed in immunohistochemistry.
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