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enzymes contribute to crucial functions in the body. Lysyl oxidase

is a copper�containing enzyme that remodels the extracellular

matrix by cross�linking collagen and elastin. The overexpression

of lysyl oxidase was recently shown to promote tumor metastasis.

M2�like macrophages were also found to significantly accumulate in

the tumor microenvironment, and correlated with a poor patient’s

outcome. We speculate that M2�like macrophages promote tumor

progression via lysyl oxidase expression. Epigenetics, a mitotically

heritable change in gene expression without any change in DNA

sequencing, is also associated with tumor progression. However,

the relationship between lysyl oxidase expression in M2�like

macrophages and epigenetics remains unclear. Lysyl oxidase

expression was significantly induced in human leukemic THP�1

cell�derived M2�like macrophages. Furthermore, the level of histone

H3 tri�methylation at lysine 27 was decreased, and a pre�treatment

with a H3K27 demethylase inhibitor notably suppressed lysyl

oxidase expression in M2�like macrophages. Lysyl oxidase derived

from M2�like macrophages also enhanced breast cancer cell migra�

tion, and this was suppressed by a H3K27 demethylase inhibitor.

The present results suggest the mechanism of lysyl oxidase

expression in M2�like macrophages as an aspect of epigenetics,

particularly histone methylation.
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IntroductionMacrophages are important components of blood vessels
and participate in immune responses. Pro-inflammatory

M1-like macrophages accumulate in artery plaque,(1) and also
exacerbate inflammatory responses through the production of
reactive oxygen species (ROS) and some inflammatory cytokines.(2)

Anti-inflammatory M2-like macrophages accumulate in the tumor
microenvironment,(3) and exacerbate tumor progression through
the secretion of cytokines such as transforming growth factor-b
(TGF-b).(4) M2-like macrophages have been implicated in
angiogenesis, epithelial-to-mesenchymal transition (EMT), and
metastasis through the release of promoting factors such as matrix
metalloproteinases (MMPs) and vascular endothelial growth factor
(VEGF).(5,6)

Copper, an essential micronutrient, plays a key role in several
physiological processes including cell proliferation and cell
differentiation.(7) Recent studies revealed that copper levels were
elevated in tumor tissues, which facilitated tumor cell growth.(8)

High expression levels of copper transporter 1 (CTR1) have been
associated with tumor progression.(9) Lysyl oxidase (LOX) is a
copper-containing amine oxidase that catalyzes the cross-linking
collagen and elastin, and plays an important role in maintaining
homeostasis in the extracellular matrix (ECM). However, accumu-
lated evidence has implicated LOX in tumor metastasis.(10) In the

tumor microenvironment, LOX regulates EMT molecules, such
as snail and twist,(11–13) and creates pre-metastatic niches by
increasing the stiffness of tissue. Accordingly, elucidating the
molecular mechanisms governing LOX expression may clarify
the pathological biochemistry of metastasis.(14)

Epigenetics is generally referred to as a mitotically heritable
change in gene expression without any change in DNA sequencing.
Epigenetics, DNA methylation and histone modifications, is
associated with tumor progression through the silencing of tumor
suppressor genes and promotion of oncogenes.(15,16) A recent
study reported that the polarization of M2-like macrophages was
closely related to epigenetics, and, the histone demethylase, Jmjd3,
in particular, plays a critical role in this process.(17) In order to
identify the relationship between LOX expression and epigenetics,
we investigated the mechanisms of LOX expression in M2-like
macrophages as an aspect of epigenetic factors.

Materials and Methods

Reagents. 12-O-tetradecanoylphorbol-13-acetate (TPA), a
Jmjd3 inhibitor (GSK-J4), and actinomycin D (ActD) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Interleukin (IL)-4 and IL-13 were purchased from
PeproTech (Rocky Hill, NJ). b-Aminopropionitrile (BAPN) and
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (A6154)
and -mouse IgG (A4416) were purchased from Sigma Aldrich
Co. (St. Louis, MO). Anti-LOX (#58135) and anti-histone H3 tri-
methylation at lysine 27 (H3K27me3) (#9733) rabbit monoclonal
antibodies were purchased from Cell Signaling Technology
(Danvers, MA). An anti-actin (MAB1501) mouse monoclonal
antibody was purchased from Millipore Co. (Billerica, MA).
Trans IT-LT1 (MIR2300) was purchased from Mirus Bio LLC.
(Madison, WI). The TRI reagent was purchased from Molecular
Research Center Inc. (Cincinnati, OH).

Cell culture. Human leukemic THP-1 cells were cultured in
RPMI 1640 medium containing 10% (v/v) heat-inactivated fetal
calf serum (FCS), 100 units/ml penicillin, and 100 mg/ml strepto-
mycin. Human breast cancer MDA-MB-231 cells were cultured in
DMEM (D6429, Sigma-Aldrich Co.) containing 10% (v/v) FCS,
100 units/ml penicillin, and 100 mg/ml streptomycin. Cells were
maintained at 37°C in a humidified 5% CO2 incubator. THP-1 cells
were differentiated into M0 macrophages with TPA (100 nM)
for 24 h. M0 macrophages were differentiated into M2-like
macrophages by incubating them with IL-4 (20 ng/ml) and IL-13
(20 ng/ml) for 24 h.
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Reverse transcription�polymerase chain reaction (RT�PCR)
analysis. Cells were washed with ice-cold phosphate-buffered
saline (PBS) and total RNA was extracted with 1 ml TRI reagent.
The synthesis of cDNA was performed using the ReverTra Ace®

qPCR RT kit (Toyobo, Osaka, Japan) according to the manufac-
turer’s protocol. Quantitative RT-PCR was performed by the
methods using ThunderbirdTM SYBR qPCR Mix (Toyobo) as
described in our previous study.(18) The primer sequences used in
the present study were as follows: LOX, sense 5'-CCT ACT ACA
TCC AGG CGT CCA-3'; antisense 5'-CAT AAT CTC TGA CAT
CTG CCC CTG T-3': arginase-1, sense 5'-TCA TCT GGG TGG
ATG CTC ACA C-3'; antisense 5'-GAG AAT CCT GGC ACA
TCG GGA A-3': CD206, sense 5'-AGC CAA CAC CAG CTC
CTC AAG A-3'; antisense 5'-CAA AAC GCT CGC GCA TTG
TCC A-3': 18S rRNA, sense 5'-CGG CTA CCA CAT CCA AGG
AA-3'; antisense 5'-GCT GGA ATT ACC GCG GCT-3'.

Histone preparation. Core histone was isolated from macro-
phages as described below. After cells had been treated, they were
lysed in extraction buffer [0.1 M Tris-HCl, pH 7.5, containing
0.15 M NaCl, 1.5 mM MgCl2, 0.65% NP-40, 10 mM NaF, 1 mM
Na3VO4, 20 mM b-glycerophosphate, 1 mM dithiothreitol (DTT),
and 1 mM phenylmethanesulfonyl fluoride (PMSF)]. After
centrifugation at 13,200 ´ g for 10 s, the pellets were mixed with
0.2 M H2SO4 followed by centrifugation at 13,200 ´ g for 20 min.
The supernatant was mixed with 100% trichloroacetic acid and
centrifuged at 13,200 ´ g for 20 min. Pellets were washed with
acetone and centrifuged again at 13,200 ´ g for 5 min. The
remaining histone was dissolved in sodium dodecyl sulfate (SDS)
buffer (0.45 M Tris-HCl, pH 8.8 containing 2% SDS, 6% 2-
mercaptoethanol, and 0.01% bromophenol blue).

Western blotting. Whole cell extracts were prepared in
radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCl, pH 8.0, containing 150 mM sodium chloride, 0.5% sodium
deoxycholate, 0.1% SDS, 0.1 mM NaF, 1 mM Na3VO4, 20 mM b-
glycerophosphate, 5 mg/ml leupeptin, 1 mM DTT, 1 mM PMSF,
and 1% NP-40). After centrifugation at 14,000 ´ g for 10 min, the
protein concentration of the resulting supernatant was measured
with the Bio-Rad protein assay (BioRad, Hercules, CA). Whole
cell protein extracts protein or histone extracts were boiled with
SDS sample buffer, separated by SDS-PAGE, and transferred
electrophoretically onto PVDF membranes. The membranes were
then incubated with the respective specific primary antibodies
(1:1,000). The blots were incubated with HRP-conjugated
antibodies (1:5,000). Bands were detected using SuperSignalTM

West Pico Plus (Thermo Scientific, Rockford, IL) or ImmunoStar®

LD, and imaged using a Chemi Doc Touch Imaging System
(BioRad, Hercules, CA).

Chromatin immunoprecipitation (ChIP) assay. ChIP assays
were performed as described in our previous study with minor
modifications.(19) Sheared genomic DNA was immunoprecipitated
with primary antibodies overnight, and this was followed by an

incubation with Dynabeads® Protein G (Invitrogen, Carlsbad) for
2 h. The abundance of lox promoter regions in ChIP precipitates
was quantified using a PCR analysis with Taq DNA polymerase
(Toyobo). The primer sequences used in the ChIP assay were as
follows: sense 5'-TGG CAT TGC TTG GTG GAG A-3', antisense
5'-TTT TGC CAG ATT GAC CCC G-3' (141 bp). After amplifi-
cation, these PCR products were loaded onto a 2% (w/v) agarose
gel for electrophoresis and visualized using FLA5100 (Fuji Film,
Tokyo, Japan). A densitometric analysis of PCR products was
performed with Multi-Gauge ver. 3.0 (Fuji Film, Tokyo, Japan).

Transwell migration assay. MDA-MB-231 cell invasion
was evaluated by a 24-well transwell co-culture system (Corning,
Corning, NY) with an 8-mm-pore polycarbonate filter membrane.
THP-1 cells (5 ´ 105 cells/well) were added to the lower chamber
and cultured with 100 nM TPA for 24 h. After the incubation, M0
macrophages were differentiated into M2-like macrophages in
the presence or absence of GSK-J4 (10 mM). After differentiation,
MDA-MB-231 cells (1 ´ 104 cells/well) were added to the upper
chamber, and were co-cultured for 24 h with or without BAPN
(500 mM). MDA-MB-231 cells inside the chamber were removed
by cotton swabs and the cells passing through the membrane of
the upper chamber were stained with 0.5% crystal violet and
evaluated under a microscope.

Statistical analysis. Data are expressed as the means ± SE
of three independent experiments. Statistical evaluations of data
were performed using ANOVA followed by post hoc Bonferroni
tests. A p value less than 0.05 was considered to be significant.

Results

Confirmation of THP�1 cell differentiation into M2�like
macrophages. To examine the expression of LOX in mono-
cytic THP-1 cell-derived M2-like macrophages, we initially
investigated the expression of the M2-like macrophages differen-
tiation markers, arginase-1 and CD206.(20) THP-1 cell-derived
M2-like macrophages were prepared by the treatment with TPA
for 24 h (M0 macrophages), and a subsequent treatment with IL-4
and IL-13 for the indicated times. As shown in Fig. 1, the expres-
sion of arginase-1 and CD206 was significantly increased.

Expression of LOX in M2�like macrophages. We investi-
gated the expression of LOX in M2-like macrophages. As shown
in Fig. 2A and B, LOX mRNA and protein levels significantly
increased in M2-like macrophages in a time-dependent manner.
We then examined whether the induction of LOX is regulated at
the transcription level using actinomycin D (ActD), an RNA
polymerase inhibitor. As expected, the induction of LOX in M2-
like macrophages was completely suppressed in the presence of
ActD (Fig. 2C).

H3K27me3 levels contribute to LOX expression in M2�like
macrophages. Considerable evidence has indicated that epi-
genetic gene modifications significantly contribute to tumorigenesis

Fig. 1. Confirmation of THP�1 cell differentiation into M2�like macrophages. THP�1 cells were incubated with TPA (100 nM) for 24 h (M0
macrophages), and then treated with IL�4 and IL�13 (20 ng/ml each) for the indicated times. After the treatment, the expression of M2 markers was
detected by real�time RT�PCR (n = 3) (*p<0.05, **p<0.01 vs 0 h). Graphs show data as the mean ± SD.
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and tumor progression.(15,16) In previous studies, the Jmjd3-mediated
demethylation of histone H3 tri-methylation at lysine 27
(H3K27me3) was associated with differentiation into M2-like
macrophages.(17) To confirm whether H3K27me3 correlates with
the induction of LOX in M2-like macrophages, we investigated
H3K27me3 levels in M2-like macrophages. As shown in Fig. 3A,
H3K27me3 levels significantly decreased in M2-like macro-
phages. Moreover, the decrease in H3K27me3 levels was
suppressed in the presence of GSK-J4, an inhibitor of Jmjd3,
suggesting that Jmjd3 plays a key role in differentiation-mediated
H3K27 demethylation. We then investigated the effects of
GSK-J4 on LOX expression. As expected, LOX mRNA and
protein induction were significantly suppressed in the presence
of GSK-J4 (Fig. 3B and C). Additionally, our ChIP results clearly
indicated that the level of H3K27me3 within the lox promoter was
decreased by the treatment with IL-4 and IL-13, and its decrease
was recovered in the presence of GSK-J4 (Fig. 3D).

LOX derived from M2�like macrophages promotes human
breast cancer cell MDA�MB�231 migration. We investigated
whether LOX derived from M2-like macrophages promotes
cancer cell migration. To assess the involvement of LOX in
human breast cancer MDA-MB-231 cell migration, we used the
LOX-specific inhibitor, BAPN. As shown in Fig. 4, the number of
MDA-MB-231 migrating cells which co-cultured with M2-like
macrophages increased. A pre-treatment with GSK-J4 or BAPN
suppressed the number of migrating cells.

Discussion

M2-like macrophages accumulate in the tumor microenviron-
ment, and this has been correlated with a poor patient outcome.(3)

Accumulated evidence revealed that stromal cells and tumor cells
release factors that promote metastasis, such as TGF-b and
MMPs.(21,22) TGF-b has the potential to promote the EMT process
and facilitate tumor cell progression in several tumors.(23,24) We
previously reported that the oxidative stress-mediated EMT
process plays a critical role in breast cancer progression.(25) On
the other hand, decomposition of the basal membrane by MMPs
induces tumor cell migration from a primary tumor site to a meta-
static site,(26) indicating that MMPs play a key role in tumor
metastasis. The induction of MMP2 and MMP9 expression was
significantly stronger in M0 macrophages than monocytes
(unpublished data), but was not significantly different between
M2-like macrophages and M0 macrophages (data not shown).
Therefore, other factors may be contributing to M2-like macro-
phage-derived tumor progression.

Copper, an essential micronutrient, plays an important role in
physiological processes including wound repair and angio-
genesis.(27,28) Since copper may exist in oxidized and reduced
states in the body, this metal have functions as co-factor in redox
enzymes.(29) We previously reported that the loss of superoxide
dismutase 3, a copper-containing secretory antioxidant enzyme,
may result in the accumulation of intracellular ROS in tumor
cells, and ultimately exacerbate tumor progression.(30) Copper is
also required for characteristic phenomena involved in cancer

Fig. 2. Increasing LOX expression following differentiation into M2�like macrophages. (A and B) M0 macrophages were treated with IL�4 and IL�13
(20 ng/ml each) for the indicated times. The expression of LOX was detected by real�time RT�PCR (n = 3) and Western blotting (n = 3) (*p<0.05,
**p<0.01 vs 0 h). (C) M0 macrophages were pre�treated with or without ActD (2 ng/ml) for 30 min before the treatment with IL�4 and IL�13 (20 ng/ml
each). After the treatment, LOX expression was detected by real�time RT�PCR (n = 3) (**p<0.01). Graphs show data as the mean ± SD.
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progression such as proliferative immortality, angiogenesis, and
metastasis.(31) Cancer tissues and the sera of cancer patients have
been shown to contain elevated copper levels,(32) suggesting that a
copper imbalance facilitates tumor progression. LOX, a copper-
containing enzyme, cross-links the ECM to create pre-metastatic
niches to which bone marrow-derived and tumor cells are
recruited.(33) In the present study, we examined the significant
induction of LOX in THP-1 cell-derived M2-like macrophages
(Fig. 2A and B), which are accompanied by the induction of
CD206. Additionally, our results clearly indicated that BAPN
suppressed M2-like macrophage-derived breast cancer cell migra-
tion (Fig. 4). This result is consistent with previous findings
showing that BAPN suppresses hypoxia-induced tumor cell

metastasis.(34) Therefore, LOX appears to play an important role
in M2-like macrophage-derived tumor progression.

Epigenetics are essential for the development and maintenance
of gene expression in mammals. Along with epigenetic alterations,
epigenetic abnormalities may be induced, which are closely
involved in tumorigenesis and tumor progression.(15) The pro-
moters of various tumor suppressor genes, including Rb and
BRCA1, are methylated in ovarian carcinoma.(35–37) Histone
modifications, particularly, alternations in H3K27 methylation
patterns contribute to aberrant genes, such as PD-1 and CTLA-4,
in various tumors.(38) For example, H3K27 methyltransferase is
overexpressed in breast cancer.(39) On the other hand, several
histone lysine demethylases including Jmjd3, are up-regulated in

Fig. 3. H3K27me3 levels contribute to LOX expression in M2�like macrophages. (A) M0 macrophages were pre�treated with or without GSK�J4
(10 mM) for 30 min. Cells were then treated with IL�4 and IL�13 (20 ng/ml) for 4 h. Histone was extracted from cells, and the expression of H3K27me3
was detected by Western blotting (n = 3) (*p<0.05). (B and C) LOX mRNA and protein expression levels in M2�like macrophages pre�treated with or
without GSK�J4 were assessed using real�time RT�PCR (n = 3) and Western blotting (n = 3) (*p<0.05). (D) H3K27me3 levels within the lox promoter
region of M2�like macrophages were detected by a ChIP assay (n = 3) (*p<0.05). Graphs show data as the mean ± SD.
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prostate cancer.(40) These enzymes cooperatively regulate to
promote oncogenes and attenuate tumor suppressor genes in
malignant cancer. Based on a previous study in which macrophage
differentiation into the M2 type is regulated by Jmjd3-mediated
H3K27 demethylation,(17) we investigated the involvement of
Jmjd3 in LOX induction in M2-like macrophages. As expected,
the induction of LOX was significantly suppressed in the presence
of GSK-J4, an inhibitor of Jmjd3 (Fig. 3B and C), and this was
accompanied by H3K27 demethylation within the lox promoter
region (Fig. 3D). These results suggest that Jmjd3-mediated
H3K27 plays a key role in the induction of LOX in THP-1 cell-
derived M2-like macrophages.

In the present study, we identified the expression of LOX in
M2-like macrophages in terms of epigenetic regulation. We also
demonstrated that LOX derived from M2-like macrophages
promoted breast cancer cell migration. One approach in anti-
metastatic therapies to prevent LOX expression by M2-like
macrophages may be its inhibition by H3K27 demethylase. We
have not yet identified a transcription factor that governs the
induction of LOX in M2-like macrophages; therefore, further
experiments are needed to elucidate the exact molecular mecha-
nisms involved in LOX expression in M2-like macrophages.
Overall, the present results will contribute to our understanding of
the role of epigenetics in LOX expression as well as the physio-
logical role of LOX in tumor metastasis.
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SDS sodium dodecyl sulfate
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Fig. 4. LOX derived from M2�like macrophages promotes human breast cancer cell MDA�MB�231 migration. THP�1 cells were seeded in the lower
chamber and incubated with 100 nM TPA for 24 h. After the incubation, M0 macrophages were pre�treated with or without GSK�J4 for 30 min,
and then treated with IL�4 and IL�13 (20 ng/ml each) for 24 h. MDA�MB�231 breast cancer cells (1 ´ 104 cells/well) were seeded in the upper chamber,
co�cultured with macrophages for 24 h with or without BAPN (500 mM), and the migratory effects of LOX were then evaluated. Migrated cells
were stained and counted under a microscope (n = 3) (*p<0.05 vs M0 macrophages, #p<0.05 vs untreated M2�like macrophages). The scale bar
shows 100 mm.
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