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Abstract 

Tumor-associated macrophages (TAMs) promote cancer development and progression by 
releasing various cytokines and chemokines. Previously, we have found that the number of 
COX-2+ TAMs was associated with lymph node metastasis in breast cancer. However, the 
mechanism remains enigmatic. In this study, we show that COX-2 in breast TAMs enhances the 
metastatic potential of breast cancer cells. COX-2 in TAMs induces MMP-9 expression and 
promotes epithelial-mesenchymal transition (EMT) in breast cancer cells. In addition, COX-2/PGE2 
induces IL-6 release in macrophages. Furthermore, we find that the activation of Akt pathway in 
cancer cells is crucial for the pro-metastatic effect of COX-2+ TAMs by regulating MMP-9 and 
EMT. These findings indicate that TAMs facilitate breast cancer cell metastasis through 
COX-2-mediated intercellular communication. 
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Introduction 
Tumor associated macrophages (TAMs) are 

known to be an important component of tumor 
microenvironment, which promote tumor growth, 
angiogenesis, and metastasis through releasing 
various factors for cancer progression [1,2]. 
Macrophages have a tremendous plasticity and 
change their functional profiles repeatedly in 
response to different environmental stimuli. When 
exposed to lipopolysaccharides and IFN-γ, 
macrophages are polarized to M1 macrophages. 
Conversely, when exposed to Th2 cytokines such as 
IL-4 and IL-13, they are polarized to M2 macrophages. 
Compared with M1 macrophages, M2 macrophages 
do not produce proinflammatory mediators such as 
TNF-α, IL-1β and IL-12/23, but express high levels of 

immunosuppressive cytokines such as IL-10 and 
TGF-β, high arginase-1 activity and specific surface 
markers such as CD163 and CD206. Generally, 
macrophages at early stages of tumor initiation show 
an M1 phenotype which exerts strong tumoricidal 
activities, while TAMs in established tumors show an 
M2 phenotype that enhances tumor progression and 
accelerates tumor aggressiveness [3,4]. 

Cyclooxygenase-2 (COX-2) is the rate-limiting 
enzyme in the metabolic conversion of arachidonic 
acid (AA) into various prostaglandins (PGs) including 
prostaglandin E2 (PGE2). COX-2 over-expression has 
been found in many malignancies including breast 
cancer, which contributes to carcinogenesis by 
inducing cancer cell proliferation, inhibiting 
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apoptosis, and increasing metastasis [5,6]. 
Furthermore, COX-2 plays an essential role in linking 
inflammation and immunity to cancer [7,8]. COX-2 
over-expression in tumor microenvironment, 
particularly in macrophages, enhanced tumor 
progression in melanoma or prostate cancer [9,10]. In 
our previous study, we showed that COX-2 in TAMs 
promoted breast cancer cell survival by triggering a 
positive-feedback loop between macrophages and 
cancer cells. COX-2 in TAMs induced the expression 
of COX-2 in breast cancer cells, which in turn 
promoted M2 macrophage polarization. Moreover, 
high COX-2 expression in TAMs correlated with poor 
prognosis in breast cancer patients. The number of 
COX-2+ TAMs was associated with lymph node 
metastasis [11]. These findings suggest that COX-2 in 
TAMs has an important influence on breast cancer 
metastasis, which needs further investigation. In this 
study, we continue to investigate the contribution of 
COX-2 in TAMs to breast cancer metastasis, and to 
explore the mechanisms underlying the process. The 
results suggest that TAMs facilitate breast cancer cell 
metastasis through COX-2-mediated intercellular 
communication that involves IL-6 secretion from 
macrophages and activation of the Akt pathway in 
cancer cells. 

Materials and methods 
Generation of macrophages or tumor 
associated macrophages 

Mononuclear cells from the blood of healthy 
donors were incubated in 6-well plates for 2 hours at 
37°C to remove non-adherent cells. The adherent 
monocytes were incubated for 7 days in medium with 
M-CSF to become normal macrophages 
(monocyte-derived macrophages, MDMs). MDMs 
were co-cultured with malignant MDA-MB-231 breast 
cancer cells for an additional 7 days to generate tumor 
associated macrophages (TAMs) [12].  

Adenovirus infection 
The adenovirus expressing empty Ad-Easy1 

vector, COX-2, Akt1, scrambled siRNA or siRNA 
COX-2 or Akt1 was used following the procedure 
described previously [11]. In addition to the 
expression of transgenes, the adenovirus expressing 
system also expressed RFP as a marker for monitoring 
transfection efficiency. A series of infections using 
various dilutions of adenovirus were conducted to 
determine the optimal multiplicity of infection (MOI) 
in which expression of target genes occurred with low 
cytotoxicity.  

Wound healing assay 
The cancer cells were cultured in 6-well plates in 

medium containing 10% FBS. When the cells were 
nearly confluent, the cell monolayer in each well was 
carefully scratched with a plastic pipette tip to create a 
linear “wound”. The monolayer was washed twice 
with PBS to remove debris and detached cells, and the 
cells were then exposed to serum-free medium for 12 
h. The wound closure was monitored and 
photographed using a microscope fitted with a Leica 
camera. By comparing the images from when the 
wound was generated to the last time point (12 h), the 
degree of wound closure was then quantitatively 
evaluated using Image-Pro Plus software. Four fields 
from each well were documented, and each 
experiment was performed in triplicate. 

Cell invasion assay 
The cancer cell invasion assay was conducted 

with transwell membranes (8 μm,  pore size, 24-well 
plate, BD Biosciences, Billerica, MA, USA). The 
transwell membranes were first coated with 100 μl 
Matrigel matrix (1 mg/ml, BD Biosciences). Cells 
suspended in serum-free medium were added to the 
upper wells (20000 cells/well), while 
migration-inducing medium (with 10% FBS) was 
added to the lower wells. After 24 h, the top surface of 
the chambers was scraped clean with a cotton swab. 
The cells on the lower surface of the membranes were 
fixed for 15 min with methanol and then stained with 
Giemsa solution. Completed transmigration was 
evaluated by microscopy. Four random fields per 
filter were scanned for the presence of cells on the 
lower side of the membrane. 

Human MMP antibody array 
The expression profile of MMP-related proteins 

was analyzed using a human MMP array kit 
(AAH-MMP-1, RayBiotech, Inc., Norcross, GA, USA), 
which contains duplicate spots of 10 MMP-related 
proteins (Figure 2A). Briefly, each captured antibody 
was printed on the membrane, and then treated or 
untreated cell lysate was added to the antibody array 
membranes. After extensive washing, the membranes 
were incubated with a cocktail of biotin-conjugated 
antiapoptotic protein antibodies. After incubation 
with HRP-streptavidin, the signals were visualized by 
chemiluminescence. The relative expression levels of 
target proteins were determined by comparing the 
signal intensities quantified by densitometry. A 
positive control was used to normalize the results 
from the different membranes. 

Western blot 
Cell lysate was prepared according to the 

method described by the protein extract kit (Active 
Motif Company, Carlsbad, USA). Protein 
concentrations were determined by BCA protein 
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assay kit (Pierce Biotechnology Inc, Rockford, USA). 
Cell lysate was analyzed for western blot analysis 
using COX-2 (Cell Signaling Technology, Inc., 
Danvers, MA, CST #12282), MMP-9 (CST #13667), 
E-cadherin (CST #3195), Vimentin (CST #5741), 
N-cadherin (CST #13116), Snail (CST #3879), 
phosphor(p)-Akt (CST #4060) plus β-actin (Abcam 
Inc., Cambridge, MA, ab8226). Antibody binding was 
visualized with an ECL chemiluminescence system 
and short exposure of the membrane to X-ray films 
(Kodak, Japan). Densitometric analysis was done 
using Image Pro-Plus software and normalized to 
β-actin. 

Active human MMP-9 fluorescence assay 
MMP-9 activity was quantified using an 

ELISA-based activity assay (F9M00, R&D systems, 
Inc., Minneapolis, MN, USA) according to the 
manufacturer’s instructions. Briefly, the cell culture 
supernatants and standards were incubated for 2 h at 
room temperature in 96-well plates coated with 
monoclonal antibodies for MMP-9, then chemically 
activated with p-aminophenylmercuric acetate. After 
incubation for another 2h at 37 ℃, a fluorogenic 
substrate was added to each well, and the plate was 
incubated at 37 ℃ for 20 h in dark humidified 
environment. The plate was then read on a 
spectrophotometer with excitation and emission 
wavelengths of 320 and 405, respectively. The data 
were quantified using standard curves generated 
from reagents provided with the kit. 

Indirect immunofluorescence analysis 
For the immunofluorescence experiments in cell 

lines, the cells were prepared and analyzed under a 
fluorescence microscope (Leica DM IRB) as described 
previously [13]. Briefly, the cells were incubated with 
a primary antibody to E-cadherin or Vimentin (Cell 
Signaling Technology, Inc.) and then with the 
DyLight 549 or DyLight 488 antirabbit IgG secondary 
antibody (CWBiotech, Beijing, China). The cells were 
then counterstained with DAPI and imaged with a 
fluorescence microscope (Leica DM IRB). For the 
immunofluorescence experiments in clinical samples, 
paraffin embedded tissues were prepared and 
analyzed under fluorescence microscope following 
the procedure described previously. Briefly, samples 
were incubated with primary mouse antibody against 
CD163 and rabbilt antibody against COX-2, and then 
incubated with DyLight 488 against mouse IgG or 
DyLight 549 secondary antibody against rabbit IgG 
(Cwbiotech, Beijing, China). Cells were then 
counterstained with DAPI and imaged with the 
fluorescence microscope. 

Clinical data collection 
Breast cancer tissue microarrays 

(HBre-Duc170Sur-01, Outdo Biotech Co., Shanghai, 
China) include primary breast carcinoma samples 
from 160 patients with a median age of 53 years and a 
median follow-up period of 118 months at the 
hospitals in central China, which are the same with 
our previous study [11]. Every sample dot with a 
diameter of 1.5 mm and a thickness of 4 µm was 
prepared according to a standard method. All 
samples were collected with informed consent from 
patients, and all related procedures were performed 
with the approval of ethics boards of the indicated 
hospitals. 

EIA  
The levels of PGE2 in macrophages were 

determined by EIA using human EIA Kits, according 
to the manufacturers’ instruction (Cayman Chemicals 
Co., Ann Arbor, MI, USA).  

ELISA  
The levels of IL-6 in macrophages were 

determined by ELISA using human ELISA Kits, 
according to the manufacturers’ instruction (R&D 
Systems, Minneapolis, MN, USA).  

Animal experiments 
All the animal studies were approved by the 

Animal Ethics Committee of Chongqing Medical 
University. 5-Week old severe combined 
immunodeficiency (SCID) hairless female mice were 
purchased (Institute of Laboratory Animal Science, 
Chinese Academy of Medical Science, Beijing, China) 
and randomly divided into four groups of 10 mice 
each. All the mice were housed according to the 
national and institutional guidelines for humane 
animal care. Macrophages in mice were depleted by 
injection of freshly prepared clodronate-containing 
liposomes as described [14]. At 6 weeks of age, the 
mice were injected subcutaneously on the right rear 
flanks with 4T1 cells that were prior admixed with 
COX-2 over-expression, COX-2 knockdown or 
wild-type RAW264.7-derived TAMs, respectively. 
Body weights were monitored weekly as an indicator 
of overall health. After 4 weeks, the mice were 
euthanized via CO2 asphyxiation. Tumors were then 
removed, weighed, and sent for 
immunohistochemistry (IHC) analysis. 

IHC 
The same tumor tissues from our previous study 

[11] were fixed in 4% formaldehyde solution (pH 7.0) 
and subsequently embedded in paraffin. 
Immunohistochemical studies were performed using 
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the standard streptavidin-peroxidase (SP) method 
with the UltraSensitive TM SP Kit (Maixin-Bio, Fujian, 
China) according to the manufacturer's instructions. 
Tumor specimens were stained using MMP-9, 
E-cadherin or Vimentin antibodies. Negative control 
was performed by replacing the primary antibody 
with PBS. Immunostained slides were blindly 
evaluated by a trained pathologist under a 
transmission light microscope. 

Statistical analysis 
All statistical analysis was done using SPSS 18.0 

software. The data in cell experiments were presented 
as the mean values±standard deviation (SD). All 
statistical analysis was performed using the Student’s 
t-test or one-way ANOVA followed by Tukey post 
hoc test. Pearson’s correlation and regression analysis 
was performed to assess the relationship between 
COX-2+ TAMs and Vimentin in the enrolled samples. 
Differences were considered significant when the p 
values were 0.05. 

Results 
High COX-2 expression in TAMs promotes 
breast cancer cell migration and invasion 

TAMs were established by in vitro co-culture of 
normal monocyte-derived macrophages (MDMs) 
with breast cancer cells for 7 days [11]. In order to 
evaluate the effect of COX-2 in breast TAMs on the 
metastatic potential of breast cancer cells, TAMs were 
first transfected with adenoviral COX-2 or siRNA 
COX-2 (Figure 1A), and then co-cultured with 
different breast cancer cell lines (MCF-7 and 
MDA-MB-468) for 7 days. The metastatic potential of 
breast cancer cells were measured by wound-healing 
assays and transwell invasion assays. We found that 
TAMs promoted the metastatic potential of cancer 
cells, which was enhanced by COX-2 over-expression, 
but attenuated by COX-2 knockdown in TAMs 
(Figure 1B-1C). Furthermore, it was also shown that 
over-expression of COX-2 in MDMs promoted the 
invasive ability of breast cancer cells while normal 
MDMs inhibited it, suggesting COX-2 might reverse 
the antitumor activity of MDMs (Figure 1D). 

 
Figure 1. COX-2 in TAMs promotes migration and invasion of breast cancer cells. (A) The expression of COX-2 in TAMs transfected with adenoviral COX-2 or 
siRNA COX-2 was checked by western blot. β-actin was used as an internal loading control. The blots shown are representative of six independent experiments. (B) For the 
wound healing assay, confluent monolayers of MCF-7 and MDA-MB-468 cells co-cultured with or without (Alone) TAMs transfected with adenoviral COX-2 or siRNA COX-2 
for 7 days were scarred. The migration of the cells into the wound zone was monitored by microscopy over a 12-h period. The upper panel shows the wound healing assay in 
MCF-7 cells. White lines indicate the scraped zone. (C) and (D) The transwell invasion assay. After MCF-7 and MDA-MB-468 cells were co-cultured with or without (Alone) 
TAMs (C) or MDMs (D) transfected with adenoviral COX-2 or siRNA COX-2 for 7 days, the cells that migrated to the lower chamber or invaded through the Matrigel were 
fixed, stained, and counted using a light microscope. Four random fields per filter were scanned for the presence of cells on the lower side of the membrane. The upper panel 
shows the cell invasion assay in MCF-7 cells (original magnification, ×100). All experiments were performed thrice in triplicate. The data are presented as the mean ± SD. *p < 
0.05 and **p < 0.01 (versus Alone group). 
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Figure 2. COX-2 in TAMs induces MMP-9 expression in breast cancer cells. (A) Template showing the location of the MMP/TIMP antibodies spotted onto the RayBio 
Human MMP Array Kit. POS: positive; NEG: negative. (B) TAMs-induced modulation of MMP/TIMP proteins in MCF-7 cells. After MCF-7 cells were co-cultured with or without 
TAMs for 7 days, the cell lysate was applied to the antibody array. The pixel density was measured, and the data are presented as ratios (compared to the Alone). Protein 
exhibiting a ratio＞2 is indicated with black box. (C) MMP-9 expression in MCF-7 and MDA-MB-468 cells co-cultured with or without (Alone) TAMs for 7 days was assessed by 
Western blot. β-actin was used as an internal loading control. The blots shown are representative of six independent experiments. (D) MMP-9 expression in MCF-7 and 
MDA-MB-468 cells co-cultured with or without (Alone) TAMs transfected with adenoviral COX-2 or siRNA COX-2 for 7 days was assessed by Western blot. β-actin was used 
as an internal loading control. The blots shown are representative of six independent experiments. (E) MMP-9 activity in supernatant collected from different cancer cells was 
detected using an active human MMP-9 fluorescence assay. The experiments were performed thrice in triplicate. The data are presented as the mean ± SD. **p < 0.01 (versus 
Alone group). 

 

COX-2 in TAMs regulates MMP-9 expression 
in breast cancer cells 

Matrix metalloproteinases (MMPs) and tissue 
inhibitors of metalloproteinases (TIMPs), which 
function in remodeling the extracellular matrix 
(ECM), are closely implicated in tumor invasion and 
metastasis [15]. To elucidate whether or which 
MMPs/TIMPs were involved in TAMs-mediated 
cancer cell migration and invasion, human MMPs 
arrays were performed in MCF-7 breast cancer cells 
(Figure 2A). As shown in Figure 2B, MMP-9 was 
significantly up-regulated by TAMs, which was also 
confirmed by Western blot. Similarly, increased 
MMP-9 expression and activity were observed in 
MDA-MB-468 cells co-cultured with TAMs (Figure 
2C-2E). Furthermore, COX-2 over-expression in 

TAMs enhanced MMP-9 expression in breast cancer 
cells, while inhibiting COX-2 by siRNA suppressed 
this effect (Figure 2D-2E). 

COX-2 in TAMs induces EMT in breast cancer 
cells 

It has been shown that epithelial-mesenchymal 
transition (EMT) plays a critical role in promoting 
metastasis in cancer [16]. TAMs were reported to 
induce EMT in pancreatic cancer or hepatocellular 
carcinoma through different signal pathways [17]. In 
order to identify whether COX-2 in TAMs affect the 
EMT in breast cancer cells, EMT markers were 
measured by Western blot. We found that TAMs 
inhibited the expression of epithelial marker 
E-cadherin and enhanced the expression of 
mesenchymal markers including Vimentin, 
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N-cadherin and Snail in breast cancer cells (Figure 
3A). Indirect immunofluorescence analysis also 
showed that TAMs reduced E-cadherin expression 
and increased Vimentin expression in MCF-7 and 
MDA-MB-468 breast cancer cells (Figure 3B). Ectopic 
COX-2 expression in TAMs significantly reinforced, 
while inhibiting COX-2 in TAMs attenuated, this 
process (Figure 3C). Consistently, based on our breast 
tissue array, there was also a significant positive 
correlation between COX-2+ TAMs and the 
mesenchymal marker Vimentin in breast cancer 
tissues (Figure 3D). 

COX-2 induces PGE2 and IL-6 release from 
TAMs 

Our previous study showed that COX-2 was 
essential for the induction and maintenance of M2 
polarity in TAMs, which suggested that COX-2 in 
TAMs might promote cancer progression by inducing 
various tumor-related cytokines [11]. As the key 
factor of the COX-2 pathway, the level of secreted 
PGE2 was first checked (Figure 4A). Since IL-6 is 
closely involved in EMT and cancer metastasis, the 
effect of COX-2 on IL-6 release was then detected in 
our study [18]. We found that COX-2 not only 

induced the secretion of PGE2, but also enhanced the 
release of IL-6 in TAMs, while knockdown of COX-2 
suppressed the effect (Figure 4B). 

The activation of Akt pathway in breast cancer 
cells is essential for pro-metastatic effect of 
COX-2+ TAMs 

In our previous study, aberrant activation of the 
Akt pathway was closely implicated in COX-2+ 
TAMs-induced breast cancer cell survival [11]. 
Moreover, it was reported that activation of Akt 
pathway also enhanced cancer metastasis [19]. 
Therefore, the role of Akt pathway in COX-2+ 
TAMs-induced breast cancer metastasis was 
determined in this study. Blocking the Akt pathway in 
cancer cells restrained COX-2+ TAMs-induced 
metastatic potential of breast cancer cells (Figure 4C). 
Meanwhile, down-regulation of the Akt pathway 
resulted in the suppression of MMP-9 and EMT 
transcription factor Snail in breast cancer cells (Figure 
4D). Our studies strongly suggest that activation of 
the Akt pathway is closely involved in COX-2+ 
TAMs-induced pro-tumor activity in breast cancer 
cells. 

 

 
Figure 3. COX-2 in TAMs enhances TAMs-induced EMT in breast cancer cells. (A) EMT markers in MCF-7 and MDA-MB-468 cells were assessed by Western blot. 
β-actin was used as an internal loading control. The blots shown are representative of six independent experiments. (B) Immunostaining showed the downregulation of 
E-cadherin and upregulation of Vimentin in MCF-7 and MDA-MB-468 cells (original magnification: 400×). The nucleus is stained with DAPI (blue), E-cadherin is stained with 
DyLight 549 (red), and Vimentin is stained with DyLight 488 (green). The experiments were performed thrice in triplicate. The data are presented as the mean ± SD. **p<0.01 
(versus Alone group). (C) EMT markers in MCF-7 and MDA-MB-468 cells co-cultured with or without (Alone) TAMs for 7 days were assessed by Western blot. β-actin was used 
as an internal loading control. The blots shown are representative of six independent experiments. (D) Correlation of COX-2+ TAMs and Vimentin in breast cancer tissues (n 
= 160) was analyzed by Pearson’s correlation analysis. 
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Figure 4. COX-2 induces PGE2 and IL-6 release in macrophages and regulates MMP-9 and EMT by activating Akt pathway in breast cancer cells. (A) The 
level of PGE2 in MDMs or TAMs transfected with adenoviral COX-2 or siRNA COX-2 was detected by EIA. The experiments were performed thrice in triplicate. The data are 
presented as the mean ± SD. **p < 0.01. (B) The level of IL-6 in MDMs or TAMs transfected with adenoviral COX-2 or siRNA COX-2, or treated with PGE2 (1 μM) was detected 
by ELISA. The experiments were performed thrice in triplicate. The data are presented as the mean ± SD. **p < 0.01. (C) Inhibiting Akt1 in breast cancer cells attenuated cell 
invasion induced by COX-2 in TAMs. Breast cancer cells transfected with adenoviral siRNA Akt1 or Akt1 were co-cultured with or without (Alone) TAMs transfected with 
adenoviral COX-2 or siRNA COX-2. The transwell invasion assay was then carried out as described before. (D) Inhibiting Akt1 resulted in the suppression of MMP-9 and snail 
in breast cancer cells co-cultured with COX-2+ TAMs. The expression of related proteins in breast cancer cells was detected by Western blot. β-actin was used as an internal 
loading control, and the blots shown are representative of six independent experiments. 

COX-2 in TAMs regulates MMP-9 and EMT in 
vivo 

In our previous study, we showed that COX-2 in 
TAMs promoted breast cancer growth in a mouse 
xenograft model [11]. Based on this model, we also 
found that higher expression of MMP-9 and 
Vimentin, and lower expression of E-cadherin were 
observed in NOD/SCID mice injected with 4T1 
murine breast cancer cells/RAW264.7-derived TAMs, 
compared with that in mice only injected with 4T1 
cells. Consistent with those findings in vitro, 
significantly increased expression of p-Akt, MMP-9 
and Vimentin, and decreased expression of 
E-cadherin were also detected in the tumor specimens 
of mice injected with 4T1/COX-2+ TAMs, while an 
inverse result was obtained from that of mice injected 
with 4T1/COX-2- TAMs, compared with that of mice 
injected with 4T1/normal TAMs (Figure 5).  

 

Discussion 
Metastasis is a major cause of death in patients 

with malignant tumors. Accumulating studies 
showed that TAMs promoted the metastatic potential 
of cancer cells in many kinds of malignant tumors 
such as lung cancer, papillary thyroid cancer, prostate 
adenocarcinoma and breast cancer [20-23]. 
Controlling macrophages infiltration reduced the 
number of circulating tumor cells and inhibited tumor 
metastasis in animal models [23,24]. In addition, 
macrophages in tumor microenvironment are shown 
to add to the invasive hallmarks of cancer cells by 
secreting various cytokines (IL-8, CCL5, CXCL8, 
CXCL16, etc.) [21,23,25,26]. Our previous study 
showed that COX-2 overexpression in breast TAMs 
was associated with lymph node metastasis and poor 
prognosis in breast cancer patients [11]. In this study, 
we confirmed the contributions of COX-2 in TAMs to 
the metastatic potential of breast cancer cells. These 
studies indicate that COX-2 indeed exerts an 
important effect on the pro-tumor function of TAMs. 
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Figure 5. COX-2 in TAMs regulates p-Akt, MMP-9 and EMT in vivo. The animal model was constructed by injecting 4T1 cells alone or with RAW264.7-derived TAMs 
transfected with adenoviral COX-2 or siRNA COX-2 into the mammary fat pads of NOD/SCID mice. p-Akt, MMP-9, E-cadherin and Vimentin in the tumor tissues were 
evaluated by IHC (original magnification, ×400). The number of stained and unstained cells was counted to generate the percentage of positive cells in each group. All the data 
were presented as the mean ± SD, n = 10, *p < 0.05 and **p < 0.01. 
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As the principle enzymatic product, PGE2 plays 
a key role in the biological function of COX-2. 
COX-2/PGE2 enhances cancer invasion/metastasis 
via activating different downstream signal pathways 
[27,28]. However, our previous study demonstrated 
that PGE2 was not the only direct mediator involved 
in the pro-tumor effect induced by COX-2 in TAMs. 
COX-2 may also exert pro-tumor effect by causing 
TAMs to release pro-tumor cytokines through 
inducing and maintaining M2 macrophage polarity 
[11]. IL-6 is one of the important cytokines secreted by 
macrophages, particularly M2 macrophages [25,29]. 
Accumulating evidence suggests that IL-6 is able to 
promote cancer cell metastasis [30,31]. Here, we 
showed that COX-2 enhanced the release of IL-6 from 
macrophages, which suggested that COX-2 played a 
multi-faceted pro-tumor effect.  

During the metastatic cascades, cancer cells often 
invade normal tissues through degrading the 
basement membrane and connective tissues, while 
MMP/TIMP is closely involved in the process. It was 
reported that TAMs increased proliferation, 
migration, and MMP-2 and MMP-9 proteolytic 
activity in pancreatic cancer cells [32]. In addition, 
TAMs was also shown to increase invasion of human 
basal cell carcinoma (BCC) cells by activating COX-2 
and release of MMP-9 in BCC cells [33]. In our study, 
we confirmed that TAMs induced MMP-9 expression 
and activity in breast cancer cells. More importantly, 
we clarified that COX-2 in TAMs was an essential 
factor in regulating MMP-9 in cancer cells. As an 
important member of the MMPs family, MMP-9 
strongly promotes cancer development, invasion and 
metastasis. MMP-9 is overexpressed in breast cancer 
and regarded as an effective indicator of breast cancer 
prognosis [34-37]. Both of PGE2 and IL-6 were 
reported to enhance MMP-9 level, which may be the 
reason why COX-2+ TAMs induced higher MMP-9 
expression in breast cancer cells [38-41]. In addition to 
MMPs, EMT is also closely linked to breast cancer 
metastasis, and can be driven by macrophages in 
tumor microenvironment [17,42]. In this study, we 
confirmed the promotion of TAMs on EMT, and 
further found COX-2 in TAMs had a significant 
regulatory function on EMT in breast cancer cells. It 
has been proved that COX-2/PGE2 and IL-6 could 
induce EMT in human cancers, which strongly 
suggest that inducing the secretion of pro-metastatic 
cytokines from macrophages is closely involved in the 
pro-tumor effect of COX-2 in TAMs [43-45]. 

Numerous studies show that the Akt pathway is 
closely involved in cancer metastasis [19,46]. MMP-9 
has been considered as a potential downstream signal 
molecule of the Akt pathway. Some potential 
anticancer agents such as formononetin and 

piceatannol were shown to inhibit breast cancer cell 
invasion by suppressing MMP-9 through blocking the 
Akt pathway [47,48]. Moreover, the activation of Akt 
axis is also emerging as a central feature of EMT [49]. 
Studies including our previous study demonstrated 
that TAMs induced the activation of Akt pathway in 
cancer cells, as products secreted from TAMs served 
as the potential activators of this pathway [11,50,51]. 
Here, we further identified that the Akt pathway 
played a critical role in COX-2+ TAMs-induced cancer 
cell invasion by regulating MMP-9 and EMT process. 
PGE2 and IL-6 were reported to promote the 
metastatic potential of cancer cells via Akt pathway 
[52-55]. In addition, other cytokines such as TGF-β 
and IL-10, which can be released from M2 
macrophages, also have the ability to enhance cancer 
metastasis by sensitizing the Akt pathway [56,57]. 
These factors may all contribute to COX-2+ 
TAMs-mediated cancer cell invasion by modulating 
the Akt pathway in breast cancer cells. 

 

 
Figure 6. Proposed mechanism showing COX-2+ TAMs-mediated cell metastasis in 
breast cancer. 

 
In summary, our studies show that COX-2 in 

TAMs enhances the metastatic potential of breast 
cancer cells (Figure 6). As we mainly focused on the 
effect of COX-2+ TAMs on breast cancer cells, we did 
not continue investigating the reasons why high 
COX-2 was expressed in TAMs. In our study, we got 
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TAMs in vitro by co-culturing normal macrophages 
with malignant breast cancer cells. Therefore, the high 
expression of COX-2 in TAMs should be induced by 
the interaction between TAMs and cancer cells in our 
study. Furthermore, our previous study found that 
COX-2 in TAMs induced the expression of COX-2 in 
breast cancer cells, which in turn promoted M2 
macrophage polarization [11]. It might be one of the 
reasons why TAMs exert higher COX-2 expression. In 
addition, considering that TAMs are one type of 
stromal cells in the real tumor microenvironment, it is 
also possible that other components such as other 
stromal cells and various cytokines have potential 
effects on COX-2 expression in TAMs. Further 
investigations focusing on these questions are 
warranted in our future study. COX-2 is regarded as 
an essential factor linking inflammation and cancer. 
Clinical studies have noted that selective or 
non-selective COX-2 inhibition with COX-2 inhibitors 
or non-steroidal anti-inflammatory drugs (NSAIDs) 
have significant chemo-preventive effects on a wide 
variety of cancers [58,59]. Future studies focusing on 
COX-2 in the tumor microenvironment will help 
understand the detailed molecular mechanism 
involving COX-2 for improving anticancer therapy. 
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