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Identification of G-protein-coupled receptor 120 as a tumor-
promoting receptor that induces angiogenesis and migration
in human colorectal carcinoma
Q Wu1,2, H Wang1,2, X Zhao1, Y Shi1, M Jin1, B Wan1, H Xu1, Y Cheng1, H Ge1 and Y Zhang1

G-protein-coupled receptor 120 (GPR120) functions as a receptor for unsaturated long-chain free fatty acids and has an important
role in regulating lipid and glucose metabolism. However, a role for GPR120 in the development of tumors has not yet been
clarified. Here, we show that GPR120 signaling promotes angiogenic switching and motility of human colorectal carcinoma (CRC)
cells. We show that the expression of GPR120 is significantly induced in CRC tissues and cell lines, which is associated with tumor
progression. Activation of GPR120 signaling in human CRC promotes angiogenesis in vitro and in vivo, largely by inducing the
expression and secretion of proangiogenic mediators such as vascular endothelial growth factor (VEGF), interleukin-8 and
cyclooxygenase-2-derived prostaglandin E2. The PI3K/Akt–NF-kB pathway is activated by GPR120 signaling and is required for
GPR120 signaling-induced angiogenic switching in CRC cells. And, GPR120 activation enhances the motility of CRC cells and
induces epithelial–mesenchymal transition. Furthermore, in vivo study shows that activation of GPR120 promotes angiogenesis and
tumor growth. Finally, we find that GPR120 expression is positively correlated with VEGF expression and inversely correlated with
the epithelial marker E-cadherin in CRC tissues. Collectively, our results demonstrate that GPR120 functions as a tumor-promoting
receptor in CRC and, therefore, shows promise as a new potential target for cancer therapeutics.
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INTRODUCTION
Colorectal carcinoma (CRC) is one of the most common
malignancies and the major causes of cancer-related mortality
worldwide.1 Although the molecular mechanism of CRC has
become better understood in the past two decades, the prognosis
of CRC, especially in advanced cancer, has not been significantly
improved. Colorectal carcinogenesis is based on a sequence of
molecular events in enterocytes, including gene mutations,
epigenetic modifications and aberrant signaling in basic cellular
pathways. Thus, it is of great clinical value to identify potential
molecules for tumor-preventive strategies.
Dysregulated G-protein-coupled receptor (GPCR) expression

and dysregulation of GPCR signaling has been recognized as a
hallmark of cancer.2 Cancer cells may acquire the capacity for
autonomous and unregulated growth through abnormal,
enhanced expression of specific GPCRs on cell membranes. This
process may trigger a series of intracellular signals that ultimately
lead to the proliferation of cancer cells, induction of angiogenesis
and metastasis. Recently, several GPCRs identified as free fatty acid
receptors have emerged as key players in various physiological
homeostasis mechanisms. In particular, G-protein-coupled
receptor 120 (GPR120), which is the most enigmatic member of
this large family, has generated attention because of its potential
role in the regulation of metabolic and inflammatory diseases
such as obesity and type 2 diabetes.

GPR120 was originally described as an orphan receptor before its
endogenous ligands, poly-unsaturated long-chain free fatty acids
(FFAs), were known.3–5 It has been proposed to have an important
role in regulating lipid and glucose metabolism by stimulating the
release of incretin peptide hormones such as cholecystokinin and
glucagon-like-peptide-1.6,7 More recently, GPR120 has been shown
to exert effects in regulating inflammation, mediating insulin
sensitization and reducing obesity.8,9 However, there is no report
about the expression of GPR120 in tumors, and the role of GPR120
in tumor development is unknown, even though GPR120 is
abundantly expressed in intestine.
In the present study, we focused on the role of GPR120

signaling in the development of human CRC. We showed that the
expression of GPR120 was significantly increased in CRC tissues
and cell lines, which was associated with tumor progression.
Activation of GPR120 signaling induced the expression and
secretion of proangiogenic mediators of CRC cells to promote
angiogenesis. The PI3K/Akt–NF-kB pathway was activated by
GPR120 signaling and was required for GPR120 signaling-induced
angiogenic switching in CRC cells. Furthermore, GPR120 activation
enhanced motility of CRC cells and induced epithelial–
mesenchymal transition (EMT) of CRC cells. Altogether, our results
indicate that GPR120 functions as a tumor-promoting receptor in
CRC and, therefore, represents a potential target for treatment of
cancers.
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RESULTS
GPR120 is induced in human CRC tissues and its expression is
correlated with clinicopathologic characteristics of patients
As GPR120 is abundantly expressed in the intestine, we sought to
investigate the relationship between its expression and clinico-
pathologic characteristics of CRC. We examined GPR120 expres-
sion in paraffin-embedded, archived CRC tissues using
immunohistochemistry (IHC) staining and real-time PCR. Clinical
features of these patients and statistical analyses of the IHC
staining are summarized in Table 1. As shown in Figures 1a and b,
GPR120 exhibited cytoplasmic localization and its expression in
cancerous tissues was significantly higher than that in adjacent
noncancerous tissues (Po0.001). In addition, both IHC and real-
time PCR analysis of GPR120 expression demonstrated that
GPR120 expression increased in tumors with poor pathologic

differentiation (Figure 1a) and with advanced clinical stage
(Figure 1b), suggesting a clinical association between the
expression of GPR120 and progression of CRC. Interestingly, we
also found that there was a significant association between the
expression of GPR120 in CRC tissues and the body mass index of
both male (P¼ 0.036) and female patients (P¼ 0.048). This result
was fully consistent with recent publication showing an associa-
tion of an increase in GPR120 expression with human obesity.9

G-protein-coupled 40 (GPR40), which is predominantly
expressed in pancreatic b-cells10 shares the same ligands with
GPR120. Thus, we also examined GPR40 expression in CRC tissues
using IHC staining, and RT–PCR. There was no detectable GPR40
expression in either of the cancerous tissues (Figure 1c).

GPR120 is overexpressed in CRC cell lines
Based on its tissue expression pattern, it was of particular interest
to pursue the biology of GPR120 in human CRC. We detected
GRP120 expression in a panel of malignant and nonmalignant
human colorectal cell lines. Higher GPR120 expression was
detected in all the eight tested CRC cell lines, as compared
with two normal colon cell lines (Figure 2a). Cells HCT 116 and
SW480, which expressed a high level of GPR120, were used for
further study.
To pursue the biology of GPR120 in further studies, the

compound GW9508 was employed as a tool. GW9508, developed
as a selective GPR40 agonist,11 also stimulates GPR120. As CRC
cell lines do not express GPR40 (Figure 1c), GW9508 is a functional
GPR120-specific compound in these cells. It was previously
reported that GPR120 signals via a Gaq/11-coupled pathway.7

Thus, activation of GPR120 should result in an increase in the
intracellular Ca2þ ([Ca2þ ]i) levels, an action mediated via
Gaq/11.10,12,13 To determine whether GPR120 in CRC cells could
respond to GW9508 stimulation, we examined the effects of
GW9508 on the concentration of [Ca2þ ]i response by using
[Ca2þ ]i staining. GW9508 stimulation induced a specific rise in
[Ca2þ ]i, which was completely abrogated by shRNA-mediated
knockdown of GPR120 (Figure 2c), suggesting that these effects
were mediated through the activation of GPR120.

Activation of GPR120 promotes angiogenesis in vitro
Angiogenesis is essential for malignant tumor growth. Tumor cells
induce angiogenesis by secreting a variety of angiogenic factors,
which eventually promote tumor survival and metastasis. We
evaluated the effects of GPR120 activation on regulating the
expression of angiogenic factors in tumor cells. Among a panel of
factors related to inflammation and angiogenesis, vascular
endothelial growth factor (VEGF) and interlukin-8 (IL-8) increased
significantly at both mRNA and protein levels in HCT 116 and
SW480 cells upon GW9508 stimulation (Figures 3a and b).
Cyclooxygenase-2 (COX-2), an important factor related to

inflammation, is critical for the development of colorectal
neoplasia.14 Upon GW9508 stimulation, we found that COX-2
expression also was markedly increased in HCT 116 and SW480
cells (Figure 3a). Enzyme linked immunosorbent assay analysis
showed that GW9508 induced an increase in prostaglandin E2
(PEG2) production in conditioned media (CM) of HCT 116 and
SW480 cells (Figure 3b). Although COX-2 may modulate
angiogenesis in several ways, increased production of PGE2 is
thought to mediate the major role of COX-2 in angiogenesis.15

These data suggest that GPR120 signaling promotes angiogenesis,
at least in part, by inducing COX-2-derived PGE2 production.
However, enhanced VEGF, IL-8 and COX-2 expression by
GW9508 treatment was completely abrogated by shRNA-
mediated knockdown of GPR120 (Figures 3a and b). Further-
more, reintroduction of GPR120 in GPR120-knockdown cell
lines was sufficient to restore proangiogenic gene expression

Table 1. Correlation of GPR120 expression with clinicopathologic
features in CRC

Clinicopathologic parameters Case no. GPR120
expression

P-value

Low High

Total cases 90 25 65

Age 0.692
p60 years 39 10 29
460 years 51 15 36

Tissue type o0.001
Normal colorectal tissue 90 90 0
CRC tissue 90 25 65

Gender 0.814
Male 45 12 33
Female 45 13 32

BMI status
Male 45 0.036
X30 kg/m2 19 2 17
o30 kg/m2 26 10 16

Female 45 0.048
X30 kg/m2 17 2 15
o30 kg/m2 28 11 17

Tumor size 0.384
p5 cm 51 16 35
45 cm 39 9 30

TNM stage o0.001
I 10 10 0
II 33 5 28
III 24 2 22
IV 23 8 15

Histologic grade o0.001
I 14 13 1
II 58 12 46
III 18 0 18

Lymph node metastasis 0.004
Negative 50 20 30
Positive 40 5 35

Distant metastasis 0.228
Negative 69 17 52
Positive 21 8 13

Abbreviations: BMI, body mass index; CTC, colorectal carcinoma; GPR120,
G-protein-coupled receptor 120; TNM, tumor–lymph node–metastasis.
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(Supplementary Figure 1a), indicating that the inhibitory effects
mediated by shRNA were specifically due to GPR120 depletion.
Additionally, we examined the effects of GPR120 signaling in

tumor cells on tube formation in endothelial cells. In this regard,
HCT 116 and SW480 cells were treated with or without GW9508,
and CM was then collected for culture of human vein umbilical
endothelial cells (HUVECs). As shown in Figure 3c, GW9508-
pretreated CM efficiently promoted endothelial branching, as
compared with those of controls, whereas knock down of GPR120
in HCT 116 and SW480 cells significantly impaired GW9508-
induced effects on endothelial branching. Altogether, these data
indicate that CRC may grow up and progress partly through
activating GPR120 signaling to induce angiogenic switching.

GRP120 signaling induces angiogenesis in CRC cells through
activation of the PI3K/Akt–NF-kB pathway
GPR120 triggers various cellular pathways to exert disparate
functions.7,8 As the above-identified induced proangiogenic genes

are known downstream targets of NF-kB,16 we focused on the role
of the NF-kB pathway in the production of proangiogenic
mediators. First, we performed western blotting analysis to
determine whether the NF-kB pathway was modulated by
GPR120 signaling. Western blotting analysis revealed that
phosphorylation of IkBa significantly increased in HCT 116 and
SW480 cells after GW9508 stimulation. This stimulatory effect of
GW9508 was blocked when GPR120 was depleted by knock down
with shRNA (Figure 4a). Cells were then pretreated with the NF-kB
inhibitor BAY 11-7082 (10 mM) before treatment with GW9508 to
inhibit NF-kB activation. As shown in Figure 4b, NF-kB inhibition
suppressed GW9508-induced proangiogenic gene expression in
HCT 116 and SW480 cells. These data suggest that activation of
NF-kB is indispensable for GW9508-induced release of angiogenic
factors in CRC cells.
As the IkBa/NF-kB pathway can be activated by Akt,17–19 and

GRP120 signaling can stimulate phosphorylation of Akt,8 our next
step was to test whether PI3K/Akt signaling was involved in
GW9508-induced activation of NF-kB. As shown in Figure 4a, the

Figure 1. Increased GPR120 expression in human CRC tissues. (a, b) Representative examples of IHC staining analyses of GPR120 in human
normal colorectal tissues and CRC tissues with different degrees of differentiation (a) or in different clinical stages (b), and comparison
of GPR120 ratios in CRC tissues with different degrees of differentiation (a) or in different clinical stages (b). (c) Representative examples of IHC
staining analyses of GPR40 in human normal colorectal tissues and CRC tissues, and RT–PCR analyses of GPR40 expression in CRC cell lines and
samples. Pancreatic tissue was employed as IHC positive control. The black arrows indicated positive staining of pancreatic islets. Scale bar,
2mm (top panel), 50mm (bottom panel). MCF-7 was employed as RT–PCR positive control. P1–P2: representative of 20 patients.

Effects of GPR120 signaling on CRC
Q Wu et al

5543

& 2013 Macmillan Publishers Limited Oncogene (2013) 5541 – 5550



level of phosphorylated-Akt was indeed elevated in GW9508-
stimulated HCT 116 and SW480 cells, whereas GPR120 depletion
by shRNA blocked the activation of Akt. However, western blotting
analysis showed that the observed increases in IkBa phosphoryla-
tion after GW9508 stimulation were reversed by pretreatment
with the PI3K inhibitor LY294002 (20 mM). This indicated that
GPR120 signaling mediated IkBa/NF-kB through the PI3K/Akt
pathway (Figure 4c). Moreover, real-time PCR analysis showed thst
LY294002 inhibited GW9508-induced induction of VEGF, IL-8 and
COX-2 in HCT 116 and SW480 cells (Figure 4b). This suggested that
activation of PI3K/Akt was essential for the GPR120 signaling-
mediated induction of proangiogenic genes.
Next, we performed RNA interference of Akt and IkBa (to

exclude the possible effects of inhibitors on HUVECs) to examine if
angiogenesis mediated by GPR120 ligation was dependent on
PI3K/Akt–NF-kB pathway. We found that knocking down these
genes indeed eliminated the effect of GPR120-induced proangio-
genic gene expression (Figure 4e). As shown in Figure 4f, knock
down of PI3K/Akt–NF-kB pathway in HCT 116 and SW480 cells
significantly impaired GW9508-induced effects on endothelial
branching. Taken together, our results indicate that angiogenesis
enhanced by GPR120 signaling is mediated by the PI3K/Akt–NF-kB
pathway through regulating angiogenic factors.

Activation of GPR120 enhances migration and induces EMT
of CRC cells
As recent evidence showed that o-3 fatty acid (FA) treatment can
inhibit migration of primary WT macrophages by signaling
through GPR120,8 we sought to determine whether GPR120
signaling affects motility in CRC cells. We measured the migratory
capability of HCT 116 and SW480 cells using an in vitro transwell
chemotaxis assay. As shown in Figure 5a, pretreatment of cancer
cells with GW9508 for 72 h before exposure to fetal bovine serum

(FBS)-containing media led to a significant increase in chemotactic
capacity of tumor cells, but had no evident effect on GPR120-
knockdown cells. Overexpression of GPR120 in GPR120-knock-
down cells was sufficient to restore the migratory capability in
response to GW9508 stimulation (Supplementary Figure 1b).
The EMT process can promote motility of tumor cells by

decreasing epithelial (E-cadherin) and increasing mesenchymal
markers (N-cadherin, vimentin). To test whether GRP120 signaling
can induce EMT, we performed western blotting to detect the
expression of EMT markers in CRC cells after GPR120 activation. As
shown in Figure 5b, GPR120 signaling reduced E-cadherin, and
enhanced N-cadherin and vimentin expression in HCT 116 and
SW480 cells. However, all these effects of GW9508 were abrogated
by the depletion of GPR120 with shRNA. Reintroduction of GPR120
in GPR120-knockdown cell lines was sufficient to restore EMT in
response to GW9508 stimulation (Supplementary Figure 1c). These
data collectively suggest that GPR120 signaling may induce EMT
to enhance motility of tumor cells.

Activation of GPR120 promotes angiogenesis and tumor growth
in vivo
To investigate whether GPR120 signaling can accelerate malignant
progression in vivo, we further examined the effects of GPR120
signaling on HCT 116 xenografts in nude mice. We generated
subcutaneous xenograft tumors using two cell lines: HCT 116
transfected with negative control (HCT 116-Src) or GPR120 shRNA-
expressing constructs (HCT 116-GPR120 KD). Mice were injected
intraperitoneal daily with either 10mg/kg of GW9508 or vehicle
alone, from the first day of cell implantation. As shown in
Figure 6a, from day 6, tumors derived from HCT 116-Src cells
treated with GW9508 grew significantly faster than the control
tumors treated with vehicle (Po0.001). Next, we analyzed tumors
for proliferation index using Ki67 staining in tumor biopsies

Figure 2. GPR120 is overexpressed and functional in human CRC cell lines. (a) Western blotting analyses of GPR120 expression in eight human
CRC cell lines and two normal colon cell lines. b-actin was used as the loading control. (b) HCT 116 and SW480 cells were transfected with
scramble shRNA (Src) or GPR120 shRNA-expressing constructs (GPR120 KD). GPR120 KD cell lines exhibited a marked reduction in GRP120
protein level compared with Src. (c) A [Ca2þ ]i response was induced by GW9508 in HCT116 Src/GPR120 KD cell lines and SW480 Src/GPR120
KD cell lines. HCT116 Src/GPR120 KD and SW480 Src/GPR120 KD cells were treated with GW9508 (10 mM). [Ca2þ ]i was stained with Flura-4 and
changes in [Ca2þ ]i in cells with or without GW9508 stimulation were monitored by confocal laser scanning microscopy. Magnification, � 630.
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obtained from each group of mice (n¼ 5). The proliferation rates
(Ki67 Labeling Index) of tumors from mice treated with GW9508
were significantly higher, as compared with those from mice
treated with vehicle (Figure 6b). The proliferation-promoting effect
of GW9508 was abrogated by the deletion of GPR120.
To investigate whether GPR120 signaling can promote angio-

genesis in vivo, we detected changes in proangiogenic gene
expression and their products in tumors of the different groups. As
shown in Figure 6c, proangiogenic genes and their products were
markedly increased in tumors from mice treated with GW9508.
Meanwhile, tumor samples were analyzed by immunofluorescent
staining for CD31. Compared with tumors from mice treated with
vehicle, the microvascular density (CD31-positivity) of tumors of
mice treated with GW9508 was significantly higher (Figure 6d),
indicating that GPR120 signaling promoted new blood vessel
formation. These data suggest that GPR120 signaling promotes CRC
tumor growth in vivo, probably through enhanced angiogenesis.
Furthermore, we analyzed EMT markers in tumor samples to

test whether GRP120 signaling could induce EMT in vivo. We
observed that epithelial marker E-cadherin expression was
reduced, and mesenchymal marker vimentin expression was
enhanced in tumors from GW9508-treated mice (Figure 6e).
Altogether, all of these results fully supported our in vitro
observations of proangiogenic and EMT inducing characteristics
of GPR120 signaling.

GPR120 correlates with VEGF and E-cadherin expression
in human CRC
Based on the above evidence, which provided a link between
GPR120 signaling and angiogenesis/migration, we finally sought

to determine whether GPR120 expression correlates with angio-
genesis and migration capability of CRC cell lines. Indeed, cell lines
with high GPR120 expression had greater proangiogenic capacity
(Figure 7a). The chemotactic activity also correlates with GPR120
in seven out of eight CRC cell lines (Figure 7b). Furthermore, we
detected angiogenic factor VEGF and EMT marker E-cadherin in
human CRC according to the levels of expression of GPR120. Entire
sections of each CRC case were analyzed to derive staining scores
for GPR120, VEGF and E-cadherin expression, respectively, and
used for statistical analyses. We found that high levels of GPR120
were associated with high VEGF and low E-cadherin (Figure 7c and
Table 2). These results strongly suggested that GPR120 expression
could increase tumor progression in vitro and in vivo.

DISCUSSION
GPR120 functions as a receptor/sensor for o-3 FAs. As it is
expressed in enteroendocrine L cells, proinflammatory M1-like
macrophages and mature adipocytes, past interest in this receptor
has focused on its potential ability to regulate metabolism,
inflammation and adipogenesis. In the current study, we aimed to
investigate whether GPR120 signaling could modify the develop-
ment and progression of human CRC and explore the underlying
mechanisms. Here, we identified GPR120 as a tumor-promoting
receptor that enhances angiogenesis and the motility of human
CRC.
Endogenous expression of GPR120 was found in the intestines

of humans and mice. Herein, we found that GPR120 was
expressed in human normal colorectal epithelium. Strikingly, we
detected significantly higher GPR120 expression in a large cohort

Figure 3. Activation of GPR120 promotes angiogenesis of CRC cells. (a, b) HCT 116 Src/GPR120 KD and SW480 Src/GPR120 KD cells were
seeded in 6-well plates and stimulated with GW9508 (10 mM) for the indicated times. (a) VEGF, IL-8 and COX-2 mRNA expression was measured
by quantitative real-time PCR, and (b) VEGF, IL-8 and PGE2 secretion levels were measured by enzyme-linked immunosorbent assay.
(c) Representative images of HUVEC tube formation. HUVECs were treated with 0.5% FBS (control), Src-CM, or GPR120 KD-CM. Tube formation
was quantified in three randomly selected fields. Magnification, � 100. Bars represent mean number of branch points ±s.e.m. of three
independent experiments. *Po0.05, **Po0.01.
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of human CRC tissues and a panel of malignant CRC cell lines.
A recent study showed that GPR120 expression in adipose tissue
was significantly higher in obese individuals than in lean controls
in human. However, one of nonsynonymous GPR120 variants lost
the ability to transduce the signal of long-chain free fatty acids.9

This study prompted us to detect whether overexpressed GPR120
in CRC cells could respond to ligand stimulation, which was the
basis of its biology. Overexpressed GPR120 in these CRC cells was
functional and signaled via a Gaq/11-coupled pathway, similar to
GPR120-expressing RAW 264.7 cells and mature adipocytes.8 In
addition, GPR120 levels significantly correlated with clinical
characteristics of CRC, including clinical stage, pathologic
differentiation and lymph node metastasis. These observations
prompted us to investigate the potential roles of GPR120-
mediated signaling in the development of CRC. Interestingly, our
findings are consistent with a recent study published by Mano’s
group, who found that FFAR2 (also known as GPR43), a receptor
for short-chain FAs, was increased and associated with malignant
transformation in Gallbladder cancer.20

The growth and metastasis of CRC is dependent on the
development of neo-vessels. Angiogenesis is regulated by a
balance of proangiogenic and angiostatic factors.21,22 Therefore,
identification of proangiogenic genes and their products that lead
to angiogenesis is critical for providing new potential therapeutic
targets. In current oncological practice, the VEGF-targeted agent
bevacizumab has been established as a first-line treatment for
metastatic CRC,23–25 suggesting especially important roles for
angiogenic factors in CRC progression. Here, we showed that
GPR120 signaling promoted angiogenesis by inducing secretion of

proangiogenic factors VEGF, IL-8 and COX-2-derived PGE2 in vitro
and in xenograph mouse model. Although VEGF is known to be
central and IL-8 and PGE2 are key regulators in angiogenesis, it is
possible that activation of GPR120 may activate other cytokines to
mediate angiogenesis, as a full proangiogenic signature was not
analyzed. Furthermore, we found that GPR120 and VEGF positively
correlated in CRC specimens, suggesting that GPR120 signaling
might promote VEGF expression in vivo. All of these data raised
the possibility that GPR120 signaling-induced VEGF, IL-8 and COX-
2-derived PGE2 promoted tumor cell switching to an angiogenic
phenotype, leading to tumor growth and progression.
Our results also revealed the molecular mechanisms underlying

these proangiogenic effects of GPR120 signaling. It has been
demonstrated that NF-kB has important roles in the development
of malignant phenotypes, and aberrant activation of NF-kB is
observed in a variety of cancer types.17,26 The NF-kB pathway
functions in cancer progression through mediating tumor-
associated angiogenesis and inflammation.27,28 Numerous
proangiogenic and proinflammatory genes, such as VEGF, IL-8
and COX-2, are transcriptionally regulated by the NF-kB
pathway.16 We found that GW9508 treatment elicited
phosphorylated-IkBa at Ser32 in CRC cells, which is essential for
the release of active NF-kB. However, blocking the activation of
IkBa completely abrogated GPR120 signaling-induced production
of VEGF, IL-8 and COX-2, and angiogenesis. On the other hand,
although the IkB/NF-kB axis is subjected to activation by a variety
of distinct upstream signals, our data suggested an involvement of
the PI3K/Akt pathway, which was indeed activated by GW9508
stimulation. Suppression of PI3K/Akt signaling in CRC cells

Figure 4. GPR120 signaling promotes angiogenesis through activation of the PI3K/Akt–NF-kB pathway. (a) Src or GPR120 KD cells were seeded
in 6-well plates and were treated with GW9508 (10 mM) for the indicated period. P-Akt, T-Akt, P-IkBa and T-IkBa expression was measured by
western blotting. b-actin was used as the loading control. The results shown are representative of three independent experiments. (b) Src or
GPR120 KD cells were seeded in 6-well plates and were treated with PI3K inhibitor LY294002 (20 mM) or NF-kB inhibitor BAY 11-7082 (10 mM) for
30min before GW9508 treatment (10 mM) for 8 h. VEGF, IL-8 and COX-2 mRNA abundance was measured by quantitative real-time PCR. Data
were expressed as the mean±s.e.m. of three independent experiments. *Po0.05, **Po0.01. (c) Src or GPR120 KD cells were seeded in 6-well
plates and were treated with PI3K inhibitor LY294002 (20 mM) for 30min before GW9508 treatment (10 mM) for 30min. P-Akt and P-IkBa levels
were measured by western blotting. b-actin was used as the loading control. The results shown are representative of three independent
experiments. (d) HCT 116 and SW480 cells (Src and GPR120 KD) were transfected with scramble siRNA (siRNA control), siRNA targeting Akt (Akt
siRNA), or siRNA targeting IkBa (IkBa siRNA). siRNA cell lines exhibited a marked reduction in Akt or IkBa protein level compared with siRNA
control. (e) Src or GPR120 KD cells were treated with siRNA to knock down Akt or IkBa, and then were seeded in 6-well plates and were
stimulated with GW9508 (10 mM) for 8 h. VEGF, IL-8 and COX-2 mRNA abundance was measured by real-time PCR. Data were expressed as the
mean±s.e.m. of three independent experiments. *Po0.05, **Po0.01. (f ) HUVECs were treated with 0.5% FBS (control), or siRNA-CM. Tube
formation was quantified in three randomly selected fields. Bars represent mean number of branch points ±s.e.m. of three independent
experiments. *Po0.05, **Po0.01.
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abrogated GW9508-induced effects on activation of NF-kB and
subsequent inhibition of VEGF, IL-8 and COX-2 expression, and
angiogenesis. This implied a seemingly linear relation of the two
signaling molecules along the action axis. The results are
consistent with the findings that the PI3K/Akt–NF-kB pathway
has an important role in tumor-associated angiogenesis mediated
by aberrant GPCR signaling.17–19

Migration and invasion are important prerequisites of tumor
progression and metastasis. Although the mechanisms of migra-
tion are still poorly understood, EMT and mesenchymal–epithelial
transition is a good model to explain how solid tumors metastasize
from the site of origin to a new site.29–31 Herein, we showed that
GPR120 signaling promoted migration and induced EMT of CRC
cells in vitro and in xenograph mouse model. Furthermore, we
found that expression of GPR120 and E-cadherin was inversely
correlated in CRC specimens, suggesting that GPR120 might
induce EMT in vivo. This model is similar to the transforming
growth factor-b1-induced EMT process.32,33 However, it has been
reported that GPR120 signaling inhibited the ability of primary
macrophages to migrate toward adipocyte CM.8 It seems a single
GPCR can independently induce different effects in different cell

types by different mechanisms. It would be of great interest to
reveal the mechanistic differences in GPR120 signaling-induced
effects in different cell types.
Although we showed that GPR120 signaling indeed induces

angiogenesis in CRC cells in vivo and in vitro, it is possible that
additional mechanisms of tumor promotion also exist in vivo. One
possibility is that in vivo, activation of GPR120 induces the
transdifferentiation of inflammatory M1 to anti-inflammatory
M2 macrophages in the tumor microenviroment. Indeed,
GPR120 increases the presence of anti-inflammatory M2 macro-
phages in adipose tissue in mice fed a high-fat diet.8 Here, we
showed that GPR120 signaling promoted tumor growth in nude
mice, but it is not clear whether GPR120 signaling induces the
phenotype transition of macrophages, and whether this transition
contributes to tumor progression. Given the importance of
tumor-associated macrophages, especially M2 macrophages, in
the regulation of tumor development, it is essential to perform
further investigations.
It is well known that the endogenous ligands of GPR120 are o-3

FAs such as docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), which are mainly found in fish oil. Several studies have

Figure 5. Activation of GPR120 enhances migration of CRC cells. (a) Migratory capacity of Src or GPR120 KD cells was measured using a
transwell migration assay. Src or GPR120 KD cells were stimulated with or without GW9508 (10 mM) for 72 h, and then transferred to the top
chambers of 24-well transwell insert chambers. After 24 h, the cells that migrated into the lower chambers were stained with crystal violet and
counted. Magnification, � 100. Bars represent fold-change of mean number of migrating cells ±s.e.m. of three independent experiments
compared with src cells. *Po0.05, **Po0.01. (b) Src or GPR120 KD cells were seeded in 6-well plates and stimulated with GW9508 (10 mM) for
the indicated times. Differentiated epithelial marker (E-cadherin) and mesenchymal marker (N-cadherin, vimentin) expression was measured
by western blotting. The results shown were representative of three independent experiments.
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shown that DHA or EPA has anti-tumor effects.34,35 However, the
mechanisms underlying the effects of o-3 FAs on tumor
progression are complex. DHA is known to incorporate into
biological membranes to alter membrane-domain organization
and also to act as ligands of nuclear peroxisome proliferator-
activated receptors.36,37 For these studies in vitro, researchers used
o-3 FAs dissolved in bovine serum albumin-containing vehicle.

However, when o-3 FAs were dissolved in bovine serum albumin-
containing vehicle, they were not able to activate GPR120
in vitro7,37 and protein-bound forms of o-3 FAs are supposed to
be more relevant in blood and exudates. Furthermore, DHA and
EPA are believed to be conjugated to albumin in vivo. Therefore, it
seems these anti-tumor effects are independent of GPR120
signaling because GPR120 in vitro is not activated by DHA in

Figure 6. GPR120 activation promotes tumor growth of HCT 116 cells in a xenograph mouse model. (a) Xenograft model in nude mice. Four
different sets of nude mice (BALB/C nu/nu, n¼ 5 for each group, SrcþGW9508, GPR120 KDþGW9508, SrcþVehicle and GPR120 KDþ
Vehicle) were injected subcutaneously. Tumors were measured every 3 days. Data were expressed as the mean size ±s.e.m. (b) Ki67-positive
cell numbers were determined in individual xenograft tumors. Representative IHC stains of tumors from each group of mice were shown.
Magnification, � 400. Scale bar, 50 mm. Bars represent the mean percentage of Ki67-positive cells ±s.e.m. (c) Changes in VEGF, IL-8 and COX-2
mRNA expression and their products (VEGF, IL-8 and PGE2) in tumors of different groups were measured by real-time PCR and enzyme-linked
immunosorbent assay, respectively. (d) Representative examples of immunofluorescence staining analyses of CD31 in tumor tissues from
HCT116 xenografts. Magnification, � 400. Bars represent fold-change of the mean number of CD31-positive cells ±s.e.m. compared with the
srcþVehicle group. (e) Representative examples of IHC staining analyses of EMT markers in tumors of each group of mice. Magnification,
� 400. Scale bar, 50mm.

Figure 7. GPR120 expression correlates with angiogenesis and migration capacity in CRC cells and human CRC. (a, b) Spearman rank
correlation analysis of GPR120 mRNA and angiogenesis capacity in eight CRC cell lines (a), and migration capacity in seven out of eight CRC
cell lines (b). (c) IHC staining of GPR120, VEGF and E-cadherin in serial sections of human CRC. Examples of patients with low and high levels of
GPR120 expression are displayed. Magnification, � 200. Scale bar, 100 mm.
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bovine serum albumin-containing media. However, through the
action of lipoprotein lipase bound to the luminal surface of
endothelial cells, o-3 FAs are cleaved from circulating triglycerides,
where they can act as ligands or be taken up by peripheral
tissues.8,38 This small proportion (B5%) of total plasma DHA
in the FFA pool may trigger GPR120 signaling in CRC cells,
resulting in tumor progression in vivo. More recently, a report
showed that cis-platinum could induce poly-unsaturated FAs
at the tumor sites, which protected tumor cells against a
range of chemotherapeutics.39 This study implies that, in
addition to dietary DHA and EPA, activated cells in the tumor
microenviroment could also release poly-unsaturated FAs to
modify tumor development through GPR120 signaling.
In conclusion, we established that GPR120 functioned as a

tumor-promoting receptor in human CRC. After ligand stimulation,
GPR120 signaling promoted angiogenesis mainly through reg-
ulating proangiogenic factors VEGF, IL-8 and COX-2-derived PGE2,
mediated by the PI3K/Akt–NF-kB signal pathway. We also found
that activation of GPR120 promoted migration and induced EMT
of CRC cells. This discovery provides mechanistic insight into
recent studies linking lipidomics to the development of cancers.
Additionally, our discovery suggests a novel role for GPR120 as a
target for treatment of CRC. Finally, our findings may have
implications for the use of commercially available fish oil products
or drugs targeting GPR120 signaling for treatment of metabolic
and inflammatory diseases, such as obesity and type 2 diabetes in
cancer patients.

MATERIALS AND METHODS
Patients and specimens
Paraffin-embedded CRC samples were collected from patients undergoing
curative-intent surgery at the Department of Surgery, Renji Hospital,
Shanghai Jiao Tong University School of Medicine between 2008 and 2011.
There were also 90 normal colorectal tissue samples adjacent to CRC (used
as controls). The histologic sections were reviewed by two expert
pathologists to verify the histologic diagnosis. None of the patients had
received any preoperative treatment. Tumors were staged according to the
American Joint Committee on Cancer pathologic tumor–lymph node–
metastasis classification. Informed consent was obtained from all study
subjects before sample collection and these samples were used according
to ethical standards.

Cell culture
All human CRC and normal colorectal cell lines were purchased from
American type culture collection (ATCC, Manassas, VA, USA). These cell
lines were routinely maintained in our laboratory according to the
instructions from ATCC. Before GW9508 stimulation, cells were cultured in
serum-free corresponding medium with antibiotics for 12 h to minimize
the influence of FBS.

Cell line transfection and transduction
Lentiviral shRNA vectors (GenePharma, Shanghai, China) targeting human
GPR120 were utilized for stable knockdown in CRC cells. Procedures were
conducted according to the manufacturer’s protocol. SiRNA sequences
(GPR120: 50-GAGCAGCTTGCTTCTGAAG-30 ; scramble: 50-AGGACTGAGTGTAC
CGTCT-30) were designed into shRNA and inserted into the vector PLVX-
shRNA1 under U6 promoter. Cells resistant to puromycin (2mg/ml) were
selected and passaged for further study.

IHC, interpretation and evaluation of IHC results
Sections were subjected to routine IHC staining as described previously.40

IHC staining was independently examined by two clinical pathologists who
were unaware of the patient outcome. Interpretation and evaluation of IHC
results was as described previously.40

Cell migration assay
Twenty four-well transwell insert chambers (Merck KgaA, Darmstadt,
Germany) were used for cell migration assy. One lakh cells (serum-starved
overnight and then treated with or without GW9508 for 72 h before the
assay) were added to the top chambers in serum-free medium (200 ml), and
the bottom chambers were filled with medium containing 10% FBS. Cells
were cultured for 24 h at 37 1C in a 5% CO2-humidified incubator. To
quantify migration, cells were removed from the top-side of the membrane
using a cotton-tipped swab, and migrating cells attached to the bottom of
the membrane were fixed with 4% paraformaldehyde and stained with
crystal violet solution. Cell number from five representative fields was
counted for each insert using microscopy. The average cell number/field
from the control group was set as the baseline (one fold), and was
compared with the treatment groups (fold change¼ treatment group
cells/field�control group cells/field).

In vitro angiogenesis assay
ECMatrix (50ml, Merck KGaA ) was distributed per well in a 96-well plate.
HUVECs (ALLCELLS, Shanghai, China, 2� 104 cells/well) suspended in
100ml of medium supplemented with 0.5% FBS were added to each well
and cultured in triplicate with 150ml of CM from either Src or GPR120 KD
cells at 37 1C. After 12 h, images were captured and branch points in three
random view-fields per well were counted and the values were averaged.

Tumorigenicity assays with nude mice
Six-week old BALB/c (nu/nu) nude mice were purchased from Jackson
ImmunoResearch Laboratories. Animals were housed in a specific
pathogen-free facility at the Chinese Academy of Sciences. Animal
protocols were approved by the Institutional Review Board of the Institute
of Health Sciences, as previously described.41 Mice were injected
subcutaneously into the flanks with 5� 106 HCT 116 Src or GPR120 KD
cells suspended in phosphate-buffered saline. Five animals were used in
each group. Tumor volume was estimated by using the formula width2�
length� 0.52 in mm3. At day 30, mice were euthanized, and the tumors
were removed for further experiments. IHC was performed on paraffin-
embedded tumor sections using mouse anti-human Ki67 mAb (clone:
MIB-1; Dako, Glostrup, Denmark). Ten random fields with the highest
concentrations of Ki67-positive nuclei were used for counting the Ki67-
positive cells. The Ki67 Labeling Index has been defined as the percentage
of Ki67-positive cells to all nuclei.

Statistical analysis
Differences were evaluated using Statistical Package for Social Science
software (SPSS, Version 17.0, Chicago, IL, USA). The association of staining
intensity with clinicopathologic patterns was assessed using the w2-test
and two-sided Fisher’s exact test to determine the significance of the
difference between the covariates. The correlations between expression of
GPR120 and VEGF or E-cadherin were assessed with the w2-test or the
Spearman rank test. All measurement data are presented as mean±s.e.m.
Statistical significance was evaluated by the Student’s t-test. Values of
Po0.05 were considered to be statistically significant.
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Table 2. The relationship between GPR120 expression and VEGF/
E-cadherin in human CRC tissues

GPR120 expression Correlation coefficient

Low High (R)

VEGF expression
Low 18 7 R¼ 0.612 (Po0.001)
High 7 58

E-cadherin expression
Low 4 42 R¼ � 0.436 (Po0.001)
High 21 23

Abbreviations: GPR120, G-protein-coupled receptor 120; VEGF, vascular
endothelial growth factor.
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