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Abstract Background: CXCR4, the chemokine receptor
for CXCL12, has recently been involved in the meta-
static process of several neoplasms. Materials and
methods: The expression of CXCR4 was evaluated by
immunohistochemistry of colorectal tissue samples and
by flow cytometry on Caco2, GEO, SW480, SW48, Lovo
and SW620 human colon carcinoma cell lines. Correla-
tions with pathological characteristics of the specimens
were analysed with chi-square test. To verify the func-
tional status of CXCR4, cell lines were tested in adhe-
sion, migration, and proliferation assays. Results: We
studied the expression of CXCR4 in 88 human colorectal
tissues and we found that CXCR4 was expressed in
>10% of epithelial cells in 50% of normal mucosae (7/
14), in 55% of polyps (29/53), in all of carcinomas (16/
16) and hepatic metastasis (5/5). Notably, CXCR4 was
significantly over-expressed in cancerous lesions (carci-
nomas and metastasis) compared to non-cancerous
lesions (normal mucosa and polyps) (P=0.003) and in
adenomatous polyps versus hyperplastic polyps

(P=0.009). The diameter of a polyp was also signifi-
cantly associated with CXCR4 expression (P=0.031).
SW480, SW48 and SW620 cell lines showed the highest
levels of CXCR4 (60–80% of positive cells). Adhesion,
migration, and proliferation increased in response to the
CXCL12 chemokine. These effects were abrogated by
the addition of anti-CXCR4 antibodies. Further,
CXCL12 activated ERK1/2 in SW480 cells. Conclusions:
These data suggest that CXCR4 might play a role in
colon cancer cell properties and that anti-CXCR4 anti-
bodies could have therapeutic effects against colorectal
cancer.
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Introduction

Malignant neoplasms have a tendency to spread from
primary tissues to different secondary locations. The
migration of tumour cells from their primary location to
a secondary one is a key event in cancer metastasis.
Much debate exists about the mechanisms that arrest
and/or attract malignant cells to specific metastatic sites.
Many studies suggest that the mechanisms used for the
homing of leukocytes and haematopoietic progenitors
may be applied for the dissemination of tumours via the
bloodstream and lymphatics. Recent evidence suggests
an important role for CXCL12 (a CXC chemokine) and
its receptor (CXCR4) in the ‘‘metastatic homing’’ and
establishment of tumour cells [1]. It is interesting that
CXCL12 is normally produced by the stromal cells of
lymph nodes, lung, liver, and bone marrow, the organs
that are the most frequent sites for metastasis [2].

Originally characterized as a pre-B-cell stimulatory
factor, CXCL12 is a chemotactic factor for T cells,
monocytes, pre-B cells, dendritic cells, and haemato-
poietic progenitor cells. It also increases proliferation of
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CD34+ cells [3]. More recently, numerous authors have
reported CXCR4 expression in tumours and demon-
strated that the CXCR4/CXCL12 axis is able to trigger
cell adhesion, directional migration, and proliferation in
tumour cells. These phenomena have been demon-
strated with different methodological approaches in
breast cancer [4, 5], small cell lung cancer [6], ovarian
cancer [7, 8], pancreatic cancer [9], melanoma [10, 11],
lymphoma [12–14], neuroblastoma [15], glioblastoma
[16, 17], renal cell carcinoma [18], thyroid cancer [19,
20], rabdomyosarcoma [21], and prostate cancer [22].
Furthermore, a mechanism for CXCR4 activation
during tumour-cell evolution has been described in pa-
tients with the von Hippel-Lindau (VHL) syndrome. In
these patients, inactivation of the VHL tumour sup-
pressor gene in incipient tumour cells results in over-
expression of CXCR4 conferring a selective survival
advantage and the tendency to home to selected organs
[23].

Colorectal cancer is a common neoplasm and repre-
sents the third leading cause of cancer deaths worldwide
[24]. This tumour frequently metastasizes to the liver, so
that hepatic metastases are initially present in 30–40%
of patients. In an advanced state of the disease, the liver
is involved in up to 95% of patients, and the mortality of
colorectal cancer is principally attributable to the spread
of tumour cells to the liver. Nevertheless, 50% of pa-
tients develop extrahepatic metastases, most often in the
lungs, peritoneum, and lymph nodes. However, our
knowledge of the factors involved in colorectal cancer
spreading to secondary sites is still limited.

In this report, we show that CXCR4 is over-expressed
in human colon cancer tissue compared to normal mu-
cosa and benign lesions. CXCR4 expression was also
detected in human colon cancer cell lines. In SW480 cells
with elevated CXCR4 expression, we studied adhesion,
migration, and proliferation. CXCL12 was able to
activate these processes. Moreover, as expected of a
functional pathway, CXCR4 stimulation also induced
ERK activation. We conclude that CXCR4 is over-ex-
pressed in colon carcinomas and is also functional as is
evident from the activation of downstream pathways
making it a potential target in colorectal cancer therapy.

Materials and methods

Reagents and materials

Anti-phospho-ERK1/2, anti-ERK, anti-phospho Akt
(Ser473), and anti-Akt antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-CXCR4 clone 12G5 and anti-CXCL12 clone
79014.111 were purchased from R&D Systems (Minne-
apolis, MN, USA). Types I and III human collagen, and
human fibronectin were purchased from BD Biosciences
(Bedford, MA, USA). PD98059 was purchased from
Calbiochem (San Diego, CA, USA). Human CXCL12
was purchased from Upstate (Lake Placid, NY, USA).

Cell lines and cell culture

SW620, SW480, SW48, GEO, Caco2, Lovo, human
colorectal cancer cell lines, MDA-MB-231, a human
breast cancer cell line, and HT1080, a human fibrosar-
coma cell line, were purchased from the American Type
Culture Collection (Rockville, MD, USA) and main-
tained in DMEM supplemented with 10% (v/v) heat-
inactivated FCS.

Tissue samples and immunohistochemistry

Formalin-fixed, paraffin-embedded 4-lm tissue sections
of normal colorectal mucosa, hyperplastic polyps, dys-
plastic polyps (well-, moderately, and poorly differenti-
ated), primary carcinomas (well-, moderately, and
poorly differentiated) and hepatic metastases were im-
munostained using a biotin-streptavidin-peroxidase
method (YLEM kit, Rome, Italy). Sections were sub-
jected to routine deparaffinization and rehydration.
Slides were then immersed in 10 mM sodium citrate
buffer (pH 6.0), boiled for 10 min on a hot plate, and
then allowed to cool for 20 min. Sections were then
incubated for 10 min in 3% hydrogen peroxide in dis-
tilled water, washed in PBS three times for 5 min and
incubated with 10% normal horse serum in PBS for
30 min. After three washes in PBS buffer, the sections
were incubated overnight at 4�C with 2 lg/ml of pri-
mary anti-CXCR4 antibody, clone 12G5 (R&D system).
The sections were then incubated with a biotin-labelled
secondary antibody (1:30) and streptavidin-peroxidase
(1:30) for 20 min each. Slides were stained for 5 min
with 0.05% 3,3¢-diaminobenzidine tetrahydrochloride
freshly prepared in 0.05 M Tris–HCl buffer (pH 7.6)
containing 0.024% hydrogen peroxidase and then
counterstained with haematoxylin, dehydrated and
mounted in Diatex. All series included positive controls
(melanoma tissues). Negative controls were obtained by
substituting the primary antibody with a mouse myelo-
ma protein of the same subclass, at the same concen-
tration as the monoclonal antibody. All controls gave
satisfactory results. Staining was categorized into five
semiquantitative classes (�, �/+, +, ++, +++)
based on the percentage of stained tumour cells (0%, 0
to <10%, 10 to <50%, 50 to <70% and 70–100%,
respectively). Negative or equivocal results were re-
peated two times. We decided that the specimens should
be regarded as positive when the percentage of stained
tumour cells was £ 10%. In normal mucosa and polyps,
CXCR4 expression was evaluated in epithelial cells and
in carcinomas it was evaluated in tumour cells.

Flow cytometry

To evaluate the expression of CXCR4, adherent cancer
cells at subconfluency (50–70% confluent) were detached
with 2 mM EDTA in PBS, washed, resuspended in
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ice-cold PBS, and incubated for 30 min at 4�C with anti-
CXCR4 antibody (mAb 12G5, 10 lg/ml). After three
washes in PBS, FITC-labelled goat anti-mouse (GAM)
was added, followed by a further 30-min incubation. For
intracellular flow cytometry, cells were resuspended in
100 ll of Cytofix/Cytoperm solution (Pharmingen) for
20 min at 4�C. Cells were then washed two times in
Perm/Wash (Pharmingen) solution (1 ml/wash for
staining in tubes). Cells were incubated with the primary
antibody (mAb 79014.111, 50 lg/ml) in Perm/Wash
solution for 30 min at 4�C. After three washes with
Perm/Wash solution (1 ml/wash for staining in tubes),
cells were incubated with FITC-conjugated GAM anti-
bodies for 30 min. Finally, the cells were washed three
times in PBS and analysed by FACS (Becton Dickin-
son). Negative controls were obtained by omitting the
primary antibody.

Migration assays

Migration was studied in collagen-coated (human col-
lagen type I/III) 24-well cell-culture chambers using in-
serts with 8-lm pore membrane. Test cells were placed in
the upper chamber (5·105 cells/well) in DMEM con-
taining 1% BSA (migration media), and 50 or 100 ng/ml
CXCL12 or liver-derived proteins were added in tripli-
cate to the lower chamber. After 8 h of incubation, cells
on the upper surface of the filter were removed using a
cotton wool swab. MDA-MB-231 cells, in the same
conditions, were used as positive control; migration of
cells in migration media alone was compared with
migration in media containing 100 ng/ml CXCL12.
When indicated, anti-CXCR4 12G5 (10 lg/ml) was ad-
ded to the SW480 cells for 5 min before CXCL12
stimulation and during the experiment. Migrated cells
on the lower surface were fixed in 10% acetic acid/90%
methanol and stained with H&E. Migrating cells in five
high-power fields per filter were counted microscopically
(·400 magnification). Data were normalized as the
migration index, defined as the number of migrating
cells in an experimental group divided by the number of
migrating cells in control groups without chemokines.

Adhesion assays

For adhesion assays, the wells of a 24-well tissue culture
plate (Corning-Costar, Cambridge, MA, USA), pre-
coated with 10 lg/ml human plasma fibronectin or hu-
man collagen type I/III overnight at 4�C, were washed
with PBS twice and blocked for 1 h at 37�C with
DMEM containing 1% BSA (adhesion media) before
plating cells. SW480 cells (5·105) were resuspended in
adhesion media with or without CXCL12 (50 and
100 ng/ml) and plated in quadruplicate. When indicated,
anti-CXCR4 12G5 (10 lg/ml) was added to the SW480
cells for 5 min before CXCL12 stimulation and during
stimulation. Unattached cells were removed after

incubation for 2 h at 37Ñ�C by gentle washing with
adhesion media. Adherent cells were fixed in 10% acetic
acid/90% methanol, stained with H&E and counted
using a microscope by adding the number of cells in five
high-power fields (·200 magnification).

Western blotting

Cells were lysed in RIPA buffer (phosphate-buffered
saline solution, 1% NP40, 0.5% sodium deoxycholate,
0.1% sodium docecyl sulphate, 1 mmol/l phenylmeth-
ylsulfonyl fluoride, 10 lg/ml aprotinin, 1 mmol/l
Na3VO4), and the supernates were obtained. Cell lysates
(10 lg total protein) were resolved by sodium docecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% or 4–20% gradient gels (Invitrogen, San
Diego, CA, USA) and transferred to Immobilon P
membranes. The blots were probed with primary anti-
bodies specific to the following proteins: phospho-
ERK1/2, total ERK, phosphorylated Akt, and Akt. The
detection of immunocomplex was performed using the
ECL detection (Amersham Pharmacia Biotech, London,
UK).

Cell proliferation assay

Cells (1·104) were cultured in 96-well flat-bottom plates
in quadruplicate and allowed to adhere overnight. The
media was then replaced with DMEM supplemented
with 1% BSA ± 50 or 100 ng/ml CXCL12. The pro-
liferative activity was determined by the WST-1 colori-
metric assay (Boehringer Mannheim) using a microtiter
plate reader (Bio-Tek Instruments) at 450 nm (a refer-
ence wavelength was subtracted at 600 nm). The back-
ground control (blank) was obtained by adding the same
volume of culture medium (100 ll) and WST-1 (10 ll) as
used in the experimental wells. When indicated,
PD98059 (40 lM) or anti-CXCR4 12G5 (10 lg/ml) was
added to the SW480 cells for 5 min before CXCL12
stimulation and during the stimulation. Growth stimu-
lation/inhibition was calculated as the percentage of
growth stimulation/inhibition: [1� (A/B)]·100, where A
is the absorbance of treated cells and B is the absorbance
in untreated control cells.

Immunofluorescence microscopy

To detect F-actin, cells were grown sequentially in
DMEM 10% FCS and overnight with DMEM 1% BSA
on coverslips in 24-well plates. After removing the
medium, the samples were treated at 37�C with or
without CXCL12 (100 ng/ml) in DMEM containing 1%
BSA. After 1, 2, 5, 30, 60 and 240 min cells were washed
with PBS and fixed with 3.7% formaldehyde in PBS,
rinsed, and permeabilized with 0.5% Triton X-100 in
PBS. Samples were blocked with 1% BSA and cells were
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labelled with FITC-phalloidin (Molecular Probes, Eu-
gene, OR, USA) for 30 min at 37Ñ�C. Coverslips were
washed and mounted on slide glasses with Mowiol, and
observations were performed by an investigator (MVB)
who was blind to the treatment conditions of the sam-
ples she examined with a fluorescence microscope con-
nected to a laser scanning cytometer (CompuCyte Corp.,
Cambridge, MA, USA).

ELISA for CXCL12

Proteins from homogenized normal human liver were
extracted in Tris–HCL and protease inhibitor as de-
scribed [25]. SW480 cells were plated to an initial density
of 1·104 cells/ml in DMEM supplemented with 10% (v/
v) heat-inactivated FCS in 24-well plates; and condi-
tioned medium was collected after 24, 48 and 96 h of
culture. CXCL12 protein levels in liver extracts and in
conditioned medium of SW480 cells were measured
using the antibody sandwich system (R&D system) with
a detection range of 62.5–5,000 pg/ml CXCL12.

Statistical analyses and data presentation

All the analyses performed were descriptive. Associa-
tions between CXCR4 immunohistochemical scores and

clinicopathological variables of tissue specimens were
evaluated by the chi-square test. P values <0.05 were
considered statistically significant. For functional assays
(migration, adhesion, proliferation), data are re-
presentative of at least three experiments with compar-
able results. Bar graphs show the mean ± SD of data
from a representative experiment. Student’s t test was
used for comparing the means and P values <0.05 were
considered statistically significant.

Results

Expression of the CXCR4 receptor in human colorectal
cancer tissues

In order to identify a possible prognostic marker in
colorectal cancer, we studied the expression of CXCR4
in colorectal tumours by performing immunohisto-
chemical analysis of 88 different tissues including 14
normal mucosae, 53 polyps, and 21 carcinomas (16
primary carcinomas and 5 hepatic metastasis) (Table 1).
Staining of CXCR4 was identified in the cytoplasm and/
or the cell membrane of the cells. Figure 1 shows rep-
resentative immunostainings of normal mucosa (a),
dysplastic polyps (b–d) and carcinomas (e, f). Carcino-
mas were intensively stained (11 of 16, or 68.7% were
categorized as ++ or +++). There was a significant

Table 1 Expression of CXCR4 proteins in cancerous and non-cancerous colorectal tissues

Histologies Number CXCR4 expression P (v2 test)a

Negative staining Positive staining

� �/+ + ++ +++

Total 88
A. Normal mucosa 14 3 (21.4%) 4 (28.5%) 6 (42.8%) 1 (7.1%) –
B. Polyps 53 10 (18.9%) 14 (26.4%) 16 (30.2%) 10 (18.9%) 3 (5.7%)
Hyperplastic 14 7 (53.8%) 4 (30.8%) 2 (15.4%) 1 (7.7%) – 0.009
Adenomatous 39 3 (7.7%) 10 (25.6%) 14 (35.9%) 9 (23.1%) 3 (7.7%)
Dysplasia grade
G1 14 1 (7.1%) 4 (28.6%) 5 (35.7%) 4 (28.6%) - NS
G2/G3 25 2 (8.0%) 6 (24.0%) 9 (36.0%) 5 (20.0%) 3 (12.0%)
Diameter

£ 4 mm 19 2 (10.5%) 8 (42.1%) 7 (36.8%) 1 (5.3%) 1 (5.7%) 0.031
>4 mm 20 1 (5.0%) 2 (10.0%) 7 (35.0%) 8 (40.0%) 2 (10.0%)
Morphology
Sessile 22 1 (4.5%) 7 (31.8%) 8 (36.3%) 5 (22.7%) 1 (4.5%) NS
Pedunculated 17 2 (11.7%) 3 (17.6%) 6 (35.3%) 4 (23.5%) 2 (11.8%)
Tubular 16 1 (6.2%) 5 (31.2%) 6 (37.5%) 3 (18.7%) 1 (6.2%) NS
Tubulovillous 23 2 (8.7%) 5 (21.7%) 8 (34.8%) 6 (26.1%) 2 (8.7%)

C. Carcinomas 21 – – 5 (31.2%) 5 (31.2%) 6 (37.5%)
Grading
G1 4 – – 2 (50.0%) 2 (50.0%) –
G2/G3 12 – – 3 (25.0%) 3 (25.0%) 6 (50.0%)
Stage (Dukes)
B2 4 – – 4 (100%) – – Descriptive
C1 2 – – 1 (50.0%) – 1 (50.0%)
C2 10 – – – 5 (50.0%) 5 (50.0%)
Hepatic metastasis 5 – – – 3 (60.0%) 2 (40.0%)

A vs. B vs. C: P=0.003
NS not significant
aComparisons referred to two groups: � and �/+ (negative staining) vs. +, ++, +++ (positive staining)
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correlation between the expression of the CXCR4 pro-
tein and several clinicopathological variables examined
(Table 1). In fact, CXCR4 was significantly over-ex-
pressed in cancerous lesions (carcinomas and metastasis,
21/21) compared to non-cancerous samples (normal
mucosa and polyps, 36/67) (P=0.003). Dysplastic pol-
yps showed a higher expression of CXCR4 (66.7%) than
hyperplastic polyps (21.4%) (P=0.009). A polyp diam-
eter of >4 mm was significantly correlated with a higher

expression of CXCR4 (P=0.031). Thus, CXCR4
expression significantly correlates with malignant
transformation.

Expression of the CXCR4 receptor in human colorectal
cancer cell lines

In order to understand the role of CXCR4 in the biology
of colon cancer we analysed six human colon cancer cell
lines for the expression of CXCR4. Three different
patterns of receptor expression were observed. GEO
cells express very low amounts of the receptor while
SW620 (�40–60% of cells positive), SW48 (�50–60% of
cells positive) and SW480 (�50–80% of cells positive)
cell lines were strongly positive. CXCR4 was moderately
expressed in Caco-2 (�20% of cells positive) and Lovo
cells (�20% of cells positive) (Fig. 2a). Expression of
both CXCR4 and its ligand CXCL12 was detected by
RT-PCR in SW480 colorectal cancer cells but only
CXCR4 was expressed in SW620 cells (data not shown).
Moreover, the chemokine CXCL12 was detected in the

Fig. 1 Immunohistochemical study of CXCR4 expression in
human colorectal tissues. Representative results of CXCR4
staining in normal mucosa (a, ·40), adenomatous polyps with
G2/G3 dysplasia (b–d, ·20), and two carcinomas (e, f, ·20).
Staining of CXCR4 was identified in the cytoplasm and/or cell
membrane of the cells. The normal mucosa represented in (a) is
essentially negative while the stromal cells express CXCR4. In G2/
G3 polypi (b–d), CXCR4 staining was higher in high-grade
dysplastic cells (indicated by the arrows) compared to adjacent
low-grade dysplastic cells (b, c) or to the normal mucosa (d).
CXCR4 staining was highly positive in carcinomas (e, f). Negative
or positive staining was also observed in a majority of the
infiltrating cells in the specimens. Secretions and extracellular
matrix are negative

785



conditioned medium of SW480 cells by ELISA (data not
shown) and by intracellular flow cytometry (Fig. 2b).

CXCL12 regulates adhesion, chemotaxis and cell shape
in SW480 cells

In SW480 and SW620 (�50–80% of cells positive for
CXCR4), we performed functional assays to test the
state of the receptor. In the adhesion assay to fibronectin
and collagen type I/III, the cells (5·105 cells/well) were
resuspended in adhesion media with or without
CXCL12 (50 and 100 ng/ml) and seeded in 24-well
plates. After 2 h of incubation, unattached cells were
removed by gentle washing with adhesion media.
Adherent cells were fixed, stained with H&E and coun-

ted microscopically. As shown in Fig. 3a, CXCL12 en-
hanced the adhesion of SW480 cells �2- and �3-fold at
50 and 100 ng/ml, respectively; pre-treatment with
10 lg/ml anti-CXCR4 mAb 12G5 strongly reduced
CXCL12-dependent adhesion of SW480 cells (Fig. 3a,
b). Next, we tested the ability of 100 ng/ml CXCL12 and
liver-derived proteins to induce the migration of SW480
cells in collagen-coated cell-culture chambers. SW480
(5·105 cells/well) were plated in the upper chamber.
CXCL12 or liver-derived proteins were added to the
lower chamber. After 8 h of incubation, cells on the
upper surface of the filter were removed using a cotton
wool swab. Migrated cells on the lower surface were
fixed, stained and counted microscopically. Four differ-
ent liver-derived extracts were produced and assayed
with ELISA to show the presence of the CXCL12
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chemokine (mean ± SD pg/ml, A: 2100±73, B:
842±26, 384±44, 271±37). CXCL12 and the liver-de-
rived extracts were able to induce an �11-fold and a �6-
fold increase in the migration index of SW480 cells,
respectively (Fig. 3c). As with the adhesion assay, the
chemotaxis induced by CXCL12 could be blocked by
pre-treating the cells with anti-CXCR4 antibodies with a
marked but not complete inhibition of the chemotactic
effect of liver-derived proteins (Fig. 3c). Similar results

Fig. 2 Expression of CXCR4 receptor in human colon cancer cell
lines. As indicated in a, the expression of the CXCR4 receptor was
evaluated with anti-CXCR4 antibody by flow cytometry (empty
histograms) in two non-colon cancer cell lines (HT1080, a human
fibrosarcoma cell line and MDA-231, a human breast cancer cell
line) and in six human colon cancer cell lines (Lovo, GEO, SW48,
Caco2, SW480, and SW620). Negative controls were obtained by
omitting the primary antibody (filled histograms). In b, CXCL12
expression in SW480 cells has been evaluated with anti-CXCL12 by
intracellular flow cytometry. As indicated by different colours, cells
were fixed, permeabilized and labelled after 24, 48, 72 and 96 h.
Shown is one out of three representative experiments

b

Fig. 3 CXCL12 regulates adhesion, chemotaxis and cell shape.
SW480 cells were plated on human plasma fibronectin (a) or
human collagen type I/III (b). When indicated, SW480 cells were
resuspended in adhesion media with or without CXCL12. Anti-
CXCR4 12G5 was added to the SW480 cells for 5 min before
CXCL12 stimulation and during the stimulation. Adherent cells
were fixed, stained with H&E and counted microscopically.
Migration of SW480 cells was studied using collagen-coated
chambers. The cells were placed in the upper chamber and, when
indicated below each column, 100 ng/ml CXCL12, or liver-derived
proteins were added to the lower chamber in triplicate (c). When
indicated, anti-CXCR4 12G5 (10 lg/ml) were added to the SW480
cells for 5 min before and during the experiment (c). Migrated cells
on the lower surface were fixed, stained with H&E and counted
microscopically. In order to study the cell shape, cells were treated
at 37�C with or without CXCL12 (100 ng/ml). As indicated in d,
after 10, 30, 60 min and 4 h cells were fixed, rinsed, permeabilized
and labelled with FITC-phalloidin. Observations were performed
with a fluorescence microscope connected to a laser scanning
cytometer. The arrows indicate some morphological changes
(neurite-like projections, membrane ruffling, filopodia and uropods
formations) in treated cells. Data (a–c) (mean ± SD values of
triplicate samples) represent one representative result of four
independent experiments. Asterisk significant increase versus
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were obtained with SW620 cells in terms of migration
and adhesion while no chemotaxis towards CXCL12
was detected with GEO cells (data not shown). Finally,
the ability of CXCL12 to alter the cytoskeleton of
SW480 cells was assessed by FITC-phalloidin using a
fluorescence microscope. Treatment with 100 ng/ml
CXCL12 was associated with the acquisition of a spindle
shape, and the formation of pseudopodia and neurite-
like projections, as well as increased membrane ruffling
(Fig. 3d). The cell shape was changing dramatically
from time to time (d, right panels), but no increase in the
overall fluorescence was observed. Two representative
fields of unstimulated cells were also shown (d, left
panels).

CXCL12 causes proliferation of SW480 and SW620 cells

CXCL12 was added to SW480 and SW620 cells main-
tained in serum-free medium and proliferation was
measured after 24 h. There was a significant increase in
SW480 cell growth with 100 ng/ml CXCL12 (P<0.05)
(Fig. 4). Addition of anti-CXCR4 12G5 (10 lg/ml) or
PD98059 (40 lM), a MEK inhibitor, strongly blocked
the CXCL12-dependent stimulation of cell proliferation
(Fig. 4). Interestingly, anti-CXCR4 12G5 (10 lg/ml)
inhibited proliferation of unstimulated cells below con-

trol (Fig. 4). This evidence suggests an autocrine loop is
present in the SW480 cells that might confer a selective
advantage to the CXCR4-expressing cells. Similar results
were obtained with SW620 cells (data not shown). Fur-
thermore, to study whether CXCL12 could activate a
downstream pathway, we tested the activation of ERK1/
2 in SW480 cells. SW480 cells were serum-starved for

Fig. 5 CXCL12 induces phosphorylation of extracellular signal-
regulated kinases (ERK) 1 and 2 in SW480 cells. To study whether
CXCL12 could induce phosphorylation of ERK1/2 in colon cancer
cells, SW480 cells were serum-starved for 48 h and then incubated
with CXCL12 (100 ng/ml). Changes in the phosphorylation of p44/
42 (Erk1/2) kinases were analysed by Western blotting using
antibodies specific for the following proteins: phospho-ERK1
and 2, total ERK (a). In b, the ratio of phospho-ERK1/2
to unphosphosphorylated forms is shown based on scanning
densitometry values. CXCL12 rapidly (5 min) up-regulated the
phosphorylation of ERK kinases increasing to 6–7 the ratio of
phospho-ERK1/2 to unphosphosphorylated forms. This ratio then
decreased after 15–30 min before increasing to 3–4 after 24 h.
Results are representative of three independent experiments

Fig. 4 CXCL12 induces proliferation of colorectal cancer cells. To
measure CXCL12-induced proliferation, SW480 cells were cultured
in 96-well flat-bottomed plates and allowed to adhere overnight. As
indicated beside the bars, the media was then replaced with DMEM
serum-free ±100 ng/ml CXCL12. When indicated, PD98059
(40 lM) or anti-CXCR4 12G5 (10 lg/ml) was added to the
SW480 cells for 5 min before CXCL12 stimulation and during
the stimulation (filled bars). Anti-CXCR4 12G5 (10 ug/ml) was
added to SW480 cells cultured in DMEM 10% FCS (empty bar).
The proliferative activity was determined after 24 h by the WST-1
colorimetric assay. Data are presented as mean ± SD values of
quadruplicate samples. This is a representative experiment of three
done in quadruplicate. Asterisk significant increase versus control
(P<0.05, t test) dagger significant inhibition (P<0.05, t test)
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48 h and then incubated with CXCL12 (100 ng/ml).
Changes in the phosphorylation of p44/42 (Erk1/2)
kinases were analysed by Western blotting. CXCL12-
induced rapid (5 min) phosphorylation of the ERK
kinases, increasing to 6–7 the ratio of phospho-ERK1/2
to unphosphosphorylated forms. This ratio then de-
creased after 15–30 min before increasing again to 3–4
after 24 h (Fig. 5). These results suggest that there is a
biphasic pattern of ERKs stimulation in SW480 cells. We
were not able to detect induction of phospho-Akt which
remains high after serum starvation (data not shown).

Discussion

In the present study, we focused on the role of CXCR4,
the receptor for the CXCL12 chemokine, in colorectal
cancer. We have addressed the hypothesis that the
CXCR4/CXCL12 axis could be involved in promoting
colorectal cancer progression. First, expression of
CXCR4 in colorectal tissues was examined by immu-
nohistochemistry. CXCR4 was significantly over-ex-
pressed in cancerous lesions (carcinomas and metastasis,
21/21) compared to non-cancerous lesions (normal mu-
cosa and polyps, 36/67). We also observed that dys-
plastic and larger polyps showed a higher expression of
CXCR4 compared to hyperplastic and smaller polyps.
The expression of the CXCR4 receptor in six colorectal
cancer cell lines (SW480, SW48, GEO, Lovo, SW620,
and Caco2) was compared to two non-colorectal human
cell lines (HT1080 and MDA231). We found high
expression of CXCR4 in three colorectal cancer cell lines
(SW480, SW48, and SW620). Then, we determined the
biological effects (adhesion, chemotaxis, cell shape, and
proliferation) of stimulating the CXCR4 receptor in vi-
tro with its natural ligand, CXCL12.

Previously, Jordan et al. [26] reported CXCR4
expression in both normal and inflamed colonic mucosa
and in human colon cancer cells, HT29 by RT-PCR, and
Mitra et al. [27] showed CXCR4 expression in colon
cancer. We observed immunoreactivity for CXCR4 in
the cytoplasm and cell membrane of human intestinal
epithelial cells (mAb 12G5 also reacts with intracellular
CXCR4) [28], and a heterogeneous staining (from neg-
ative to intense staining) in a majority of the infiltrating
stromal lymphocytes in the specimens. In contrast to
breast cancer tissue [4], these data suggest that the
expression of CXCR4 is not a specific characteristic of
the malignant colorectal tissue. Interestingly, we ob-
served that in grade 2/3 polyps, CXCR4 staining was
higher in high-grade dysplastic cells compared to adja-
cent low-grade dysplastic cells. Notably, CXCR4 stain-
ing in colorectal tumours was significantly higher than in
normal mucosa in terms of intensity and the percentage
of positive cells.

There is evidence that colon cancer can progress from
normal tissue to adenoma and carcinoma through an
accumulation of multiple genetic alterations. Thus, the
colorectal tumour is an interesting model to study the

progression of the neoplastic transformation [29, 30].
With an explorative and predominantly descriptive aim,
we studied the expression of CXCR4 in normal mucosa,
polyps with different clinicopathological characteristics
and carcinomas. Significant correlations were found
between the expression of CXCR4 and a variety of
clinicopathological features. Surprisingly, adenomatous
polyps had significantly higher immunostaining for
CXCR4 than hyperplastic polyps. This finding suggests
that the alteration of the proliferation status (hyper-
proliferation is the hallmark of hyperplastic polyps) is
not associated with over-expression of CXCR4. The
grading of dysplasia of adenomatous polyps was not
significantly associated with CXCR4 expression al-
though a slight trend was observed (positive immuno-
staining: grade 1, 60% vs. grades 2/3, 76.5%).
Surprisingly, the diameter of the polyps was correlated
with CXCR4 expression, with staining observed to be
more intense in larger (>4 mm) polyps. While this
association between CXCR4 expression and lesion
diameter could reflect an activation of proliferation in-
duced by CXCR4, these data should be interpreted with
caution due to the small number of specimens. In fact,
we cannot rule out the hypothesis that the higher
expression of CXCR4 in adenomatous polyps was
reflective of a larger proportion of adenomas in larger
polyps. More detailed studies are needed to address
correlations between clinicopathological characteristics
(various types of polyps, disease stage of carcinomas,
p53 expression, APC mutations, etc.), colon cancer
progression and CXCR4 expression.

Colorectal cancer is remarkable for its tendency to
metastasize to the liver. In the present study, we ob-
served that both CXCL12 and liver extracts are able to
induce chemotaxis. However, an anti-CXCR4 antibody
did not completely block the chemotactic effect of the
liver extracts suggesting that, in addition to the CXCL12
chemokine, other soluble factors may have important
roles.

In addition to attraction and adhesion, CXCL12 may
also help to establish metastases by acting as a growth
paracrine/autocrine factor. This is particularly interest-
ing because CXCL12 is expressed by most cell types [2,
3] and is likely produced by tumour stromal cells; thus, it
may be present in the microenvironment of both pri-
mary and metastatic colorectal tumours. To evaluate
this possibility, we evaluated the importance of CXCL12
on SW480 and SW620 colorectal cancer cells cultured in
serum-free conditions. We observed that the addition of
CXCL12 stimulated proliferation and resulted in phos-
phorylation of ERK1/2. As SW480 cells produce
CXCL12, they could function as autocrine growth fac-
tors. This thesis is supported by the observations that
the anti-CXCR4 mAb 12G5 was able to affect CXCL12-
stimulated proliferation and that treatment of SW480
cells with mAb 12G5 inhibited the growth of unstimu-
lated cells cultured in the presence of serum (below
control levels). In this context, we would note the
observations of Zeelenberg et al. [31] on the role of
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CXCR4 in promoting the outgrowth of colon carcinoma
cell metastases. These authors showed inhibition of
CXCR4 function in CT-26 colon carcinoma cells using a
CXCL12 containing a KDEL sequence that binds to
and retains CXCR4 protein in the endoplasmic reticu-
lum. CXCL12-KDEL expressing cells did not form
metastases in the liver (relative to the control cells), and
also had a reduction in lung micro- and macrometasta-
ses, demonstrating a role for the CXCR4/CXCL12 axis
in these colon cancer cells. Recently, it has been shown
that the PI3K/Akt signalling pathway is frequently in-
volved in survival and migration of tumour cells.
However, no induction of phospho-Akt was observed in
SW480 cells [32, 33].

Previously, Aihua et al. [34] reported that colon
cancer cells migrate and proliferate in response to IL-8, a
factor that has been shown to bind to CXCR1 and
CXCR2. These receptors are also higher in metastatic/
invasive colon carcinoma cells than in non-metastatic
colon carcinoma cells. Altogether, these data suggest
that chemokines might play an important role in pro-
moting the aggressiveness of colon carcinoma cells.
Interestingly, it has recently been shown that CXCR4
expression in colorectal cancer could be associated with
high risk of liver metastasis. Comparison of CXCR4
expression levels at all stages by quantitative real-time
PCR revealed significant upregulation of CXCR4
expression in patients who developed liver metastases.
Analysis of patients in the early stage (I/II) revealed that
30% (n=3/10) of patients with high CXCR4 expression
developed liver localizations, whereas no patient with
low expression (n=0/23) developed liver metatsases
during a mean follow-up of 39 months (P=0.022) [35].
A lot of data have been collected addressing the role of
antibodies directed against CXCR4 in blocking its bio-
logical activity. We showed that neutralizing anti-
CXCR4 antibodies inhibited chemotaxis, adhesion and
proliferation of colorectal tumour SW480 cells at a
concentration of 10 lg/ml. We think that further studies
are warranted in order to produce humanized/chimeric
antibodies to test against human colorectal neoplasms.
AMD3100, a small CXCR4 antagonist, has been eval-
uated as an HIV inhibitor because the virus uses
CXCR4 as a co-receptor [36] and is entering clinical
trials for AIDS [37]. Further pre-clinical studies are re-
quired to evaluate its efficacy against cancer in combi-
nation with biological and chemotherapeutic agents. On
the other hand, our data suggest that CXCL12 may
promote colorectal cancer progression at different levels
so that agents directed at CXCR4 (antagonists, blocking
antibodies, etc.) could have some therapeutic effects
against colorectal cancer.
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