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Human Cancer Biology

Reciprocal Interactions between Tumor-Associated
Macrophages and CD44-Positive Cancer Cells via
Osteopontin/CD44 Promote Tumorigenicity in Colorectal
Cancer

Guanhua Rao1, Hongyi Wang3, Baowei Li2, Li Huang2, Danfeng Xue2, Xiaohui Wang2, Haijing Jin2,
Jun Wang2, Yushan Zhu1, Youyong Lu3, Lei Du2, and Quan Chen1,2

Abstract
Purpose:CD44 is of functional importance for tumor initiation and progression in colorectal cancer, but

how this molecule benefits cancer cells from the tumor microenvironment, especially tumor-associated

macrophages (TAM), remains poorly defined.

ExperimentalDesign: In vivo tumorigenic assayswere conducted to assess the role ofmurine TAMs in the

tumorigenesis of human colorectal cancer cells. Both in vitro and in vivoosteopontin (OPN) expression levels

in TAMs were examined by immunohistochemistry, quantitative PCR, and Western blotting. Soft agar

colony formation assays were used to estimate the clonogenicity of colorectal cancer cells that had received

different treatments. The relationships between the expression levels of OPN, CD44v6, and CD68 and

clinical prognosis were evaluated by tissue microarray analysis.

Results: We found that macrophages, when coinjected or cocultured with CD44-positive colorectal

cancer cells, were able to produce higher levels of OPN, which in turn facilitated the tumorigenicity and

clonogenicity of the colorectal cancer cells. The knockdown of CD44 or treatment with blocking antibodies

toCD44 attenuatedOPN secretion.OPN, through binding to its receptor CD44, activated c-jun-NH2-kinase

signaling and promoted the clonogenicity of colorectal cancer cells. Moreover, tissue microarray data have

shown thatOPNexpression, in combinationwith CD44v6, has a negative correlationwith colorectal cancer

patient survival.

Conclusions: These results suggest that the OPN–CD44 interaction is important for colorectal cancer

progression and could serve as a potential therapeutic target for the treatment of colorectal cancer. Clin

Cancer Res; 19(4); 785–97. �2012 AACR.

Introduction
CD44, first described as a lymphocyte homing receptor

(1), has been implicated in a wide variety of cellular pro-
cesses, including cell adhesion, migration, lymphocyte
homing, T-cell activation and cell–cell interactions (2). In

these processes, CD44 functions as a cell adhesion and
signaling molecule linking the extracellular matrix with the
cellular cytoskeleton and signaling pathways. The CD44
gene contains 19 exons, among which there are 9 variant
exons inserted in different combinations that generate
multiple splicing isoforms (e.g., CD44s and CD44v; ref. 3).
Accumulating evidence has shown that CD44s and its
variants are involved in the progression of a variety of
tumors, including breast (4), lymphoma (5), hepatocellular
(6), lung (7), pancreatic (8), and colorectal cancers (9). In
colorectal cancer, CD44 is now widely used as a cell surface
marker of colorectal cancer–initiating cells (10, 11). It was
reported that certain CD44 isoforms that regulate the acti-
vation andmigrationof lymphocytes andmacrophages also
enhance the local growth of tumor cells (12), although the
molecular mechanism remains elusive.

In addition to the genetic and epigenetic abnormalities in
tumor cells, tumorigenicity is also regulated by niche factors
from the tumor microenvironment. The crosstalk between
stromal factors and neoplastic cells is critical for tumor
initiation and progression. In solid tumors, there is a
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heterogeneous mixture of stromal cells that includes endo-
thelial cells, infiltrating leukocytes, cancer-associated fibro-
blasts, myofibroblasts, and mesenchymal stem cells (MSC;
ref. 13). Among them, tumor-associated macrophages
(TAM) are the most notable type of stromal cells and play
a critical role in tumorigenesis (14). Studies from a mac-
rophage-deficient op/opmouse model show that the subcu-
taneous growth of transplanted Lewis lung cancer is
markedly impaired in these macrophage-deficient op/op
mice compared with their normal littermates (15). Clinical
studies show that TAM infiltration has a strong association
with advanced tumor stage and poor outcome in several
types of cancer (16, 17). Therefore, a better understanding
of the underlying mechanisms of the interaction between
tumor cells and TAMs holds promise for fighting cancer.

We previously showed that CD44 is a robust marker for
tumor-initiating cells. We reasoned that niche factors such
as TAMs could interact with CD44-positive tumor-initiating
cells to induce tumorigenesis. In the current study, we
uncovered a reciprocal interaction between TAMs and
CD44-positive colorectal cancer cells during tumorigenesis.
CD44-positive cells were found to promote the secretion of
OPN, which, in turn, promoted the growth of CD44-pos-
itive colorectal cancer cells via the activation of the JNK
pathway. Our results thus provide a potential therapeutic
target for blocking the crosstalk between OPN in TAMs and
CD44 in cancer-initiating cells in colorectal cancer.

Materials and Methods
Patients and tissue samples

Primary colorectal cancer samples were obtained from90
patients (range 26–86 years,median age 59.6) at the Beijing
CancerHospital and Institute (Beijing, China) from January
2002 to December 2008. Fresh colorectal tumor samples
were collected immediately after surgical resection for use in

cell culture and xenograft transplantation. All samples were
collected with informed consent according to the Internal
Review and the Ethics Boards of Beijing Cancer Hospital
and Institute.

Antibodies and reagents
The mouse monoclonal antibody (mAb) against human

CD44v6 that we used in this study was a kind gift from Dr.
Lu (Beijing Cancer Hospital and Institute, Beijing, China;
AbM51111-42-PU, BPI). Mouse anti-CD44s (Clone 2C5,
R&D), mouse anti-CD44-APC (G44-26, BD Biosciences),
mouse anti-CD44-FITC (G44-26, BD Biosciences), mouse
anti-EpCAM-Alexa Fluor 488/647 (VU1D9, CST), goat anti-
osteopontin polyclonal Ab (AF1433, R&D), rabbit anti-
phospho-SAPK/JNK (Thr183/Tyr185) mAb (9251, CST),
rabbit anti-SAPK/JNK mAb (9152, CST), rabbit anti-Akt
mAb (clone C67E7, CST), rabbit antiphospho-Akt
(Thr308) mAb (clone 244F9, CST), rabbit anti- phos-
phor-Erk (Thr202/Tyr204) mAb (9101, CST), rabbit anti-
Erk mAb (9102, CST), mouse anti-CD68-FITC (clone Y1/
82A, Biolegend), mouse antihuman CD11b/Mac-1-PE
(clone ICRF44, BD Pharmingen), Normal Goat IgG control
(AB-108-C, R&D), mouse IgG2A isotype control (clone
20102, R&D), anti-mouse F4/80-APC Ab (clone BM8, Bio-
legend), rat anti-mouse F4/80 mAB (MCA497GA, AbD
serotec), and mouse antihuman CD68 mAb (clone PG-
M1, Dako) were purchased from the indicated vendors.

Quantitative PCR reagents were obtained from Takara,
and the other reagents were purchased from Sigma.

Cell culture and preparation of conditioned medium
The human colorectal cancer cell lines HT-29, SW480,

and SW620 and the human acute monocytic leukemia cell
line THP-1 were obtained from ATCC and cultured accord-
ing to standard protocols. To differentiate THP-1 mono-
cytes into macrophages, we incubated THP-1 cells with 20
ng/mL phorbol 12-myristate 13-acetate (PMA) for 48 hours
and then refreshed the culture medium with serum-free
Dulbecco’s Modified Eagle Medium (DMEM) for another
24 hours. The adherent THP-1 cells were collected for the
following experiments (18).

For preparation of conditioned medium, PMA-differen-
tiated THP-1 cells were plated in 6-well plate and cocultured
with colorectal cancer cells for 24 hours. The medium was
then centrifuged at 200� g for 10minutes at 4�C to remove
cell debris and stored at �80�C before use. For the analysis
of OPN by Western blot analysis, supernatants were ultra-
filtered for protein enrichment using a centrifugal filter
device (Amicon Ultra-15; Millipore).

Isolation of CD44-positive colorectal cancer cells and
TAMs from primary tumor samples

To isolate colorectal cancer cells from tumor samples,
tumor tissue was dissected into 2 mm fragments, followed
by collagenase/hyaluronidase (1 mg/mL, Sigma) digestion
for 1 hour at 37�C. The suspension was filtered through an
80 mm-stainless steel wire mesh to generate a single-cell
suspension. FACS was used to sort for EpCAMþCD44þ and

Translational Relevance
CD44 is expressed in lymphocytes and in many types

of cancers, and it is widely used as a cell surfacemarker of
colorectal cancer–initiating cells. How CD44 facilitates
colorectal cancer initiation and tumor growth from the
microenvironment is largely unknown. In this study, we
found that OPN was highly induced in TAMs during
cancer progression. OPN enhanced the clonogenicity of
cancer cells by binding to the CD44 receptor. In vitro
coculture of colorectal cancer cells with macrophages
promoted the secretion of OPN in macrophages in a
CD44-dependent manner. Furthermore, tissue microar-
ray analysis revealed that the expression level of OPN, in
combination with CD44v6, has a negative correlation
with colorectal cancer patient survival. Taken together,
these results suggest that OPN, which is highly expressed
in TAMs, is important for colorectal cancer progression
and holds promise as a new therapeutic target for the
treatment of colorectal cancer.
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EpCAMþCD44� cells, dissociated colorectal cancer cells
were incubated with monoclonal EpCAM antibody labeled
with Alexa Fluor 488 and CD44 antibody labeled with APC
for 30 minutes at 4�C. For isolation of TAMs, we have
followed the protocol by Duff and colleagues (19). The
dissociated cancer tissue cells were labeled with the
cell surface markers CD68 and CD11b and then sorted by
FACS. To isolate mouse TAMs, xenograft tumors from nude
mice were digested into single cells, and then incubated
with F4/80 and CD11b monoclonal antibody. Cells for
FACS were next sorted on a MoFlo XDP Cell Sorter (Beck-
man Coulter) with immunofluorescence data analyzed on
the Summit Software v5.0 (BeckmanCoulter). The purity of
the isolated subpopulations regularly exceeded 90%. All
FACS analyses and sorting were paired with matched iso-
type control.

Isolation and in vitro differentiation of human
monocyte-derived macrophages
Humanmononuclear cells were separated from the fresh

blood of healthy volunteers by gradient centrifugation by
using Ficoll-Paque PLUS lymphocyte separation solution
(GE healthcare, USA) and were suspended in RPMI-1640
medium supplemented with 10% human type AB serum
(Invitrogen). The mononuclear cells were plated in 10-cm
dishes (Falcon; Dickinson) and allowed to adhere for 1
hour at 37�C. Nonadherent cells were removed by washing
twice with PBS, and the remaining adhered cells were
incubated in RPMI-1640 supplemented with 10% human
type AB serum for 4 days, then human monocyte-derived
macrophages were used for the experiments.

RNA preparation and quantitative real-time PCR
For each sample, the total RNAwas extracted using TRIzol

(Invitrogen), quantified and validated for integrity by gel
electrophoresis. The complementary DNAs were generated
from 1 mg of total RNA for each sample using Invitrogen’s
cDNA SuperScript First-Strand Synthesis System. Quantita-
tive real-time PCR was then carried out using SYBR Premix
ExTaq� (Takara). The primer sequences for real-time PCR
are listed in Supplementary Table S1. The amplification
conditions were 95�C for 5 minutes, followed by 40 cycles
of 95�C for 15 seconds and 60�C for 45 seconds. The
threshold cycle number (CT) was recorded for each reac-
tion. The CT value of OPN was normalized to that of
GAPDH. Each sample was analyzed in triplicate and repeat-
ed 3 times.

Construction of the GST–OPN fusion plasmid
The oligonucleotides used in this study were synthesized

on the basis of the published human OPN cDNA sequence
(Genebank AccessionNo: NM_001040058.1). The forward
primer (50-cgggatccATACCAGTTAAACAGGCTGAT-30) con-
taining a BamHI restriction site and reverse primer (50-
ggctcgagATGTTCTCTTTCATTTTGCTA-30) containing an
XholI restriction site were used to clone full-length human
OPN cDNA. PCR products were purified and cloned into
the pGEX-4T1 vector after restriction endonuclease reac-

tions were conducted. Then, the pGEX–OPN plasmid was
used as a template to generate other OPN mutants. The
primer set (Forward: 50- GTTTATGGACTGAGGCTCGAG-
CGGCCGCATCGTGACTGAC-30, reverse: 50- CTCGAGC-
GGCCGCATCCTCAGTCCATAAACCACACTATCA-30) was
used to generate N-half OPN (N-half). To generate the C-
halfOPN (C-half)mutant, we used the primer set (Forward:
50-GATCTGGTTCCGCGTTCAAAATCTAAGAAGTTTCGCA-
GAC-30, reverse: 50-CTTCTTAGATTTTGAACGCGGAACCA-
GATCCGATTTTGGA-30). Two additional OPN mutants
were engineered, (i) D(295–302; Forward primer: 50- AA-
AAGTAAGGAAGAATCTCATGAATTAGATAGTGCATCTT-
30, and reverse primer: 50- ATCTAATTCATGAGATTCTTCCT-
TACTTTTGGGGTCTACA-30), in which the OPN heparin–
binding domain (295D-302I) was deleted and (ii) RGE-
OPN (RGE), in which the OPN integrin–binding domain
RGD was changed to RGE as previously described (20).

Protein purification
The various recombinant GST–OPN fusion proteins were

expressed in Escherichia coli Rosetta cells and purified on
glutathione-sepharose columns as previously described
(21). The purity of the proteins was assessed by SDS-PAGE
followed by Coomassie brilliant blue staining.

Immunohistochemistry, tissue microarrays, and
immunofluorescence

Colorectal cancer tissue microarrays consisting of sam-
ples from 190 patients were obtained from Beijing Cancer
Hospital & Institute and AlenaBio, Inc. Formalin-fixed
paraffin-embedded tissue sections were deparaffinized in
xylene, rehydrated with distilled water, and subjected to
antigen retrieval in EDTA (pH 9.0) andwere then incubated
at 4�C overnight with polyclonal goat anti-OPN (R&D,
1:100), anti-CD68 (Dako, ready for use), and anti-CD44v6
mAb (1:500). The following procedure was the same as
previously described (10).

For immunofluorescence, rehydrated tissue sections were
blocked using 1% BSA and then incubated with the indi-
cated primary antibody at 4�C overnight and subsequently
incubated with the appropriate fluorochrome-conjugated
secondary antibody for 1 hour at room temperature. Nuclei
were stained with DAPI before mounting.

Western blot analysis
Cultured cells were directly lysed in NP-40 buffer (150

mmol/L sodium chloride, 1% NP-40, and 50 mmol/L Tris,
pH 8.0) supplemented with 100 mg/mL PMSF and 50
mmol/L NaF. Protein concentrations were measured with
G250, and 20mg of total proteinswas then subjected to 12%
SDS-PAGE and transferred to a nitrocellulose membrane.
After blocking in 5%nonfatmilk in Tris-buffered saline, the
membrane was probed with the indicated primary and
secondary antibodies and detected by ECL (Pierce).

Quantification of OPN in cell culture medium
The presence of the OPN released by the macrophages

into the culture medium was quantified using a sensitive

The Interaction of OPN and CD44 in Colorectal Cancer
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human OPN quantikine kit (R&D, DOST00), according to
the manufacturer’s instructions.

RNA interference
Human JNK and CD44-directed shRNA and scramble

shRNA were inserted into pSuper.retro.puro. viral vector
(OligoEngine). The target sequences for JNK are 50-GGAGC-
TAGATCATGAAAGA-30 and 50-GGAGCTGGATCATGAA-
AGA-30. The scramble shRNA indicates a random sequence
50-GAGAAGAATTGACAACCAG-30. Freshly isolated and
primary cultured colorectal cancer cells were infected by
lentiviruses to knockdown JNK and screened with puromy-
cin for at least 7 days. The efficiency of JNK knockdownwas
verified by Western blot analysis. The knockdown of CD44
was carried out as described previously (10). In brief,
pSuper-retro-CD44 shRNA or pSuper-retro-scramble
shRNA along with phCMV-VSVG and pCMV gag-pol
(1.5:1:1, mass ratio) were transfected into 293T cells on
100 mm dishes. After 48 hours, retroviral particles were
collected and infected HT-29, P6C, and SW480 cells with 8
mg/mL of polybrene for 6 hours. After that, the media was
replacedwith freshmedium. Infected cells were then treated
with puromycin for at least 7 days or sorted by using CD44-
FITC monoclonal antibody by flow cytometry.

Soft agar colony formation assay
In all, 5,000 primary colorectal cancer cells or 200 colo-

rectal cancer cells from cell lines were plated per well in 6-
well plates in triplicate in a mixture of 0.35% agar (SeaPla-
queR Agarose, Lonza) above the 0.5% agar (both in
DMEM). Every other day, 100 mL of DMEM with 10% FBS
was added to the cells, and the plates were examined
microscopically for growth. After 2 or 3 weeks, colonies
were stained with crystal violet and counted.

Tumor xenografts
Female BALB/c nude mice or NOD/SCID mice were

maintained under defined conditions in the Animal
Experiment Center, Institute of Zoology. All of the experi-
ments were approved by the Animal Care and Use Com-
mittee of Institute of Zoology and conformed to the legal
mandates and national guidelines. Nude mice were pre-
treated with clodronate-liposome 3 days before the injec-
tion of tumor cells to transient deplete the resident
macrophages. For system in vivo macrophage depletion,
mice were intravenously injected with 200 mL of CL2MDP
liposomes and subcutaneously injected with 50 mL of
CL2MDP liposomes. Then primary colorectal cancer cells
were inoculated subcutaneously into the nude mice alone
or with TAMs. Tumor incidence and tumor volumes
were recorded within 90 days after transplantation, and
the xenograft tumors were excised from the animals for
further analysis.

Statistics
All statistical analyses were conducted using GraphPad

Prism 5 software. Data are expressed as the means � S.E.
Statistically significant differences were determined by

Students t test or the Chi-square test. A P value less than
0.05 was considered statistically significant in all cases.

Results
OPN production is significantly increased in tumor-
infiltrating macrophages

We and others have previously shown that CD44 is of
functional importance for tumor initiation (10, 22–24).We
were interested in investigating whether TAMs could influ-
ence CD44-positive colorectal cancer cells for cancer
initiation and progression. Because patient tumor–derived
cancer xenografts have a microenvironment similar to that
of the patients’ cancers (25), we isolated TAMs and CD44-
positive colorectal cancer cells from patient tumor-derived
colorectal cancer xenografts. To exclude nontumor CD44-
positive cells, we used epithelial cell adhesion molecule
(EpCAM) as a comarker with CD44 for the selection of
cancer cells (26). The EpCAMþCD44þ colorectal cancer
cells were then inoculated with or without heterologous
TAMs or peritoneal macrophages (PM) into nudemice, and
tumor volumes were measured every week. In this experi-
ment, nudemice were pretreated with clodronate liposome
to transiently eliminate endogenous macrophages (27).
Interestingly, TAMs, but not the PMs, enhanced the tumor-
igenic ability of CD44-positive colorectal cancer cells (Sup-
plementary Fig. S1).

Macrophages, when activated, were reported to secrete
a number of cytokines and metalloproteases that
enhance tumor progression. These proteins include inter-
leukins, tumor necrosis factor-alpha (TNF-a), OPN,
MMP1, etc. We reasoned that factors secreted by TAMs
were involved in TAM-promoted tumorigenesis, and we
therefore conducted quantitative real-time PCR analysis
to compare the gene expression profiles of these cyto-
kines using the cDNA of PMs and TAMs from tumor-
bearing mice (Fig. 1A). In some cases, the resulting levels
of certain proteins (e.g., iNOS and ARG) reflected the
M2-like phenotype of TAMs, whereas the downregula-
tion of other proteins (e.g., IL-1a and PTGS2) revealed
the immunosuppressive characteristics of these macro-
phages. Notably, OPN expression levels were dramati-
cally increased in TAMs compared with levels in PMs
from the same mice. Immunohistochemical analysis of
these xenograft tumors revealed that the expression of
OPN was also markedly increased in the tumor stroma
and the tumor island in the TAMs groups. In contrast, the
amount of OPN was barely detected in the other 2
groups, which were either injected with EpCAMþCD44þ

colorectal cancer cells alone or together with PMs (Fig.
1B). These differences might be because of lower
amounts of tumor-infiltrating macrophages in the con-
trol groups and the PM groups.

To further substantiate our findings, we examined the
expression of OPN in TAMs and macrophages from
tumor-adjacent colonic tissue from patients with colorec-
tal cancer using immunohistochemical analyses. Our
results showed that TAMs expressed significantly higher
levels of OPN compared with macrophages from normal
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tissue (Fig. 1C). Double immunofluorescent staining with
anti-OPN and an anti-CD68 antibody, which is a marker
of macrophages, revealed the colocalization of OPN and
CD68 at the stromal area of tumor sections, as shown
in Fig. 1D. These results suggest that TAMs in colorectal
cancer have higher levels of OPN than do the macro-
phages in normal tissues.

Colorectal cancer cells enhance OPN secretion in
macrophages

We next set out to determine if colorectal cancer cells are
able to promote the expression of OPN inmacrophages. To
test this possibility, we cocultured a CD44-positive colon
cancer cell line, HT-29, with THP-1 cells, a widely used
macrophage cell line, and examined the OPN expression in

Figure 1. TAMs secrete high levels
of OPN. A, PMs and TAMs were
isolated from tumor-bearing nude
mice by FACS, and their gene
expression profiles were evaluated
by real-time PCR (n ¼ 3).
B, representative
immunohistochemistry images of
xenograft tumors. Sections were
stained with HE (left), anti-F4/80
(middle), and anti-OPN (right)
antibodies. Top, control groups
(s.c. injection of colorectal cancer
cells only); middle and bottom, PM
groups and TAM groups (s.c.
injection of colorectal cancer cells
with PMs or TAMs, respectively). C,
serial sections of tissues from colon
cancer and normal colon were
stained with indicated antibodies,
and representative pictures are
shown. D. representative
immunofluorescence images of
CD68 (green) and OPN (red) in
colorectal tumor sections. Scale bar,
50 mm.

The Interaction of OPN and CD44 in Colorectal Cancer
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macrophages. Interestingly, both direct physical contact
coculture of these 2 cell lines and indirect coculture, in
which the 2 cell populations were separated by transwell
chambers, elevated the OPN levels in the culture medium,
as analyzed by ELISA (Supplementary Fig. S2A). These
results suggest that the induction of OPN in macrophages
is independent of the physical contact between macro-
phages and cancer cells. Real-time PCR analysis has shown
that there were approximately 4-fold increased OPN levels
in THP-1 cells but not in HT-29 cells (Supplementary Fig.
S2B).

CD44 is widely used for the enrichment of cancer-
initiating cells (CIC) and implicated in remodeling a
preexisting niche for CICs (28). We therefore asked if
there were any differences between CD44-positive cancer
cells and CD44-negative cancer cells in promoting OPN
secretion in macrophages. ELISAs on conditioned medi-
um clearly showed increased OPN secretion when THP-1
cells were cocultured with patient-derived CD44þ cells
but not when cocultured with CD44� colorectal cancer
cells (Fig. 2A). To confirm the role of CD44-positive
colorectal cancer cells in promoting OPN secretion, we
next cocultured THP-1 cells with the CD44-positive colo-
rectal cancer cell lines HT-29 and SW480 and primary

colorectal cancer cells (P6C) or SW620 cells, which do
not express CD44 (29), in transwell chambers. Both
mRNA (Fig. 2B, left) and protein (Fig. 2B, middle and
right) levels of OPN in THP-1 cells were increased after
coculture with CD44-positive HT-29, SW480, and P6C
cells. However, SW620 failed to induce OPN production
in THP-1 cells. These data suggest that CD44-positive
colorectal cancer cells play an important role in promot-
ing OPN secretion in macrophages.

To further investigate the role of CD44 in OPN secretion
in a coculture system,we used lentiviral RNA interference to
stably knock down CD44 in HT-29, SW480, and P6C cells.
Western blot analysis showed that more than 90% of CD44
expressionwas knocked down (Fig. 2C). Indeed, the knock-
down of CD44 expression in colorectal cancer cells resulted
in reductions in both OPN mRNA levels (Fig. 2D, left)
and protein levels (Fig. 2D, right). In addition, coculture of
HT-29 and in vitro differentiated human macrophages pro-
moted OPN secretion in macrophages, as shown in Sup-
plementary Fig. S2C, knockdown of CD44 in HT-29 cells
partially decreased the OPN production in human macro-
phages. These results indicated that OPN induction from
macrophages is closely associated with CD44 expression on
cancer cells.
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Figure 2. Colorectal cancer cells induce OPN expression in macrophages. A, primary colorectal cancer cells were isolated from patients and then cocultured
with THP-1 macrophages differentiated from PMA for 24 hours. The conditioned media were collected, and OPN protein expression levels were evaluated
by ELISA. B, THP-1 cells were cultured alone or cocultured with colorectal cancer cell lines (HT-29, SW480, SW620, and P6C) for 24 hours. OPN mRNA
levels in THP-1 cells (left) were then assessed by real-time PCR, and the OPN protein levels in THP-1 cells (middle) or supernatant (SN) of conditioned
medium (right) were evaluated by Western blot analysis. C, the efficiency of CD44 knockdown by lentiviral-based shRNAs was evaluated by Western blot
analysis (SC, scramble; KD, knockdown). D, colorectal cancer cells or CD44-KD cancer cells were cocultured with THP-1 cells for 24 hours, and the relative
expression of OPN (left) was analyzed by real-time PCR; OPN protein expression levels (right) were evaluated by Western blot analysis.
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Figure 3. OPNpromotes the clonogenicity of colorectal cancer cells. A, HT-29, P6C, and primary colorectal cancer cells P7552were treatedwith the indicated
conditionedmedium from unactivatedmacrophages (unactivatedM�, PMA-differentiated THP-1 cells) or activatedM� (PMA-differentiated THP-1 cells that
were further activated byHT-29 cells)with orwithoutOPNneutralizing antibody or recombinantOPNprotein (10mg/mL) for 3passages. The clonogenicitywas
determinedby a soft agar assay. B, soft agar clonogenicity assayof primaryCD44þ colorectal cancer cells treatedwith orwithout recombinantOPN (1mg/mL).
C, schematic representation of OPN constructs used in generating various recombinant GST-OPN fusion proteins. D, the clonogenicity of HT-29 cells
exposed to various recombinant GST-OPN fusion proteins. Colony numbers are shown on the right.
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OPN promotes colorectal cancer cell clonogenicity
in vitro

Clonogenicity is used as a marker for cancer stem cell
properties in vitro and is well correlated with tumorigenicity
in vivo (30). We therefore evaluated if TAM-derived OPN
affects the clonal formation of colorectal cancer cells in soft
agar. Compared with colorectal cancer cells that were cul-
tured alone, the conditioned medium collected from the
coculture of THP-1 and HT-29 cells exhibited an enhanced
capacity for facilitating the clonogenicity ofHT-29, P6C and
P7552 (Primary colorectal cancer cells which isolated from
patient-7552) in soft agar. Importantly, a neutralizing anti-
body for OPN was able to abolish the clonogenicity-pro-
moting activity of the coculture medium (Fig. 3A). In
addition, the recombinant human OPN protein purified
from E. coli remarkably enhanced clonal formation in soft
agar (Fig. 3A and B) in a dose-dependent manner (Supple-
mentary Fig. S3). Colony size was also increased in OPN-
treated conditions (Fig. 3B).

Previous reports have shown that OPN is implicated in a
variety of biologic functions through its interaction with the
integrin and CD44 families (12, 31). OPN contains several
functionaldomains,amongwhichaGRGDSsequencecanbe
ligated with RGD-dependent integrins. This interaction
directly mediates the migration and invasion of tumor cells
(32). In addition, theCOOH-terminusofOPNbindsdirectly
to CD44v6 and/or -v7 to mediate chemotaxis and the adhe-
sionoffibroblasts, T cells andbonemarrowcells (12, 20, 33).
We therefore wished to understand which domains of OPN
are important for clonogenicity in soft agar. To this end, we
generated several OPNmutants, includingmutants contain-
ing either the COOH-terminal or amino-terminal halves of
OPN; D(295–302)-OPN, which lacks the heparin-binding
sequence; and RGE–OPN, which contains an integrin-bind-
ing sequence with RGE instead of the wild-type RGD
sequence (Fig. 3C). The various recombinant GST–OPN
proteins were purified and analyzed by SDS-PAGE (Supple-
mentary Fig. S4). Soft agar clonogenic assays showed that
only the amino-terminal half of OPN (N-half OPN) lost the
ability to promote clonogenicity, whereas other OPN
mutants still had the capacity to promote clonogenicity (Fig.
3D). These results suggest that the clonogenicity of cancer
cells enhanced by OPN is RGD-independent and the C-half
of OPN contains a functional domain which might be
responsible for OPN-promoted clonogenicity. It is known
that the C-terminus of OPN contains CD44v6 and/or -v7
binding domains and a heparin-binding domain, the last of
which might mediate CD44v3 binding to OPN through
heparin bridges. However, the deletion of the heparin-bind-
ing domain did not block the ability of OPN to enhance
clonogenicity. Taken together, these findings indicate that
OPN plays an important role in TAM-promoted clonogeni-
city and that the interaction of OPN–CD44v6 and/or -v7
might be involved in this process.

OPN activates JNK signaling via binding to CD44
Extensive research has elucidated the importance of

OPN in regulating the cell signaling that contributes to

tumor progression. In binding to its receptors, CD44 and
integrins, OPN can activate various signals, including the
NIK–ERK, MEKK1–JNK1, and PI3K/Akt signaling path-
ways (34). We therefore addressed the OPN signals that
might be implicated here. Notably, we found that HT-29
cells treated with exogenous OPN exhibited higher levels
of the Thr183/Tyr185-phosphorylated, activated form of
SAPK/JNK but exhibited no difference in the levels of
other proteins, such as phosphorylated ERK or Akt (Fig.
4A). In addition, OPN promoted CD44 expression in
cancer cells. To clarify the roles of OPN functional
domains in activating JNK signals, we treated HT-29 cells
with the recombinant OPN mutants and found that all of
the OPN mutants could activate JNK signals except the N-
terminal half of OPN (Fig. 4B). These results suggest that
the C-terminus of OPN is important for JNK activation.
Because the C-terminus of OPN contains a CD44v6-
binding domain (34), we were interested in investigating
whether CD44v6 might be involved in JNK activation. We
added increasing amounts of CD44v6 blocking antibody
to the culture medium and observed that the CD44v6
antibody reduced JNK phosphorylation in cancer cells in
a dose-dependent manner (Fig. 4C). These results indi-
cate that OPN activates JNK signaling through a CD44v6-
dependent pathway.

To understand the role of JNK signaling in OPN-promot-
ed clonogenicity, we knocked down JNK1/2 by lentiviral
RNA interference. As shown in Fig. 4D (left), the knock-
down efficiency of JNK1/2 was more than 80% in cancer
cells. Soft agar clonogenic assays showed that the knock-
down of JNK completely blocked the ability of OPN to
promote cancer cell clonogenicity (Fig. 4D, middle and
right). To verify the involvement of CD44v6 in OPN-reg-
ulated cellular functions, we next treated cancer cells with a
CD44v6-neutralizing antibody. As expected, the CD44v6-
neutralizing antibody could also block the OPN-induced
enhanced clonogenicity in the soft agar assay (Supplemen-
tary Fig. S5). Taken together, these results suggest that JNK is
critical for OPN-enhanced clonogenicity in colorectal can-
cer cells and that OPN activates the JNK pathway in a
CD44v6-dependent manner.

The expression levels of OPN and CD44v6 are
associated with patient outcomes

To determine whether OPN and CD44 are associated
with clinical and pathologic features in cancer patients, we
carried out tissue microarray analysis of 190 colorectal
cancer patients. The patients’ characteristics are presented
in Supplementary Table S2, and the tumor-infiltrating
macrophages were stained by an anti-CD68 monoclonal
antibody (Fig. 5A).As shown inTable 1 andFig. 5B, both the
OPN expression level and the TAMs were significantly
higher in poorly differentiated than in moderately and
well-differentiated samples (P < 0.0001 and P ¼ 0.0213,
respectively). In addition, the CD44v6 expression level and
the CD68 expression level were found to be associated with
vascular invasions in the lymph nodes (P¼ 0.0078 and P¼
0.0449, respectively).
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Tounderstand the relationshipbetweenOPN,CD68, and
CD44v6, we next calculated the correlation coefficients of
OPNandCD68 expression level among all patient samples,
and found that the correlation coefficients of OPN and
CD68 were approaching statistical significance (R ¼ 0.137,
P ¼ 0.06; Supplementary Table S3). We further divided
the patients into 2 groups (CD44v6none/low and
CD44v6moderate/high) depending on CD44v6 expression
level and observed a significant correlation between OPN
and CD68 expression in CD44v6moderate/high group (R ¼
0.235, P < 0.01), but not in CD44v6none/low colorectal
cancers (R ¼ 0.157, P ¼ 0.26).
To determine whether there were prognostically signifi-

cant associations between the expression of OPN, CD44v6,
or CD68 and patient survival, Kaplan–Meier survival curves
were then plotted. As shown in Supplementary Fig. S6A,
there were no significant differences between overall sur-
vival and the expression of CD68 (P¼ 0.1801), CD44v6 (P
¼ 0.2767), or OPN (P ¼ 0.6618). There were also no
significant correlation between disease-free survival and the
expression level of these genes (Supplementary Fig. S6B).
These results suggested that OPN, CD44v6, and CD68 were
not independent prognostic factors for patient survival.
However, if we analyzed patient survival with the combi-
nation of OPN with CD44v6, a significant negative corre-

lation was observed in overall patient survival (P ¼
0.0430, Fig. 5C) or disease free survival (P ¼ 0.0101, Fig.
5D). Collectively, these observations indicate a significant
association between stromal OPN levels, CD44v6 levels,
and human colorectal cancer progression.

Discussion
There is growing evidence that the tumor microenviron-

ment plays a very active role in tumor progression. TAMs,
which constitute a major proportion of the nonneoplastic
cells within the tumor microenvironment, constitutively
release a vast diversity of growth factors, inflammatory
mediators, proteolytic enzymes, and cytokines that pro-
mote cancer development (19, 35, 36). Although TAMs
have been implicated in tumor progression, themechanism
by which they achieve this function remains largely
unknown. Our current study revealed that the reciprocal
interaction between TAMs and CD44-positive colorectal
cancer cells occurs via OPN secreted from macrophages
and its receptor CD44 in colorectal cancer cells. We found
that OPN, by binding to CD44, promotes tumorigenic
properties, including enhanced clonogenicity and tumor
growth in a xenograftmodel, similar to theprevious studyof
OPN functions in colorectal cancer cell line (LoVo; ref. 37).
In contrast, CD44-positive colorectal cancer cells promoted

Figure 4. OPN enhanced
clonogenicity via the JNK signaling
pathway in a CD44v6-dependent
manner. A, HT-29 cells were cultured
with OPN (1 mg/mL) for 24 hours. The
phosphorylation of JNK, Erk, and Akt
was detected by immunoblot
analysis.GSTwasusedasanegative
control. B, HT-29 cells were cultured
with various recombinant OPN
proteins, and the phosphorylation of
JNK was detected by Western blot
analysis. C, HT-29 cells were treated
with OPN (1 mg/mL) with or without
the CD44v6 neutralizing antibody in
different concentrations (0.5,
1.5 mg/mL), and the phosphorylation
of JNK was then detected by
Western blot analysis. D, JNK was
knocked down in HT-29 cells by
lentiviral-based shRNAs, and the
efficiency of JNK knockdown by
shRNAs detected by Western blot
analysis (left). The colony formation
assays were conducted in HT-29
cells with or without OPN treatment
(colony number, middle; colony size,
right).
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the secretion of OPN frommacrophages in a CD44-depen-
dent manner and, in a sense, "educated" the macrophages
for their own benefit.

In spite of our evidence on the pro-tumor functions of
TAM in colorectal cancer, the role of TAMs in colorectal
cancer is quite controversial. This might be because of the
different localization of TAMs in colorectal cancer. TAMs
accumulation at the tumor margin and invasive front has
been most frequently correlated with good prognosis (38,
39). Peritumoralmacrophagesmay produce some cytotoxic
molecules to induce apoptosis in colorectal cancer cells,
such as ROS, NO, and TNF-a (40). However, Bailey and
colleagues found that TAM accumulation, taking all areas
within tumor into account, was increased with tumor stage
and it was not a good prognosis for colorectal cancer (41).
Other studies conducted by Imano and colleagues also
showed that the number of CD68-positive macrophages
in the invasive margin was significantly decreased in the
synchronous livermetastasis (s-CLM) group,whereasOPN-
positive macrophages located in the central area of tumor
were increased in the s-CLM group compared with the

control group (42), and the OPN probably produced by
macrophages correlated with synchronous liver metastasis
of colorectal cancer (43). These studies are consistent with
our results that intratumoral macrophages play a protumor
role in colorectal cancer by secreting OPN.

Recent evidence, including thedata reported in this study,
has revealed that CD44 functions as a marker for cancer
stem cells, which plays a critical role in tumorigenicity
and metastasis (28). CD44 may confer the advantage of
enhanced tumor growth through the activation of a number
of signaling pathways, such as those involved in apoptotic
evasion and drug resistance via the PI3K-Akt and Ras-MAPK
pathways (44–46). We have also shown that OPN, through
its binding to the CD44 receptor, activates JNK signaling to
promote the clonogenicity of colorectal cancer cells. JNK is
implicated in oncogenic transformation and tumor devel-
opment. Although JNK can act as a tumor suppressor in
human tumors, it can also contribute to the proliferation
and survival of tumor cells (47). Studies using the ApcMin

mouse model of intestinal cancer revealed the promotional
role of JNK signaling in colorectal cancer progression (48).

Figure 5. OPN, in combination with CD44v6, is a favorable prognostic factor for colorectal cancer progression and patient survival. A, representative
immunostaining images of colorectal cancer sections showing low, moderate, and high expression of CD44v6, OPN, and CD68. Scale bar, 50 mm. B, OPN
expression levels in different tumor grades (P < 0.0001; the P-value was determined by the Kruskal–Wallis test). C and D, Kaplan–Meier curves of overall
survival (C) or disease-free survival (D). Patients were stratified into 4 categories (CD44v6lowOPNlow, CD44v6lowOPNhigh, CD44v6highOPNlow, and CD44v6high

OPNhigh based on the expression of CD44v6 and OPN). The P-value was determined by a two-sided log-rank test.
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In the crypt region, c-Jun protein was found to be highly
expressed in progenitor cells and the absence of c-Jun
resulted in decreased proliferation and villus length. JNK
signaling also has crosstalk with Wnt signaling, which
modulates intestinal homeostasis and tumorigenesis in
mice (49). Together, these findings support a role for JNK
signaling in promoting cancer progression. Further stud-
ies are needed to identify the targets of JNK signaling that
are implicated in the OPN-induced enhanced clonogeni-
city of cancer cells. These results suggested that CD44 not
only contributes to tumor cells growth and survival but
also, importantly, is involved in remodeling and feedback
from the tumor microenvironment. Our findings show
that the secretion of OPN from macrophages is depen-
dent on CD44. Knocking down CD44 prevented the
secretion of OPN. This effect may be because of the
secretion of cytokines in CD44-positive colorectal cancer
cells. CD44 has multiple isoforms that have distinct roles
in cell adhesion and associate with cancer metastasis, and
we found that CD44v6 might be important for the induc-
tion of OPN secretion and the activation of JNK, as the
CD44v6 antibody is able to potently block OPN induc-
tion in macrophages (Supplementary Fig. S7). Addition-
ally, patients with highly expressed OPN and CD44v6
were observed to have lower overall survival rate and
disease-free survival rate. Our study is in line with a
previous work by Jung and colleagues indicating that
CD44v6 is involved in the preparation of the premeta-
static niche in lymph nodes and the lung by activating
resident cells to recruit tumor cells (50). Collectively, our
findings indicate that disrupting the interaction between

CD44 and OPN may provide new therapeutic strategies
for the treatment of colorectal cancer patients.
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