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Although a primary route of breast cancer metastasis
is believed to be via lymphatics, the molecular factors
involved are poorly understood. We hypothesized
that one such factor may be the integrin-binding pro-
tein osteopontin (OPN), and we investigated this clin-
ically and experimentally. In breast cancer patients
undergoing sentinel lymph node biopsy, OPN levels
were significantly higher in lymph node metastases
than in the primary tumor (P < 0.001). To test the
functional contribution of OPN to lymphatic metasta-
sis and to determine whether the RGD (Arg-Gly-Asp)
integrin-binding sequence of OPN is important for
this process, we transfected wild-type OPN or mutant
OPN (lacking the RGD sequence) into MDA-MB-468
human breast cancer cells. In vitro , cells overexpress-
ing OPN demonstrated increased anchorage-indepen-
dent growth in soft agar (P � 0.001) and increased
RGD-dependent adhesion (P � 0.045). Following
mammary fat pad injection of nude mice, cells over-
expressing OPN showed increased lymphovascular
invasion, lymph node metastases, and lung microme-
tastases at earlier time points (P � 0.024). Loss of the
RGD region partially abrogated this effect in the lym-
phatics (P � 0.038). These novel findings indicate that
OPN is a key molecular player involved in lymphatic
metastasis of breast cancer, potentially by affecting
RGD-mediated adhesive interactions and by enhanc-
ing the establishment/persistence of tumor cells in

the lymphatics. (Am J Pathol 2006, 169:233–246; DOI:

10.2353/ajpath.2006.051152)

Breast cancer is a leading cause of morbidity and mor-

tality in women,1 mainly due to the propensity of primary

breast tumors to metastasize to regional and distant sites

such as lymph node, lung, liver, brain, and bone.2,3 Can-

cer cells may leave the primary tumor by one of two

routes: either through hematogenous dissemination via

blood circulation or by dissemination via the lymphatic

system. Over the past decade or so, numerous studies

have demonstrated that hematogenous metastasis is a

complex process involving the escape of cancer cells

from the primary tumor into the bloodstream (intravasa-

tion), survival in the circulation, arrest and extravasation

into the secondary site, and initiation and maintenance of

growth to form clinically detectable metastases.2–7 How-

ever, despite advances in our understanding of hema-

togenous metastasis, the process and mechanisms of

lymphatic metastasis remain relatively understudied and

poorly understood.

The lymphatic system is largely considered to be the

primary route for early dissemination of breast cancer,

and the histopathological identification of tumor deposits

in the axillary lymph node is one of the most powerful

prognostic indicators for this disease.8–10 Until recently,

the standard treatment for patients with operable breast

cancer included the dissection of multiple axillary lymph

nodes. However, in many cases, the removed lymph

nodes are found to be free of metastases, indicating that

some patients may have been subjected unnecessarily to

the risks and morbidity associated with this procedure. A
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less invasive method for the assessment of lymph node

status involves biopsy of the sentinel lymph node, a prac-

tice that is increasingly being used in the surgical set-

ting.11–13 As the node that primarily drains the tumor and

is most likely to harbor metastatic disease, the sentinel

node is highly predictive of the histopathology of the

remaining lymphatic basin and has been shown to accu-

rately predict axillary lymph node status in up to 98% of

cases.11,12,14–16 Tumor deposits (�2 mm) present in

lymph nodes are a sign that the tumor has spread be-

yond the confines of the breast, and this knowledge has

important (but not fully understood) clinical implications

in making treatment decisions.17,18 Furthermore, the mo-

lecular mechanisms by which lymph node metastasis

occurs require further elucidation. The identification of

factors that functionally contribute to this process there-

fore has the potential to both provide a greater under-

standing of the biology of lymphatic metastasis in breast

cancer, as well as to contribute to improved clinical man-

agement of the disease.

We hypothesize that one such factor may be the

integrin-binding protein osteopontin (OPN). Clinical

studies have demonstrated that OPN is overexpressed

by many human cancers.19 –31 In particular, we and

others have found that OPN levels are elevated in

the blood20,22,23 and primary tumors19,23,24,27,32 of

patients with breast cancer, and in some cases this

has been correlated with poor prognosis.22–24,32

The OPN protein backbone contains several highly

conserved structural elements, including heparin- and

calcium-binding domains, a thrombin-cleavage site,

and an RGD (Arg-Gly-Asp) integrin-binding do-

main.33,34 It is therefore not surprising that OPN can

interact with a diverse range of factors, including cell-

surface receptors (integrins and CD44), secreted pro-

teases (matrix metalloproteinases and urokinase-type

plasminogen activator), and growth factor/receptor

pathways (transforming growth factor �/epidermal

growth factor receptor, hepatocyte growth factor/Met,

and vascular endothelial growth factor (VEGF)). These

complex signaling interactions can result in changes in

gene expression, which ultimately lead to alterations in

cell properties involved in malignancy such as adhe-

sion, migration, invasion, survival, angiogenesis, and

metastasis.35– 45 However, a direct functional link be-

tween OPN and lymphatic metastasis has not previ-

ously been demonstrated.

Recently, we have described a novel human breast

cancer cell line (468LN) that preferentially metasta-

sizes to the lymphatics in a rapid and aggressive man-

ner. Interestingly, preliminary molecular characteriza-

tion indicated that OPN was one of the most highly

up-regulated genes in the 468LN cell line relative to the

weakly metastatic MDA-MB-468 parental cell line, sug-

gesting that OPN may play a role in lymphatic metas-

tasis.46 We have also previously shown that OPN-in-

duced changes in breast cancer cell behavior in vitro

can occur by integrin-dependent mechanisms and that

these OPN/integrin interactions occur via a conserved

RGD sequence in the OPN protein backbone.35,38,41,47

We were therefore interested in determining whether

OPN could functionally contribute to lymphatic metas-

tasis and also whether the RGD integrin-binding region

was important for this process. In the current study, we

investigated the significance of OPN in lymphatic me-

tastasis of breast cancer using both clinical and exper-

imental approaches.

Materials and Methods

Patients

Matched samples of primary tumor and lymph node tis-

sue were obtained from 106 female patients undergoing

sentinel lymph node biopsy for breast cancer at the Lon-

don Health Sciences Centre, under a protocol approved

by the institutional tissue committee. Patient demograph-

ics are summarized in Table 1.

Histopathology and Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor and lymph

node samples were subjected to standard staining with

hematoxylin and eosin (H&E) and staining with an immu-

noperoxidase technique for OPN essentially as de-

scribed previously.24,31 Immunostaining was performed

using a streptavidin-biotin complex method (DakoCyto-

mation Inc., Mississauga, ON, Canada). The primary an-

tibody used was the monoclonal antibody mAb53, which

was generated in our laboratory and has previously been

shown to efficiently and specifically detect human OPN

protein via an epitope in the vicinity of the RGD region of

the protein.24,31,48,49 The chromogen used was amin-

oethylcarbazol, and slides were counterstained with Mey-

er’s hematoxylin. Stained slides were evaluated by light

microscopy in a blinded fashion by two independent

pathologists. The overall amount of staining for OPN was

determined using a semiquantitative system based on

staining intensity (I) and proportion/extent (E) of stained

tumor cells as previously described,23,24,50 where overall

amount of staining � I � E � 0 to 8 (0 for negative

staining and 2 to 8 for positive staining ranges).

Plasmids and Site-Directed Mutagenesis

The wild-type OPN expression vector was previously

generated by cloning the full-length human OPN cDNA

(from plasmid OP-10)51 into the expression plasmid

pcDNA3 (Invitrogen, Carlsbad, CA) as described else-

where.36 The control plasmid consisted of the unmodified

pcDNA3 plasmid. A mutant OPN expression vector in

which the RGD integrin-binding sequence was deleted

was generated by site-directed mutagenesis of the wild-

type OPN/pcDNA3 expression plasmid using the Gene-

Editor Mutagenesis System (Promega, Madison, WI) as

per the manufacturer’s instructions, with a 50-mer muta-

genic oligonucleotide specific for introducing the RGD

deletion (�RGD) (5�-TTGACCTCAGTCCATAAACCA-

CACTGCCATCATATGTGTCTACTGTGGGG-3�). Follow-

ing the site-directed mutagenesis procedure, plasmid
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DNA was isolated and screened by sequence analysis to

confirm that the RGD region had been deleted.

Cell Culture and Transfections

The tumorigenic, weakly metastatic MDA-MB-468 hu-

man breast cancer cell line (a kind gift from Dr. Janet

Price, University of Texas, M.D. Anderson Cancer Cen-

ter, Houston, TX)52,53 was maintained in �-minimal es-

sential medium (Invitrogen) supplemented with 10%

fetal bovine serum (Sigma-Aldrich, St. Louis, MO). Sta-

ble transfections were performed using the Lipo-

fectamine 2000 reagent (Invitrogen) as per the manu-

facturer’s guidelines. For selection and maintenance of

stable transfectants, active Geneticin (G418-sulfate;

Invitrogen) was added to the medium at 500 �g/ml (a

concentration previously determined to give 100%

death of parental MDA-MB-468 cells). Colonies were

allowed to develop, were then isolated, grown as clonal

cell populations, and screened for transgene expres-

sion by Northern blot analysis. To control for clonal

heterogeneity, pooled populations were created by

combining several positive clonal cell populations. The

specific cell populations generated were as follows:

one control vector-transfected MDA-MB-468 pooled

population consisting of six clones (468-CON), one

wild-type OPN-transfected MDA-MB-468 pooled pop-

ulation consisting of six clones (468-OPN), and one

mutant OPN (�RGD)-transfected pooled population

consisting of six clones (468-�RGD).

Table 1. Descriptive Characteristics of the Patient Population

Characteristic N Range Median Standard deviation

Age at surgery (years) 106 29 to 82 57 11.98
Tumor size (cm) 106 0.2 to 8.5 1.7 1.38

Characteristic N %

Tumor type
No Special Type invasive 98 92.45
Lobular (classic) 2 1.89
Lobular (pleomorphic) 1 0.94
Tubular (pure) 2 1.89
Metaplastic 2 1.89
Mucinous (pure) 1 0.94

Scarff-Bloom-Richardson tumor grade
1 or I 35 33.33
2 or II 43 40.95
3 or III 27 25.71
Unknown 1

Lymphovascular invasion
Negative 73 70.87
Positive 30 29.13
Unknown 3

Estrogen/progesterone receptor
Negative 18/17 17.82/16.83
Positive 83/84 82.18/83.17
Unknown 5/5

SLN status
Negative 67 63.21
Positive 39 36.79

ALN status
Negative 74 83.15
Positive 15 16.85
None removed 17

No. of positive SLN
0 67 63.21
1 34 32.08
2 4 3.77
3 1 0.94

No. of positive ALN
0 74 83.15
1 7 7.87
2 5 5.62
4 2 2.25
6 1 1.12
None removed 17

Total positive nodes (SLN � ALN)
0 64 60.38
1 25 23.58
2 10 9.43
3 3 2.83
4 to 7 4 3.77
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Northern Blot Analysis

RNA was isolated from cultured cells using TRIzol re-

agent (Invitrogen) according to the manufacturer’s rec-

ommendations. RNA (10 �g per sample) was run on a

1.1% agarose gel with 6.8% formaldehyde and capillary-

transferred to a nylon GeneScreen Plus membrane

(PerkinElmer Life Sciences, Boston, MA). Blots were

probed with denatured oligolabeled 32P-dCTP cDNA

probes using an oligolabeling kit (Amersham Bio-

sciences, Baie d’Urfé, QC, Canada) according to the

manufacturer’s recommendations. The OPN probe used

was a full-length human OPN cDNA (1493 bp) generated

using EcoRI digestion of the OP-10 plasmid.51 To confirm

even loading of lanes, human 18S rRNA from the p100D9

plasmid (a kind gift from Dr. D.T. Denhardt, Rutgers

University, Piscataway, NY) was also used.

Western Blot Analysis

Conditioned media were prepared by plating 5 � 105

cells/100-mm plate in regular growth media and incubat-

ing for 18 hours at 37°C, 5% CO2. Media was replaced

with 3 ml of serum-free OPTI-minimal essential medium

media (Invitrogen), and plates were incubated for a fur-

ther 24 hours at 37°C, 5% CO2. Conditioned media from

each plate were collected, centrifuged to remove cell

debris, and concentrated 10-fold by ultracentrifugation in

Centricon-30 miniconcentrators (Amicon Inc., Beverly,

MA). Each corresponding plate was trypsinized, and a

cell count was performed to allow appropriate correction

for loading in cell equivalents. For each cell line, a nor-

malized volume of conditioned media equivalent to 1 �

105 cells was subjected to standard protein electrophore-

sis in 12% sodium dodecyl sulfate-polyacrylamide gels

and transferred onto polyvinylidene difluoride mem-

branes (Immobilon; Millipore, Bedford, MA). After trans-

fer, gels were stained with Coomassie Blue to confirm

equal loading and transfer efficiency. The primary anti-

body used was the 5A1 mouse monoclonal antibody

against human OPN. This antibody has been shown to

specifically and efficiently detect human OPN via an

epitope near the N terminus end of the protein,49 hence

detecting both wild-type and mutant forms of the OPN

protein. The secondary antibody used was an anti-mouse

horseradish peroxidase conjugate (Sigma-Aldrich), and

the OPN protein was visualized using an enhanced

chemiluminescence system (Roche Applied Sciences,

Laval, QC, Canada).

Flow Cytometry

Primary antibodies used for flow cytometry were uncon-

jugated mouse anti-human monoclonal antibodies di-

rected against integrin �1 (clone P5D2), integrin �v�5

(cloneP1F6), integrin �3 (clone PM6/13), and integrin

�9�1 (clone Y9A2) (Chemicon International Inc., Te-

mecula, CA). The negative IgG isotype control was a

mouse primary IgG1 antibody (Cedarlane Laboratories

Ltd., Hornby, ON, Canada). In all cases, the secondary

antibody used was goat anti-mouse IgG (IgG) conju-

gated to R-phycoerythrin (Chemicon International). Cells

were incubated with primary antibodies (1 �g/106 cells)

for 1 hour at 4°C on a rotating plate, washed twice with

phosphate-buffered saline (PBS) plus 2% fetal bovine

serum, and incubated with the secondary antibody (0.5

�g/106 cells) for 1 hour at 4°C on a rotating plate in the

dark. Samples were analyzed using a Beckman-Coulter

EPICS XL-MCL flow cytometer.

Cell Growth Assays

To assess and compare the growth patterns of the differ-

ent cell lines under standard (ie, anchorage-dependent)

culture conditions, cells were plated at a density of 5.0 �

104 cells/60-mm plate (n � 3 for each time point) and

maintained in regular growth media. Every 48 hours for 7

days, triplicate cultures were trypsinized, stained with

trypan blue, and counted for viable cells using a hemo-

cytometer. The doubling time of each cell population was

estimated during the exponential growth phase accord-

ing to the equation Td � 0.693t/ln(Nt/N0), where t is time

(in hours), Nt is the cell number at time t, and N0 is the cell

number at initial time.

The ability of the different cell lines to survive and grow

under anchorage-independent culture conditions was

tested and compared using a soft agar assay. In prepa-

ration for the assay, 60-mm dishes were coated with 1%

agarose (Bioshop, Burlington, ON, Canada) in normal

growth media and allowed to set for 1 hour at room

temperature. Cell solutions (1.0 � 104 cells/60-mm plate)

were prepared using 0.4% agarose in normal growth

media and plated on top of the 1% agarose base layer

(n � 4 for each time point). Normal growth media (2 ml)

was added on top of the cell layer, and the media was

changed every 3–4 days for 4 weeks. At the end of the

assay, media was removed from the plates, and cells

were fixed in 10% neutral-buffered formalin (EM Sci-

ences, Gladstone, NJ) for 12 hours. Five fields of view

were counted for each dish, and the mean number of

colonies per field and the mean colony diameter were

calculated and compared.

Cell Adhesion Assays

Cells were plated onto sterile 96-well nontissue culture

plates (Titertek; Flow Laboratories Inc., McLean, VA)

treated with either 5 �g/ml human vitronectin (Sigma-

Aldrich) or PBS (negative control), using 1 � 104 cells/

well in triplicate wells for each treatment. Vitronectin was

chosen because it is a ligand for �v�1 and �v�5, two

integrins that are known to interact with OPN (via the RGD

region) and are expressed by MDA-MB-468 cells. For

antibody blocking experiments, cells were preincubated

on a rotating plate with saturating concentrations (as

determined by preliminary titration experiments) of

mouse monoclonal antibodies against human integrin �1

(clone P5D2), integrin �v�5 (cloneP1F6; Chemicon), or a

negative control IgG1 isotype primary mouse antibody

(Cedarlane) for 15 minutes at 37°C before plating. Plates
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were incubated for 5 hours at 37°C, the medium was then

removed, and nonadhered cells were rinsed away with

three gentle washes of PBS. Adhered cells were fixed

using fresh 2% glutaraldehyde for 20 minutes, then

washed with PBS and stained using Harris’ hematoxylin

for 10 minutes. The staining was intensified using a 1%

solution of ammonia water, and the blue-staining cells

were counted using a light microscope. Five fields of view

were counted for each well, and the mean number of

cells per field was calculated and compared.

In Vivo Tumorigenicity and Metastasis Assays

Cells were prepared in sterile PBS at a concentration of

1 � 106 cells/100 �l. Pooled populations of MDA-MB-468

cells stably transfected with the control vector

(468-CON), wild-type OPN (468-OPN), or mutant OPN

(468-�RGD) were injected into the second thoracic mam-

mary fat pad of 7- to 8-week-old female athymic nude

(nu/nu) mice as described elsewhere,41,46,52 using 1 �

106 cells/mouse and 20 to 26 mice/treatment group. Pri-

mary tumor growth was evaluated biweekly by measure-

ment with calipers in two perpendicular dimensions, and

the tumor volume was estimated using the formula, [vol-

ume � 0.52 � (width)2 � (length)], for approximating the

volume (mm3) of an ellipsoid.

Because parental MDA-MB-468 cells have been shown

to be only weakly metastatic,52 we considered the possibil-

ity that spontaneous metastases would not have adequate

time to develop before the primary tumor grew to such a

size that required sacrifice of the animals for humane pur-

poses. Therefore, mice were either subjected to surgery at

�12 weeks after injection to remove the primary tumor

(mean tumor volume � �1500 mm3) or sacrificed at 12

weeks and assessed for metastatic burden. In the surgery

group, spontaneous metastases were given time to develop

for a further 12 weeks, and mice were sacrificed 24 weeks

after injection and assessed for metastatic burden. Tumor

resection surgeries were performed as described previous-

ly.54 All surgical procedures were done under general an-

esthesia using a ketamine/xylazine mixture administered by

intraperitoneal injection.

At end-point, animals were euthanized and necropsies

performed. Tissues and organs (including lymph nodes,

lung, liver, spleen, pancreas, kidneys, ovaries, brain, and

any other tissues of abnormal appearance) were exam-

ined superficially for evidence of gross macroscopic me-

tastases before processing for histology. Primary tumors

and mouse tissues collected at necropsy were fixed in

10% neutral-buffered formalin before processing. Tis-

sues were embedded in paraffin wax, sectioned (4 �m

thick), and subjected to standard H&E staining. Stained

slides were evaluated by light microscopy in a blinded

fashion by two independent pathologists to observe his-

topathological characteristics and to determine micro-

metastatic involvement.

Animal care and surgical procedures were conducted

in accordance with the recommendations of the Cana-

dian Council on Animal Care, under a protocol approved

by the University of Western Ontario Council on Animal

Care.

Statistical Analysis

For clinical studies, logistic regression methods were

used to determine the effect of various independent fac-

tors on (sentinel or axillary) node positivity. The Wilcoxon

two-sample test and Spearman rank correlation were

used to determine the effect of various independent fac-

tors on the number of (sentinel, axillary, or total) nodes.

The association between OPN in the primary tumor and

OPN in the (sentinel or axillary) lymph node was evalu-

ated using the Wilcoxon signed rank test, and the asso-

ciation between OPN in the primary tumor and (sentinel

or axillary) lymph node positivity (involvement by meta-

static carcinoma) was examined using a two-sided Wil-

coxon two-sample test.

For experimental studies, statistical analyses were per-

formed using Sigma-Aldrich Stat analysis software (Ac-

cess Softek Inc., San Rafael, CA). For in vitro experi-

ments, statistical differences in means between groups

were determined by a Student’s t-test. For in vivo animal

studies, a two-sided z-test was used to compare propor-

tions. Differences between means were determined us-

ing the Student’s t-test when groups passed both a nor-

mality test and an equal variance test. When this was not

the case, the Mann-Whitney rank-sum test was used. In

all cases, P values of �0.05 were regarded as being

statistically significant.

Results

Factors Associated with Sentinel Lymph Node

and Axillary Lymph Node Status in Patients

Undergoing Sentinel Lymph Node Biopsy for

Breast Cancer

Histopathological analysis was performed in a group of 106

patients undergoing sentinel lymph node (SLN) biopsy for

breast cancer. Of the 106 patients, 17 underwent SLN bi-

opsy only, and the other 89 patients had both SLN biopsy

and concomitant or subsequent axillary lymph node (ALN)

dissection. The demographics of this patient population are

presented in Table 1. Primary tumor size and lymphovas-

cular invasion were significantly associated with both SLN

and ALN positivity (SLN: P � 0.007, ALN: P � 0.032),

whereas age, Scarff-Bloom-Richardson tumor grade, and

estrogen or progesterone receptor status were not. Simi-

larly, primary tumor size and lymphovascular invasion were

significantly associated with total number (SLN plus ALN) of

lymph nodes involved (P � 0.001), whereas age, tumor

grade, and hormone (estrogen or progesterone) receptor

status were not. The number of positive SLNs was signifi-

cantly associated with both ALN positivity (P � 0.001) and

the number of ALNs involved (P � 0.001).

OPN Is Overexpressed in Lymph Node

Metastases of Breast Cancer Patients

Immunohistochemical analysis of OPN expression was per-

formed on the primary tumors of 64 lymph node-negative

OPN and Lymphatic Metastasis of Breast Cancer 237
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cases and 42 lymph node-positive cases and on the lymph

node metastases of 34 cases. OPN staining was scored

using the semiquantitative system23,24,50 described in Ma-

terials and Methods. Mean OPN levels were significantly

higher in lymph node metastases than in the primary tumor

(P � 0.001) (Table 2 and Figure 1, C and D). Furthermore,

there was a trend toward increased OPN levels in the pri-

mary tumors of patients with lymph node-positive versus

lymph node-negative disease (Table 2), although this dif-

ference was not significant within the power of the present

study (P � 0.694). Staining for OPN expression in normal

breast tissue (negative control) was focal and faint (Figure

1A). Dystrophic calcifications in the primary tumor and fol-

licles/germinal centers and perifollicular areas in the lymph

node (where present) showed strong OPN staining (Figure

1, B and D, respectively) and served as an internal positive

control. OPN staining localized to calcifications or normal

surrounding cells was excluded from quantification, and

Table 2. OPN Expression Scores in Primary Tumors and Lymph Nodes of Breast Cancer Patients

Primary tumors

Lymph node metastasesLymph node-negative cases Lymph node-positive cases

No. of cases analyzed 64 42 34
Mean OPN score* 3.26 3.60 5.09†

Standard deviation 2.41 2.30 1.56

Tumor and lymph node samples were subjected to immunohistochemistry for OPN as described in the Materials and Methods.
*OPN scores were determined using a semiquantitative system based on staining intensity (I) and proportion/extent (E) of stained tumor cells as

described elsewhere.23,24,50 Overall amount of staining � I � E � 0 to 8 (0 for negative staining and 2 to 8 for positive staining ranges).
†Mean OPN score was significantly higher in the lymph node metastases of lymph node-positive patients than in the primary tumor (P � 0.001).

Figure 1. Immunohistochemical analysis of OPN expression in primary tumors and lymph node metastases of breast cancer patients undergoing sentinel lymph
node biopsy. Formalin-fixed, paraffin-embedded tumor and lymph node samples were subjected to an immunoperoxidase technique as described in the Materials
and Methods. The primary antibody used was the monoclonal antibody mAb53. Immunostained slides were evaluated by light microscopy in a blinded fashion
by two independent pathologists using a semiquantitative scoring system based on staining intensity (I) and proportion/extent (E) of stained tumor cells as
described elsewhere.23,24,50 The overall amount of staining � I � E � 0 to 8 (0 for negative staining and 2 to 8 for positive staining ranges). A: OPN expression
in normal breast tissue. B: OPN expression in breast tissue with dystrophic calcification. C and D: OPN expression in representative primary tumor (OPN score �

6) (C) and matched lymph node metastases (OPN score � 8) (D) from an individual lymph node-positive patient. In D, OPN expression can be observed both
in tumor cells (outlined representative region in main micrograph and inset) and in the follicles/germinal centers and perifollicular areas of the surrounding lymph
node. Only OPN staining localized to tumor cells was quantified. Magnification: �400 (A and B and insets in C and D); �100 (main micrographs C and D).
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only that OPN staining confined to the tumor cells them-

selves was quantified.

OPN and Integrin Expression in Transfected

MDA-MB-468 Cells

Based on our clinical observations that OPN is associ-

ated with lymphatic metastasis of breast cancer, we

were next interested in determining if OPN plays a

functional role in promoting this process and also

whether the RGD integrin-binding sequence in the

OPN backbone is involved. To test this, MDA-MB-468

breast cancer cells were stably transfected to overex-

press wild-type OPN, mutant OPN (lacking an RGD

sequence), or an empty vector control. The resulting

cell lines (468-OPN, 468-�RGD, and 468-CON) were

characterized for their OPN mRNA and protein expres-

sion using Northern and Western blot analysis,

respectively.

Relative to control (468-CON), 468-OPN and 468-

�RGD cells were confirmed to have elevated and ap-

proximately equivalent levels of OPN mRNA (Figure

2A) and protein (Figure 2B). We also characterized and

compared 468-CON, 468-OPN, and 468-�RGD cells

Figure 2. OPN and integrin expression of 468-CON, 468-OPN, and 468-�RGD cell lines. A: Expression of OPN mRNA was assessed by Northern blot analysis of
10 �g of total RNA/cell line. A cDNA probe specific for human OPN was radiolabeled with 32P-dCTP and hybridized to the membrane. A radiolabeled cDNA probe
specific for the 18S subunit was used as a loading control. B: Expression of secreted OPN in conditioned media (CM) as assessed by Western blot analysis. A
normalized volume of CM equivalent to 1 � 105 cells was loaded into each lane, and equal loading was confirmed by Coomassie Blue staining (data not shown).
Two typical forms of OPN were detected: high molecular weight (97 kd) and lower molecular weight (66 kd).36,46 C–F: Flow cytometry analysis of the expression
of various cell-surface integrin receptors by the 468-CON cell line. Cultured cells were incubated with integrin-specific antibodies (filled profiles) or with a
nonspecific isotype control primary antibody (open profiles). Filled profiles represent surface expression of integrin �1 (C), integrin �v�5 (D), integrin �3 (E),
and integrin �9�1 (F). No difference in integrin expression was seen among 468-CON, 468-OPN, 468-�RGD, or parental MDA-MB-468 cell lines (data not shown).
Analyses were performed on RNA, conditioned media, or cells isolated from three separate experiments and gave similar results.

OPN and Lymphatic Metastasis of Breast Cancer 239
AJP July 2006, Vol. 169, No. 1



with regards to their expression of various cell-surface

integrins known to interact with OPN.55–57 Flow cyto-

metric analysis revealed that MDA-MB-468 cells ex-

press integrins �1 and �v�5 at moderate to strong

levels but express only minimal amounts of integrins �3

and �9�1 (Figure 2, C–F). The integrin profile did not

vary significantly among the three transfected cell lines

or the parental cell line (data not shown). Analyses

were performed on RNA, conditioned media, or cells

isolated from three separate experiments and gave

similar results.

Expression of OPN Increases in Vitro

Anchorage-Independent Growth and RGD-

Dependent Cell Adhesion of MDA-MB-468

Cells

In vitro assays were used to compare 468-CON, 468-

OPN, and 468-�RGD cells for differences in cell

growth, both in standard (anchorage-dependent) and

soft-agar (anchorage-independent) culture conditions

(Figure 3, A–C). No significant differences were ob-

served in growth kinetics or population doubling time

between the three cell lines under standard culture

conditions (Figure 3A). However, cells overexpressing

OPN showed an enhanced ability to survive/grow in

soft agar, forming significantly more colonies than con-

trol (P � 0.001). This OPN-mediated survival/growth

was not dependent on the presence of RGD region,

because the 468-�RGD cells formed approximately the

same number of colonies as the 468-OPN cells (Figure

3B). The mean diameter of the colonies formed was not

significantly different between the three cell lines

(Figure 3C).

In vitro assays were also used to compare 468-CON,

468-OPN, and 468-�RGD cells for differences in cell

adhesion to vitronectin, a ligand for the RGD-dependent

integrins (�v�1 and �v�5) expressed by MDA-MB-468

cells (Figure 3D). 468-OPN cells were found to be signif-

Figure 3. Differences in cell growth and cell adhesion in vitro. A: Cell growth of 468-CON (f), 468-OPN (F), and 468-�RGD (Œ) in standard culture
conditions over time. Data are presented as the mean � SE. B and C: Anchorage-independent cell growth of 468-CON (white bars), 468-OPN (black
bars), and 468-�RGD (hatched bars) in 0.4% soft agar. Cells (1.0 � 104 cells/60 mm plate; n � 4 for each cell line) were allowed to grow for 4 weeks.
Plates were quantified with regards to the mean number of colonies per field (B) and the mean colony diameter (C) using 5 fields of view per plate. Data
are presented as the mean � SE. * Significantly different from 468-CON cells (P � 0.001). D: Cell adhesion of 468-CON, 468-OPN, and 468-�RGD to PBS
(white bars; negative control) or 5 �g/ml vitronectin (black bars) in the presence or absence of blocking antibodies to RGD-dependent integrins (�1;
vertical striped bars and �v�5; hatched bars) or an IgG negative isotype control (diagonal striped bars). Nontissue culture 96-well dishes were used,
and cells (1 � 104 cells/well; n � 3 for each treatment) were allowed to adhere for 5 hours. Adhered cells were quantified by manual counting of five fields
of view per well. Data are presented as the mean � SE. * Significantly different from corresponding treatment of 468-CON cells (P � 0.05); � significantly
different from corresponding treatment of 468-�RGD cells (P � 0.05); 	 significantly different from respective IgG control (P � 0.05). Experiments were
repeated three times and gave similar results.
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icantly more adherent to vitronectin than either 468-CON

(P � 0.033) or 468-�RGD (P � 0.049) cells. Adhesion of

both 468-OPN (P � 0.019) and 468-CON (P � 0.045)

cells was significantly reduced in the presence of block-

ing antibodies to �1 or �v�5. Adhesion of 468-�RGD cells

was not affected by the addition of integrin-blocking an-

tibodies. Assays were performed three times and gave

similar results.

Expression of OPN Increases in Vivo

Lymphovascular Invasion and Lymphatic

Metastasis via Involvement of the RGD Integrin-

Binding Domain

To compare in vivo tumorigenicity and spontaneous met-

astatic ability to the lymphatics and elsewhere, 468-CON,

468-OPN, and 468-�RGD cells were injected into the

mammary fat pad of female nude mice. Primary tumors

were allowed to develop, and at 12 weeks after injection,

mice were either subjected to surgery to remove the

primary tumor or sacrificed and assessed for metastatic

burden. Mice in the surgery group were sacrificed 24

weeks after injection and assessed for metastatic

burden.

Mice in all groups displayed 100% tumor take, and

there was no significant difference in primary tumor la-

tency period (time to reach a size of 500 mm3) or primary

tumor doubling time between groups (Figure 4A). In mice

that did not receive surgery (12-week endpoint), overex-

pression of wild-type OPN significantly increased the

incidence of lymphovascular vessel invasion at the site of

the primary tumor (P � 0.003; Figure 4, B and C), gross

metastasis to the axillary lymph node (P � 0.024; Figure

5A), micrometastasis to the axillary lymph node (P �

0.013; Figure 5, A and C), and micrometastasis to the

lung (P � 0.004; Figure 5, A and D) compared to control.

OPN-induced gross metastases in the axillary lymph

node were only observed in the 468-OPN group and not

in the 468-�RGD group (P � 0.024). Although an in-

creased incidence of micrometastases in the axillary

lymph node and micrometastases in the lung was noted

in the 468-OPN group relative to the 468-�RGD group, no

statistically significant difference was achieved (P �

0.551; Figure 5A). In mice that received surgery (24-week

endpoint), there was no significant difference observed in

the incidence of metastases in the axillary lymph node or

the lung between the three groups. However, overex-

pression of wild-type OPN did significantly increase the

incidence of gross metastasis to distant (peritracheal)

lymph nodes compared to control (P � 0.001), and this

OPN-mediated lymphatic metastasis was significantly re-

duced in the absence of the RGD sequence (P � 0.038;

Figure 5B). Data were compiled from two individual ani-

mal experiments, which gave comparable results.

Discussion

The clinical importance of lymphatic metastasis has been

recognized for over 200 years, and oncologists have long

based their management strategies on this knowl-

edge.9,58 However, very little is known about the mech-

anistic details of this process. Once considered to be

Figure 4. In vivo tumorigenicity and invasive behavior of 468-CON, 468-OPN,
and 468-�RGD cells. A: Primary tumor growth kinetics. 468-CON (f), 468-OPN
(F), or 468-�RGD (Œ) cells were injected into the second thoracic mammary fat
pad of female athymic nude (nu/nu) mice using 1 � 106 cells/mouse and 20–26
mice/treatment group. Tumors were measured in two dimensions twice a week
for 12 weeks using standard calipers, and the tumor volume was estimated as
described in the Materials and Methods. At 12 weeks after injection, mice were
either subjected to surgery to remove the primary tumor or sacrificed and
assessed for metastatic burden. B: Incidence of lymphovascular invasion at the
site of the primary tumor in mice injected with 468-CON (white bars), 468-OPN
(black bars), or 468-�RGD (hatched bars) cells. Tissue sections from primary
tumors were subjected to histochemical staining with H&E and assessed for
morphology and the incidence of lymphovascular invasion in a blinded fashion
by two independent pathologists. *, Significantly different from 468-CON (P �

0.003). C: Representative H&E section showing lymphovascular invasion (ar-
row) at the site of the primary tumor. Magnification: �200 (main micrograph);
�400 (inset).
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simply a passive drainage system, the lymphatics are

now emerging as an active contributor to the dissemina-

tion of tumor cells from a primary tumor, and the identifi-

cation of molecular factors involved in lymphatic circula-

tion and lymphatic metastasis has become the subject of

intense experimental investigation.59 Proteins such as the

hyaluronan receptor LYVE-1,60 members of the VEGF

family (VEGF-C, VEGF-D, and VEGFR3),61,62 and the in-

tegrin �9�1
63 have all been identified as markers of lym-

phatic vessels and/or of lymphangiogenesis and in some

cases have also been linked to lymphatic metasta-

sis.64–66 Over the past several years, the secreted phos-

phoprotein OPN has been investigated extensively by

ourselves and others as a key player in breast cancer

progression. Given that OPN exerts its effect on tumor

cell behavior via molecular interactions with other factors,

including integrins and growth factor/receptor path-

ways,35–44 we hypothesized that OPN might also be im-

portant in lymphatic metastasis. The present study pro-

vides, for the first time, clinical and experimental

evidence that OPN is not only associated with breast

cancer metastasis to the lymph nodes but also function-

ally contributes to this process.

Our patient population consisted of 106 breast cancer

patients undergoing sentinel lymph node biopsy for

breast cancer, 89 of which had both sentinel lymph node

biopsy and concomitant or subsequent axillary lymph

node dissection. Of the factors examined, primary tumor

size and lymphovascular invasion were shown to be sig-

nificantly associated with both SLN and ALN involvement.

SLN positivity was also significantly associated with ALN

involvement, and a false-negative rate of only 1.9% was

observed. These findings are in keeping with those pre-

viously published11,12,14–16,67–71 and indicate the accu-

racy of sentinel lymph node biopsy in determining lymph

node status of most patients.

Figure 5. In vivo spontaneous metastasis of 468-CON, 468-OPN, and 468-�RGD cells. Cells were injected into the second thoracic mammary fat pad of female
athymic nude (nu/nu) mice using 1 � 106 cells/mouse and 20–26 mice/treatment group. At 12 weeks after injection, mice were either subjected to surgery to
remove the primary tumor or sacrificed and assessed for metastatic burden. Mice in the surgery group were sacrificed 24 weeks after injection and assessed for
metastatic burden. Tissue sections from regional and distant organs, including lymph nodes and lungs, were subjected to histochemical staining with H&E. The
incidence of metastasis was determined in a blinded fashion by two independent pathologists. A: Spontaneous metastasis of 468-CON (white bars), 468-OPN
(black bars), or 468-�RGD (hatched bars) cells at 12 weeks after injection (no surgery group; n � 10–16 mice/treatment group). B: Spontaneous metastasis
of 468-CON (white bars), 468-OPN (black bars), or 468-�RGD (hatched bars) cells at 24 weeks after injection (surgery group; n � 10 mice/treatment group).
* Significantly different from 468-CON (P � 0.024); � significantly different from 468-�RGD (P � 0.038). C and D: Representative H&E sections showing lymph
node micrometastases (C) or lung micrometastases (D). Magnification: �100 (main micrographs); �400 (inset).
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Our observation that there is increased OPN expres-

sion in the lymph node metastases of breast cancer

patients compared to the primary tumor indicates that

OPN may have a role in the establishment of lymphatic

metastases. This increased expression of OPN may be a

reflection of an increased propensity of OPN-expressing

tumor cells to metastasize to the lymph nodes, and the

observed trend toward increased OPN expression in the

primary tumors of lymph node-positive versus lymph

node-negative patients suggests that there might be a

possible role of OPN in predicting this. Additionally or

alternatively, it is possible that the lymph node microen-

vironment may induce or enhance expression of os-

teopontin in breast cancer cells. Several growth factors

and cytokines that affect the PEA3/ets or AP-1 transcrip-

tion factors can alter OPN expression. Some of these

factors (ie, interleukin-1� and tumor necrosis factor-�)

are present in the lymph node microenvironment, espe-

cially in situations of reactive or neoplastic involvement of

the lymph node,34,45,72–74 and may in fact be responsible

for the observed increase in OPN in lymph node metas-

tases. Finally, because both T cells and macrophages

are also known to produce (and secrete) OPN, a certain

proportion of the tumor cell OPN present may have been

taken up from the lymph node environment. Although

further investigation using a larger sample population is

needed to determine the potential clinical value of tumor

cell OPN (at the primary site or in lymph node metasta-

ses), our findings clearly demonstrate that an increased

OPN level is associated with lymphatic metastasis.

We used a complementary experimental approach to

examine the functional implications of OPN expression in

lymphatic metastasis of breast cancer. Our findings indi-

cate that overexpression of OPN in MDA-MB-468 breast

cancer cells has no effect on standard growth in vitro but

does lead to increased colony formation in soft agar.

Although the 468-OPN cells were able to establish a

greater number of colonies relative to control, the size of

the colonies was not different, suggesting that OPN may

confer more of a survival advantage rather than a growth

advantage in soft agar. Overexpression of OPN in MDA-

MB-468 breast cancer cells also resulted in increased in

vitro cell adhesion. In vivo, overexpression of OPN did not

affect primary tumor growth but did increase lymphovas-

cular invasion at the site of the primary tumor and metas-

tasis to regional and distant sites. Interestingly, the effect

of OPN seemed to be most marked in the lymphatics and

at earlier endpoints. At 12 weeks after injection, overex-

pression of OPN resulted in a significant increase in the

incidence of both gross and microscopic axillary lymph

node metastases, as well as microscopic lung metasta-

ses. In contrast, although there was a trend toward in-

creased metastasis to the axillary lymph node and lung in

the presence of OPN at the later endpoint (24 weeks after

injection), the early “advantage” provided by OPN was

not as apparent. The exception to this was the incidence

of gross metastasis to distant lymph nodes, which only

occurred in the presence of wild-type OPN. These exper-

imental findings complement our clinical observations

and support the idea that OPN expression is important for

the establishment (and perhaps persistence) of metasta-

ses in the lymphatics. The results of the in vitro experi-

ments and the observation that OPN had no significant

effect on primary tumor growth suggest that this OPN-

mediated establishment of metastases in the lymphatics

may be due (at least in part) to an increased capacity for

survival and increased adhesive interactions, rather than

to an increased growth advantage.

Growing evidence indicates that one of the major

mechanisms by which OPN influences cell behavior is via

interactions with various integrins, including �v�3, �9�1,

�v�5, �v�1, �4�1, �5�1, and �4�7.33,34,44,45 Integrins are a

family of cell-surface receptors that mediate adhesion to

components of the extracellular matrix and/or to other

cells.75 OPN can interact with integrins in either an RGD-

dependent or RGD-independent manner to activate

cellular signaling pathways that allow OPN to mediate

cell-cell and cell-matrix interactions.49,76,77 We have pre-

viously shown that breast cancer cells can adhere to,

migrate toward, or invade through basement membrane

in response to exogenous OPN in vitro35,36,38,40,47 and

that these effects are mediated in part by the RGD se-

quence.35,47 However, the importance of the RGD do-

main in endogenously produced OPN and its effect on

breast cancer cell behavior in vitro and in vivo have not

previously been examined.

Results from the present study demonstrate that, rela-

tive to cells expressing wild-type OPN, cells expressing a

mutant form of OPN lacking an RGD domain show a

reduced capacity for cell adhesion in vitro. Concordantly,

adhesion of cells expressing wild-type OPN was also

reduced in the presence of blocking antibodies to the

RGD-dependent integrins �1 and �v�5. Given that all

transfected cell lines (468-CON, 468-OPN, and 468-

�RGD) showed similar integrin profiles, our findings sug-

gest that the observed changes in cell adhesion are

reliant on the interaction between OPN and RGD-depen-

dent integrins and not simply on changes to integrin or

OPN expression alone. Further studies are required to

determine whether this interaction directly or indirectly

influences the activation of integrins and/or of specific

downstream cell signaling pathways that are responsible

for the changes in adhesive cell behavior.

In vivo, we observed that OPN-mediated lymph node

metastasis was partially abrogated in the absence of the

RGD region, suggesting that this domain is important for

more rapid/aggressive metastatic progression in the lym-

phatics. This is supported by the observation that the

RGD region influenced both the progression from micro-

scopic to gross metastases in the axillary lymph node

(earlier endpoint), as well as the progression from local

node to distant node involvement (later endpoint). How-

ever, the fact that some OPN-mediated effects were still

observed in the lymphatics even in the absence of the

RGD region suggests that both RGD-dependent and

RGD-independent mechanisms may be involved in this

process. Interestingly, deletion of the RGD region did not

have a significant effect on reducing OPN-mediated lung

metastases, suggesting that OPN may interact with dif-

ferent RGD-independent integrins in the lung microenvi-

ronment versus the lymphatic microenvironment and/or

interact with nonintegrin receptors such as CD4477,78 to
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promote metastasis. The role of the RGD integrin-binding

site of OPN in the clinical situation is not as readily ex-

aminable, because it would require a natural situation in

which the RGD domain of OPN was deleted in a sub-

group of patients. This type of spontaneous mutation (of

the OPN RGD domain) has not previously been reported

in the literature. However, based on our findings that the

RGD integrin-binding site is important for lymphatic me-

tastasis in experimental models, future studies are aimed

at investigating the association and colocalization of sev-

eral specific integrins with OPN in patient samples and

mouse models to further elucidate the mechanistic, func-

tional, and therapeutic implications of OPN/integrin inter-

actions in lymphatic metastasis.

In summary, the combined clinical and experimental

studies presented here strongly suggest that OPN is a

key molecular player involved in lymphatic metastasis of

breast cancer, potentially by affecting RGD-mediated ad-

hesive interactions between tumor cells and their micro-

environment and enhancing the ability of tumor cells to

establish themselves and persist in the lymphatics. These

are novel and important findings, because this is the first

study to demonstrate the functional involvement of OPN

in lymphatic metastasis. Furthermore, the role of the RGD

integrin-binding domain in the OPN backbone has not

previously been demonstrated in the context of breast

cancer metastasis in vivo. Clarification of the molecular

requirements for metastasis to lymph nodes and the

translation of this knowledge into the clinic could have

important implications for patient management and prog-

nosis and may also lead to novel therapeutic approaches

to inhibit this process.
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