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Inhibition of CD73 stimulates the migration and invasion
of B16F10 melanoma cells in vitro, but results in impaired
angiogenesis and reduced melanoma growth in vivo
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Abstract. The role of ecto-5'-nucleotidase (CD73), an enzyme
providing interstitial adenosine, was investigated in B16F10
melanoma progression. Chemical inhibition of CD73 decreased
adherence of cells to extracellular matrix proteins in vitro and
led to enhanced migration and invasion. Both processes were
reversed by adenosine receptor agonists. In CD73-deficient
mice, tumor growth was decreased in comparison with
that of wild-type animals. Additionally, the vasculature of
CD73-inhibited tumors was impaired and neoangiogenesis
in Matrigel plugs was reduced. It is, therefore, proposed that
although CD73 shows anti-invasive and antimigratory function
in B16F10 melanoma cells, its proangiogenic action is preva-
lent in vivo and may contribute to increased tumor growth.

Introduction

Ecto-5'-nucleotidase (CD73, eN) is a glycosylphosphatidylino-
sitol-linked sialylglycoprotein anchored to the outer surface of
the plasma membrane and is expressed in a large number of
cell types. CD73 is able to hydrolyze extracellular nucleoside
monophosphates to nucleosides. As it is highly specific for
5'-AMP, it can generate bioactive adenosine during the end
stage of the ectonucleotide breakdown cascade where, along
with CD39 (nucleoside triphosphate diphosphohydrolase-1;
NTPDasel), the sequential hydrolysis of ATP to AMP occurs
(1,2). According to the hypoxic hypothesis, such nucleotide
breakdown and adenosine accumulation occur in solid tumors
with no adequate blood supply (3,4). Hypoxic conditions
can stimulate the process of tumor angiogenesis via direct
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mitogenic effects on vasculature and the production of pro-
angiogenic factors (5,6).

Adenosine can signal via any of four membrane G-coupled
receptors (ARs): A, A,,, A,z and A;. Each of these ARs func-
tions via a different internal effector mechanism and exhibits
a distinct pattern of tissue distribution. Different ARs were
found to be upregulated in cancer cells (7). To date, there is
no universal hypothesis regarding the role of different ARs in
tumor growth. For instance, activation of the A;AR can impair
glioblastoma growth, but it enhances breast cancer cell prolifer-
ation (4,7,8). A,,AR is key in mediating the adenosine-induced
anti-inflammatory response to tumor cells via inhibition of
T-cell function, which leads to a decrease in the proliferation of
hormone-dependent breast cancer cells, but paradoxically leads
to an increase in the viability of human melanoma cells (4.,7,9).
Stimulation of A;AR in normal cells can induce the production
of growth factors; however, in tumor cells, A;AR expression
is frequently upregulated and apoptosis is induced or growth
is inhibited (4,7). Finally, adenosine receptors influence the
development of the tumor vascular bed through inhibition of
endothelial cell growth via A;AR or stimulation of angiogen-
esis through both A,,AR and A,;AR (7.8).

Evidence that CD73 plays a direct role in tumor progres-
sion via regulation of cell adhesion and T-cell signaling was
outlined by several investigators (10-12). Other mechanisms
were also proposed; for example, CD73 interacts with tenascin-
C and leads to CD73 inhibition, which results in a decrease
in extracellular adenosine and weakly interferes with the
anti-adhesive properties of tenascin-C in the context of other
ECM proteins (13,14). The indication of a crucial function for
CD?73 in the regulation of the invasive potential of tumor cells
is frequently raised.

Recently, it was reported that both CD73-deficiency in
transgenic mice and pharmacological inhibition of CD73 in
wild-type mice significantly slows the development of subcu-
taneous tumors, experimental lung metastases (9,15,16) and
human xenograft tumors (17,18). CD73 was further suggested
to be a potential negative prognostic marker in certain cancer
types, such as human colorectal cancer (19). CD73 overexpres-
sion in some human breast cancer cell lines increased their
ability to invade, migrate and adhere to ECM proteins, thus
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increasing their metastatic potential. Furthermore, inhibition
of CD73 activity reversed those effects (18,20). Nonetheless,
some clinical studies have shown that CD73 exhibits low
activity in breast cancer cells when compared to the adjacent
non-involved tissue (21,22) and that elevated CD73 expression
in tumor cells was a positive prognostic marker for disease-free
survival in stage [-III breast cancer patients (23). Therefore, the
precise involvement of CD73 in tumor progression requires
further clarification.

The murine BI6F10 melanoma cell line is frequently used
as the model of choice for studies regarding tumor progres-
sion as it is highly metastatic and syngenic with the C57BL/6
mouse strain which is commonly used for transgenesis. It has
been previously reported that the BI6F10 cell line shows low,
although significant, activity of ecto-5'-nucleotidase (CD73).
Specifically, CD73 activity was 50% lower in the B16F10 line
when compared to two low-metastatic variants: B16-F1 and
B16-F10™ (lymphocyte resistant) (24,25).

In the present study, we analyzed the influence of CD73
activity on B16F10 cell migration and invasion potential
in vitro, its effects on subcutaneous tumor growth and the
development of the vascular bed in CD73-deficient mice.

Materials and methods

Reagents. Anti-CD73 mAb (clone 2B6), anti-CD39 mAb
(clone H-85), HRP-conjugated mAb and A375, MDA-MB-231
and HEK293T whole cell lysates were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). PE-conjugated
anti-CD73 mAb (clone TY/23) and its isotype control were
purchased from BD Pharmingen (San Jose, CA, USA).
Adenosine 5'-a,-methylene diphosphate (AOPCP), adenosine
receptor agonists [2-chloro-N°-cyclopentyladenosine (CCPA)
(towards A,), 2-p-(2-carboxyethyl)phenethylamino-5'-
N-ethylcarboxamidoadenosine hydrochloride hydrate
(CGS-21680) (towards A,,) and N°-(3-iodobenzyl)adenosine-
5'-N-methyluronamide (IB-MECA) (towards A,)], cell culture
reagents, heparin, hemoglobin and Drabkin's solution were
purchased from Sigma-Aldrich (St. Louis, MO, USA). bFGF
was purchased from Calbiochem (Darmstadt, Germany) and
Matrigel (Basement Membrane Matrix) was purchased from
BD Biosciences (Albany, NY, USA).

Mice. Wild-type and CD73-deficient C57BL/6 mice (26)
were bred and maintained at the Tri-City Central Animal
Laboratory of the Medical University of Gdansk (Poland)
under SPF conditions. Animal studies were performed on male
4- to 8-week-old mice according to EU and national guidelines
with the approval of the Local Independent Ethics Committee.

Cell cultures. The BI6F10 murine melanoma cell line was
kindly provided by Professor J. Konopa (Gdafisk University of
Technology, Poland). The HEK293T cell line was purchased
from Open Biosystems (Lafayette, CO, USA). Both cell lines
were cultured in DMEM supplemented with 10% FBS in a
humidified atmosphere containing 5% CO, at 37°C.

Cell adhesion assay. The wells of a 96-well plate were pre-
coated with 100 ul of 16 ug/ml Matrigel, 15 pg/ml fibronectin
or 50 ug/ml type I collagen and non-specific binding sites were
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blocked with 10 mg/ml denatured BSA. B16F10 cells were
grown to ~80% confluence in DMEM containing 10% FBS,
pre-incubated in serum-free DMEM for 2 h, trypsinized and
suspended at a concentration of 3x10° cells/ml. Cell suspen-
sion (100 pl) in serum-free DMEM was applied to each
well for 15 min (Matrigel) or 30 min (fibronectin or type I
collagen). When indicated, medium was supplemented with
200 uM AOPCP and/or 10 M adenosine receptor agonists.
Non-adherent cells were subsequently removed by gentle
washing with PBS. The relative number of adherent cells was
calculated using an MTT metabolic assay. The optical density
of wells containing cells incubated only with a serum-free
medium was assumed to be 100% of cell adhesion.

Wound healing assay. BI6F10 cells were seeded in a 96-well
plate (2x10° cells/well) and cultured until 90% confluent.
Cells were subsequently serum-starved overnight, and a
linear wound was applied to the monolayer using a 200-ul
pipette tip. Loose cells were washed away with PBS. When
indicated, serum-free DMEM was supplemented with 200 pM
AOPCP and/or 10 uM adenosine receptor agonist. Images
were captured immediately after wounding and again after
24 h. The wound width was calculated using arbitrary units
with the use of ImageJ software (NIH). The cell migration
distance was determined by subtracting the width of the
wound after 24 h from its initial width at time 0 (immediately
after wounding). The values were plotted as the percentage of
the wound closure, with the initial width set to 0%.

Matrigel invasion assay. The thin coating Matrigel method
in a 24-well plate Transwell system was used (27). Transwell
membrane inserts (BD Biosciences, Franklin Lakes, NJ, USA)
with a pore size of 8§ ym were pre-coated with 5 ug of Matrigel
per filter and dried overnight. BI6F10 cells were serum-starved
overnight and added (2.5x10%/filter) to the upper compartment
in serum-free DMEM supplemented with 200 uM AOPCP
and/or 10 uM adenosine receptor agonist, when indicated.
Conditioned medium from the NIH 3T3 cell culture was
added to the lower chamber as a chemoattractant. After 22 h
of incubation, the Matrigel coating on the upper surface of the
filter was wiped off using a cotton swab. Cells that migrated
through the filter were fixed, stained with Giemsa stain and
counted under the microscope (magnification, x400) from
eight randomly selected fields for each filter isolated from
triplicate chambers.

Western blot analysis. Cells (8x10°) were lysed in 100 ul of
lysis buffer (1% glycerol, 5 mM EDTA, 0.1% NP40 in PBS
and pH 7.4) containing complete protease inhibitor cock-
tail (Roche Applied Sciences, Indianapolis, IN, USA) and
centrifuged for 10 min at 17,000 x g. Proteins in the super-
natant were denatured by boiling in 5X Laemmli buffer,
subjected to SDS-PAGE electrophoresis and transferred to
a PVDF membrane (Immobilon; Millipore, Etten-Leur, The
Netherlands). The next steps were performed according to
the BM Chemiluminescence Blotting Substrate instructions
(Roche Applied Sciences), with an overnight incubation in
the primary antibody (mouse anti-CD73 or anti-CD39 mAb)
and a 30-min incubation in a secondary goat anti-mouse
HRP-conjugated mAb (Santa Cruz Biotechnology).
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Immunofluorescence microscopy. BI6F10 cells were plated
on glass coverslips and fixed with 4% paraformaldehyde
after 48 h. For detection of internal antigens, cells were
permeabilized with 0.1% Triton X-100 for 3 min. Cells were
subsequently blocked for 15 min with 0.5% BSA in PBS, incu-
bated overnight with a primary mouse anti-CD73 mAb and
with the goat anti-mouse secondary Cy3-conjugated antibody
(Jackson ImmunoResearch, West Grove, PA, USA) for 30 min.
Permeabilized cells were counterstained with 0.05% DAPI
(Sigma) for 5 min. The stained cells were mounted on glass
slides in n-propyl-gallate, and images were obtained using an
Axiovert Zeiss microscope and AxioVision software (Zeiss,
Oberkochen, Germany).

Analysis of cells by flow cytometry. Cells (1x10°) were collected,
suspended in a staining solution (2% FBS, 0.09% NaNj; in
PBS) and incubated for 5 min at 4°C. Relevant PE-conjugated
antibodies were added to the final concentration of 1 ug per
10° cells and incubated for 30 min at 4°C. Cells were subse-
quently washed twice with a staining solution and suspended
in staining solution for analysis. When the visualization of the
intracellular antigen was required, cells were fixed with 4%
paraformaldehyde and treated with permeabilization-wash
buffer (BioLegend, San Diego, CA, USA) as an additional step
prior to incubation with antibodies. The analysis was performed
using an LSR II (Becton-Dickinson, Franklin Lakes, NJ, USA)
flow cytometer equipped with an argon ion laser (488 nm). All
the measurements were performed for 1x10* cells by gating
the cells that exhibited the typical forward and side scatter
features of non-disintegrated cells. The percentage of positive
cells was measured from a cut-off set using an isotype-matched
non-specific control antibody. Data were analyzed offline using
the BD FACSDiva (BD Biosciences) and Cyflogic (CyFlo Ltd.,
Turku, Finland).

Tumor inoculation. B16F10 tumor cells were injected subcu-
taneously into the left flank of syngenic C57BL/6 wild-type
or CD73-deficient mice (2.5x10° tumor cells/animal). When
indicated, the s.c. injection was supplemented with 200 pM
AOPCP, and AOPCP was subsequently administered via
intraperitoneal injection at a dose of 20 mg/kg on days 5, 7,
9 and 12. Control animals were injected with vehicle only.
Tumor volume was monitored with calipers and calculated
using the formula: V= 4/3 zt x (D/2) x (d/2)?, where V is the
volume (mm?), D is the long diameter (mm) and d is the short
diameter (mm). Mice were euthanized after 14 days and tumors
were fixed in formalin for subsequent histological analysis.

Matrigel plug angiogenesis assay. Mice were inoculated s.c.
on the right side of the linea alba with 600 ul of Matrigel
(10 mg/ml) mixed with heparin (12.5 U) and bFGF (200 ng),
supplemented with 200 uM AOPCP or saline (control and
CD73"plugs). When indicated, the animals were injected
every second day around the plug (four injection sites) with
AOPCP (100 pl of 200 M solution) or saline. In the cancer-
induced angiogenesis assay, the inoculation contained 600 pl
of Matrigel mixed with B16F10 cells (4x10° cells) supple-
mented with 200 uM AOPCP or saline (control plugs). Plugs
were removed from euthanized mice after 8 days. Matrigel
plug vascularization was quantified by measuring hemoglobin

821

concentration in homogenized plugs using Drabkin's solution
according to the manufacturer's instructions.

Histological analysis. Excised tumors were fixed in formalin
and embedded in paraffin. Paraffin sections were stained with
hematoxylin and eosin using the method of May-Griinwald-
Giemsa or were stained with Heidenhain's AZAN modification
of Mallory's trichrome stain. Images from microscope slides
were acquired with an iPOLiS SNB-7000 digital camera
(Samsung, Daegu, China) connected to an Eclipse E800 micro-
scope (Nikon, Tokyo, Japan).

Statistical analysis. Mean values were obtained from at least
three separate experiments and reported as the mean (+ SD).
For statistical analysis, the Mann-Whitney test for two unpaired
groups of a non-Gaussian population was used. Advanced
hemorrhagic necrosis incidence in tumors was evaluated using
Fisher's non-parametric test. P-values <0.05 were considered
to indicate statistically significant differences.

Results

BI6F10 cells possess significant amounts of CD73 and
CD39. To verify the benefits of the chosen cell model for an
in vitro analysis of CD73 influence on invasive potential, we
evaluated the BI16F10 cell line for the presence of both CD39
(NTPDasel), an ectonucleotidase that catalyzes the sequential
hydrolysis of ATP to AMP and CD73, which converts AMP
to adenosine.

The CD73 content in the whole cell lysate of BI6F10
cells (Fig. 1A) was examined by western blot analysis and
compared with other tissues and cells exhibiting diverse levels
of ecto-5'-nucleotidase enzymatic activity: human melanoma
A375 cell line (high level) (12), human breast adenocarcinoma
MDA-MB-231 cell line (high level) (17) and human embryonic
kidney cell line HEK293T (low level) (28,29). Judging by the
intensity and localization of specific bands, the levels of CD73
protein in B16F10 cells appeared to be quantitatively and
qualitatively comparable to the levels found in other cell lines.
The molecular mass of the detected protein was similar to the
non-glycosylated form of CD73 (58 kDa) (30). Only lysates
prepared from the spleen of mouse strains syngenic (C57BL/6)
or non-syngenic (BALB/c) to B16F10 exhibited the additional
major band with a higher molecular mass, a characteristic of
highly glycosylated CD73 present on lymphocytes (10).

Immunofluorescence staining (Fig. 1C and D) revealed
that CD73 was less densely distributed (but still significantly
expressed) on the B16F10 cell surface when compared to
HEK293T. The use of flow cytometry to detect CD73 with a
PE-conjugated anti-CD73 mAb (clone TY/23) did not deliver
conclusive results, as cell-surface CD73 was not detectable in
non-fixed BI6F10 or HEK293T cells, although the intracel-
lular antigen was apparent in the fixed cells (Fig. 2). Targeting
either CD73 with AOPCP or various adenosine receptors
with specific agonists (IB-MECA, CGS-2180 and CCPA) did
not change the total CD73 protein levels or its distribution in
B16F10 cells (data not shown).

CD39 content was significantly high and comparable
among the whole cell lysates obtained from B16F10 cells or
the spleen of a syngenic mouse (Fig. 1B).
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Figure 1. Distribution of CD73 and CD39 in cancer cell lines and normal spleen tissue. (A and B) Whole cell lysates prepared from the indicated cell lines and
spleen samples from mice syngenic to the BI6F10 cell line (C57B1/6) and non-syngenic mice (BALB/c) were subjected to western blot analysis with mAbs
specific to murine/human CD73 (A) or murine CD39 (B). The positions of proteins and molecular size standards are indicated. 3-tubulin served as a loading
control. (C and D) Immunofluorescence microscopy for the surface (C) and intracellular (counterstained with DAPI) (D) expression of CD73 in B16F10 and
HEK?293T cells (x400). For some images, the time of exposure was shortened to 100 ms as high fluorescence intensity at 200 ms did not allow for the clear
visualization of details. The data in all figures are representative of three to five independent experiments.

Targeting CD73 with AOPCP modulates BI6FI10 melanoma
cell ability to adhere to the ECM, migrate and invade in vitro.
We analyzed the ability of melanoma cells to adhere to ECM
proteins, migrate and invade. The specific competitive CD73
inhibitor AOPCP, a hydrolytically stable analog of ADP, was
used for this purpose. Selective adenosine receptor agonists
CCPA (A R), CGS-21680 (A,,R) and IB-MECA (A;R) were
used in the presence of AOPCP to determine which of the
adenosine receptors was involved in mediating these processes.
Although all the agonists, AOPCP and serum-starvation were
tested, none of these treatments influenced the viability of
B16F10 cells under the experimental conditions described
(data not shown).

B16F10 cell adherence to Matrigel and fibronectin was
measured (Fig. 3A). The major component of the Matrigel
basement membrane matrix is laminin, but Matrigel also
contains type IV collagen, heparan sulfate proteoglycans and
entactin/nidogen. Attachment of B16F10 cells to the matrix was
significantly inhibited by AOPCP and was ~51% of the control
(P<0.05). Melanoma attachment to fibronectin displayed a larger
decrease of ~32% of the control (P<0.005). Blocking CD73 by
AOPCP was ~20% (£2%) stronger (P<0.01) when compared to
the blocking ability of monoclonal anti-CD73 antibodies (data
not shown). No significant changes in the ability of the melanoma
cells to attach to ECM proteins were observed upon the simulta-
neous addition of adenosine receptor agonists and AOPCP.
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Figure 2. Flow cytometric analysis of CD73 in B16F10 and HEK293T cell lines. Cells were stained with a PE-conjugated anti-CD73 mAb to analyze sur-
face (A) and intracellular (B) expression of CD73. Gray field, control unstained; black line, CD73. The data in all figures are representative of three independent
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Figure 3. Changes in BI6F10 cell adhesion to various ECM proteins, migration and invasion in response to CD73 inhibitor and various adenosine receptor
agonists. The ability of BI6F10 cells to adhere to Matrigel or fibronectin (A), to migrate in a wound healing assay (B and C) and to invade Matrigel in Boyden
chambers (D) was examined by incubating with 200 kM AOPCP or 10 uM adenosine receptor agonists. Graph A shows the inhibitory effect of AOPCP on
the attachment of BI6F10 cells to Matrigel or fibronectin as independent of adenosine receptor stimulation. Graph B shows the cell motility-inducing effects
of AOPCP and its reversal by the addition of adenosine receptor agonists as a percentage of the wound closure after 24 h. Graph C is a representative image
for non-treated and AOPCP-treated cells with the wound borders at a starting point (marked with the white lines) and after 24 h (marked with the black lines).
Graph D shows the increase in the invasive potential of AOPCP-treated B16F10 cells and its decrease by the addition of various adenosine receptor agonists
compared to the non-treated control (~70 cells/field). All data points represent averages of three to four independent tests. Standard deviations are marked.
“P<0.05, “P<0.01, ""P<0.005 vs. untreated control. “P<0.05, #*P<0.005 vs. AOPCP treated cells.

The wound healing assay was used to investigate directional
cell migration after breaking the continuity of a monolayer.
Addition of AOPCP to the medium significantly increased
the motility of BI16F10 cells, as demonstrated by an increase
in the wound closure from 43% in control cells to 62% upon
AOPCP treatment (P<0.005) 24 h after wound formation
(Fig. 3B and C). Addition of adenosine A, or A,, receptor
agonists reversed the effects of AOPCP (P<0.005 or P<0.05,
respectively). Upon stimulation of the A, receptor, the observed
effects were not statistically significant (P=0.11) (Fig. 3B).

The rate of Matrigel invasion was quantified via the use of
a Transwell chamber (Boyden) (Fig. 3D). The number of cells
migrating through a membrane coated with Matrigel towards

a chemotactic agent was increased by ~50% in the presence
of AOPCP (P<0.005). This effect was completely reversed by
simultaneous stimulation of adenosine receptors of type A, or
A,, (P<0.05) and significantly diminished below the control
level by stimulation of A;R (P<0.01 compared to the control).

BI6F10 melanoma growth in vivo is inhibited in CD73-
deficient mice. We compared the melanoma growth rates in the
wild-type and CD73-deficient mice to discriminate between
the influence of the host cell- and cancer cell-derived CD73 on
tumor growth. BI6F10 tumor cells were injected subcutane-
ously and the tumor growth was monitored during the early
phase of its growth (up to 14 days after inoculation). As shown
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Figure 4. Growth rate and histological analysis of BI6F10 melanoma in the wild-type and CD73"" mice in the absence or presence of AOPCP. Wild-type and
CD73-homozygous deficient mice were injected subcutaneously with 2.5x10° B16F10 cells and monitored for 14 days after injection. In the third group, injected
B16F10 cells were supplemented with 200 xM AOPCP and then AOPCP at a dose 20 mg/kg was applied i.p. on days: 5, 7,9 and 12. Data represent means
of five or six mice per group. (A) Changes in the tumor volume growth rate during experiments. Standard deviations are marked. "P<0.05, “P<0.01 vs. WT.
7P<0.05 vs. CD73". (B) Incidence of hemorrhagic necrosis in tumors on day 14. (C) Images of representative areas from tumor paraffin slides stained with

hematoxylin and eosin (left panel) and Azan-Mallory (right panel) (x200).

in Fig. 4A, the tumor growth rate was significantly reduced in
CD73-deficient mice (P<0.05, days 9 and 14 after inoculation).
Simultaneous targeting of CD73 on tumor cells with AOPCP
further reduced the tumor growth rate when compared to both
the wild-type mice (P<0.01, day 9; P<0.05, days 12 and 14)
and the CD73-deficient mice not treated with AOPCP (P<0.05,
day 12). No lung metastases were observed within 14 days of
the subcutaneous injection.

The development of local blood vessels is commonly
recognized as a growth-limiting mechanism for neoplasms
and the process of angiogenic switch has previously been
found to be adenosine-dependent (31). In view of these reports,
we assessed whether the decrease in the tumor growth rate
in CD73-deficient mice with CD73-inhibited cancer cells was
directly related to a decrease in angiogenic response. This
hypothesis was supported by our observation of advanced
hemorrhagic necrosis (manifested as a tumor perforation and
a blood clot on its surface). Incidence of such necrosis was
significantly higher (P<0.05) 14 days after tumor inocula-
tion in CD73-deficient hosts (38% of untreated and 50%
of AOPCP-treated mice) when compared to the wild-type
animals (no animals exhibited necrosis on day 14) (Fig. 4B).
This hypothesis was also supported by histological analysis

of tumors (Fig. 4C) by H&E or Azan-Mallory staining. We
observed a visible decrease in the vascular density of tumors
isolated from AOPCP-treated CD73-deficient mice when
compared to the highly vascularized tumors observed in both
wild-type controls and CD73-deficient mice not treated with
AOPCP (no significant difference was observed between the
two latter groups).

The angiogenic response of the host and BI6F10 melanoma-
induced angiogenesis are reduced upon CD73 inhibition. To
analyze a putative role of CD73 in in vivo angiogenesis, the
Matrigel plug angiogenesis assay was used. The assay was
performed by adding CD73 inhibitor (AOPCP) locally to
the plug in a wild-type animal or by using CD73-deficient
hosts. Neovascularization of the plug was analyzed 8 days
after injection when the blood vessel formation was robust
enough for hemoglobin measurements and the total volume
of the angiogenic blood vessels in a Matrigel plug could be
quantified.

Substantial ingrowth of new blood vessels into the Matrigel
plug was observed in wild-type mice in the presence of proan-
giogenic bFGF. A single application of AOPCP decreased the
volume of blood in new vessels; however, this result was not
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Figure 5. The relative changes of hemoglobin content in subcutaneous Matrigel plugs in the absence or presence of AOPCP or in CD73” mice. Graph A
shows an inhibitory effect of AOPCP supplementation on the hemoglobin content of Matrigel plugs in WT mice. AOPCP or saline (for control) for the single
application (1x) were added as a supplement to Matrigel plugs before injection (data represents means for six mice per group). In the second group (4x), four
consecutive injections of AOPCP (or saline for control) were injected every second day around the Matrigel plug (seven mice per group). 'P<0.05. Graph B
compares hemoglobin content of Matrigel plugs in WT and CD73-deficient mice. Vascularization of the plugs in CD73-homozygously deficient mice was
significantly decreased (eight mice per group). "P<0.05. Graph C shows an inhibitory effect of AOPCP supplementation (or saline for control) on a hemoglobin
content of Matrigel plugs injected together with 4x10° B16F10 melanoma cells into WT mice. There were no additional injections of AOPCP. "P<0.05. Data
represent the changes in the mean total volume of blood vessels overgrowing the plugs. The vascularization of plugs (presented in the insets) was measured as
hemoglobin concentration (mg/ml) calculated per gram of plug weight (g). Standard deviations are indicated.

statistically significant (P=0.09). Statistical significance was
achieved after four consecutive local injections of AOPCP
around the plug, which decreased the total volume of blood
vessels to ~46% of the control (P<0.05) (Fig. 5A). Moreover,
we observed that neoangiogenesis was compromised in CD73-
deficient mice when compared to wild-type mice, with the
total blood volume in plugs exhibiting a significant decrease to
~56% of wild-type mice (P<0.05) (Fig. 5B).

When B16F10 melanoma cells were introduced into a
Matrigel plug in wild-type animals, the angiogenic response
was strong (~31 mg/ml x g) and the ingrowth of tumor blood
vessels was significantly decreased to ~60% of the control
values after a single application of AOPCP (Fig. 5C).

Thus, we found that formation of new vessels in C57BL/6
mice and tumor-induced angiogenesis in Matrigel plugs is
inhibited by decreasing CD73 enzymatic activity.

Discussion

Recently published reports confirmed the association between
CD73 and tumor progression in melanoma (9,12,15,16). The
authors claim that either CD73-deficiency in transgenic
mice or a pharmacological inhibition of CD73 in wild-type
mice can protect against the development of subcutaneous
tumors and experimental lung metastases (9,15,16). However,
murine B16F10 melanoma was characterized by some
authors as a CD73-negative cell line despite earlier reports
that low, but significant, cell surface 5'-nucleotidase activity
was present (24,25). In the present study, we analyzed
CD73 expression in B16F10 cells using various techniques:
western blotting, immunofluorescence microscopy and flow
cytometry with two different antibodies (non-conjugated and
PE-conjugated mAb). These results convincingly showed that
B16F10 cells contain ecto-5'-nucleotidase levels comparable
to those found in high CD73-expressing human melanoma

A375 (12) or breast adenocarcinoma MDA-MB-231 cell
lines (17). The protein displayed a similar molecular mass
in all analyzed cell lines, which was smaller than the more
heavily glycosylated form present on T lymphocytes (10). A
significant amount of CD73 was detected on the B16F10 cell
surface by immunofluorescence; however, its main localization
pattern appeared to be intracellular. This is in agreement with
an earlier hypothesis stating that an extensive intracellular
distribution of CD73 is present in a membrane-bound pool
(i.e., lysosomes, Golgi apparatus and transcytotic vesicles)
and that CD73 undergoes continual exchange between the
plasmatic and internal membranes (1,32,33). We encountered
a problem detecting CD73 on the surface of non-fixed BI6F10
and HEK?293T cells by flow cytometry (although the intracel-
lular antigen was apparent in the fixed cells), but this might be
due to ecto-domain shedding after binding of the anti-CD73
antibody. Such an effect was demonstrated by Airas et al (34)
when CD73 expression was examined on the surface of
lymphocytes.

The paradigm for the role of CD73 in tumor progres-
sion has not yet been established. In the literature, examples
suggesting that a high level of CD73 expression on tumor cells
can be used as either a negative (19) or a positive (23) prog-
nostic marker can be found. However, an explicitly positive
correlation between CD73 expression and invasive potential
was shown in some cancer cells in vitro. Overexpression of
CD73 in human breast cancer cells increased their ability to
invade, migrate and adhere to the ECM, thus upregulating
their metastatic potential (17,20). For the highly invasive
human melanoma cell lines, it was shown that CD73 was
upregulated and correlated with a number of metastasis-related
markers (12). On the contrary, some other clinical research
studies showed reduced CD73 activity in breast cancer cells
when compared to the adjacent non-involved tissue (21,22).
Additionally, the reverse correlation between CD73 activity
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and metastatic potential was occasionally indicated for rat
breast cancer cell lines (35) and B16F10 cells (24,25). In the
present study, we showed that the highly invasive murine
B16F10 cells contained levels of CD73 protein comparable
to those found in highly invasive human melanoma A375 (12)
and human breast adenocarcinoma MDA-MB-231 cell
lines (17). Moreover, the targeting of CD73 in B16F10 cells
with a selective inhibitor led to a significant increase in their
invasive potential in vitro.

It should be noted that blocking CD73 with AOPCP
decreased B16F10 cell adherence to fibronectin and to the
basement membrane matrix (Matrigel) and that this adherence
was not modulated via adenosine receptor signaling. This is
particularly significant with regards to the decisive role of cell
adherence to ECM components in the escape and invasion
of ectopic environments (36). It has been shown that isolated
CD73 binds to fibronectin in a specific and saturable manner
(11,37). Such specificity suggests a direct role of CD73 in the
binding of B16F10 cells to fibronectin. It is possible that the
conformation of ecto-5'-nucleotidase changed in the presence
of inhibitory AOPCP, thus interfering with ECM binding,
similar to previously indicated results for eukaryotic cells and
the 5'-nucleotidase from E. coli (38). The difference between
its effect on B16F10 adhesion to Matrigel and fibronectin
might be explained by the presence of laminin in Matrigel
and its ability to direct more CD73 to the cell surface (39).
The adherence-dependent processes of migration and invasion
were upregulated in AOPCP-treated B16F10 cells and down-
regulated by a set of adenosine receptor agonists. Therefore,
the involvement of CD73 in melanoma cell invasion was
confirmed and probably occurs via direct CD73-mediated
interactions with ECM constituents. Nevertheless, the exact
molecular mechanisms of this phenomenon require further
study.

By contrast, in vivo experiments showed that CD73-
deficiency in the host caused impaired tumor growth in mice.
Additionally, pharmacological inhibition of CD73 activity
on the grafted BI6F10 melanoma in CD73-deficient hosts
displayed even further decreases in tumor growth. Earlier
reports suggest that BI6F10 melanoma growth is slower in
CD73-deficient mice when compared to a wild-type mouse
and that this effect was attributable to the immunomodula-
tory role of the host-derived CD73 on lymphocytes (9,15,16).
We propose here a similar role for the angiogenic switch, a
critical step in melanoma tumor growth correlating with the
transition to a metastatic phase (31); it also correlates with
an increase in tumor thickness and resultant hypoxia (40).
Adenosine is regarded as an important hypoxia-counteracting
mediator (41,42) which exerts a mitogenic effect on the endo-
thelium and regulates the synthesis of pro- and anti-angiogenic
factors (such as VEGF through the A, receptor in melanoma
cells) (6,43). Experiments performed on human breast cancer
xenografts in a nude mouse model have demonstrated that
both the chemical inhibition of CD73 and systemic CD73-
deficiency can decrease angiogenesis not only in vitro (in
isolated pulmonary microvascular endothelial cells) but also
in vivo by contributing to an increase in the necrotic area of
the tumor (17,18). The regulatory role of adenosine produced
extracellularly by the grafted B16F10 cells could be variable.
Therefore, we suggested that full inhibition of the adenosine
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producing enzyme may lead to decreased neoangiogenesis. The
histological analysis of the BI6F10 tumors have shown that the
complete lack of active CD73 in host and grafted cells induced
quite significant changes in the vascular density, similar to the
results obtained from breast cancer xenografts (17,18), and
also led to an increase in necrosis of the tumor tissue (18).
However, even the low level expression of CD73 in B16F10
cells in CD73-deficient mice was enough to abrogate this
effect, similar to the results described by Yegutkin et al (15).
Nevertheless, the increase in the visible hemorrhagic necrosis
in this experimental group suggests some less visible changes
in tumor vasculature as the lower vascular density correlates
with the lower perfusion rate of the tumor tissue, which gener-
ally increases the incidence of necrosis (44). These changes
remain under investigation.

The Matrigel plug angiogenesis assay is one of the most
frequently used angiogenesis assays in current practice (45),
and further analysis demonstrated a significant decrease in the
total volume of new blood vessels due to both CD73 inhibition
in wild-type mice (also in the presence of BI16F10 cells) or as
a result of CD73-deficiency in animals. Therefore, we propose
that inhibition of CD73 in vivo does interfere with the develop-
ment of the melanoma vascular bed, possibly by influencing
either the number or the maturation status of the developing
blood vessels. The mechanism has yet to be fully clarified,
but aside from a direct influence on vessels, these effects may
be mediated through the modulation of some known B16F10
function (e.g., VEGF production), such as those shown by
Potgens et al for the human melanoma xenografts (46).

In conclusion, the present study strongly supports a long-
standing hypothesis that CD73 is one of the most important
molecules regulating the progression of melanoma. However,
a more complex set of interactions was identified in the present
study. These results suggest that the membrane enzyme itself
and its product, adenosine, can influence the progression by
various mechanisms, some of which are contradictory. The
ecto-enzyme can function as an adhesion protein and by itself
influence melanoma progression. The adenosine product alone
can signal to inhibit migration and invasion of melanoma
cells, while simultaneously contributing to the development
of tumor vasculature. Therefore, final outcomes regarding
CD73 influence on tumor progression may be the result of
maintaining a critical balance between its enzymatic and non-
enzymatic activities regulating many aspects of the invasive
potential of tumor cells. Further in-depth studies of CD73
and adenosine receptor signaling will provide us with solid
premises regarding the functions of CD73 and which stages of
tumor development should be targeted in cancer therapy.
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