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RNA Aptamer Blockade of Osteopontin Inhibits
Growth and Metastasis of MDA-MB231 Breast

Cancer Cells

Zhiyong Mi', Hongtao Guo', M Benjamin Russell', Yingmiao Liu', Bruce A Sullenger' and Paul C Kuo'

"Department of Surgery, Duke University Medical Center, Durham, North Carolina, USA

Osteopontin (OPN) is a secreted phosphoprotein
which mediates tumorigenesis, local growth, and
metastasis in a variety of cancers. It is a potential
therapeutic target for the regulation of cancer metas-
tasis. RNA aptamer technology targeting OPN may
represent a clinically viable therapy. In this study, we
characterize the critical sequence of an RNA aptamer,
termed OPN-R3, directed against human OPN. It has
a K, of 18 nmol/l and binds specifically to human OPN
as determined by RNA electrophoretic mobility assays.
In MDA-MB231 human breast cancer cells examined
under fluorescence microscopy, OPN-R3 ablates cell
surface binding of OPN to its cell surface CD44 and a j3,
integrin receptors. Critical enzymatic components of
the OPN signal transduction pathways, PI3K, JNK1/2,
Src and Akt, and mediators of extracellular matrix
degradation, matrix metalloproteinase 2 (MMP2)
and uroplasminogen activator (uPA), are significantly
decreased following exposure to OPN-R3. OPN-R3
inhibits MDA-MB231 in vitro adhesion, migration, and
invasion characteristics by 60, 50, and 65%, respec-
tively. In an in vivo xenograft model of breast cancer,
OPN-R3 significantly decreases local progression and
distant metastases. On the basis of this “proof-of-con-
cept” study, we conclude that RNA aptamer targeting
of OPN has biologically relevance for modifying tumor
growth and metastasis.
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INTRODUCTION

Cancer progression depends on an accumulation of metastasis-
supporting physiological changes which are regulated by cell
signaling molecules. One such molecule, osteopontin (OPN),
is a secreted phosphoprotein which functions as a cell attach-
ment protein and cytokine that signals through two cell adhesion
molecules: o B,-integrin and CD44.'~ Initially discovered as an
inducible, tumor-promoter gene, OPN is an acidic hydrophilic
glycophosphoprotein which is overexpressed in human tumors
and is the major phosphoprotein secreted by malignant cells in

advanced metastatic cancer.*" Evidence has accumulated for
involvement of OPN in increased cellular migratory and invasive
behavior, increased metastasis, protection from apoptosis, pro-
motion of colony formation and 3D growth ability, induction of
tumor-associated inflammatory cells, and induction of expression
of angiogenic factors.”? Gain- and loss-of function assays have
demonstrated a critical role for OPN in tumor metastatic function
in colon, liver, and breast cancers.”* Clinical studies certainly have
linked serum OPN expression with increased metastatic tumor
burden and poor patient outcomes.”* As a secreted phosphop-
rotein that is readily accessible in the extracellular milieu, OPN is
an attractive therapeutic target for blockade of tumor growth and
metastasis.

Recently, small structured single-stranded RNAs, also known
as RNA aptamers, have emerged as viable alternatives to small-
molecule and antibody-based therapy.'>!* RNA aptamers specifi-
cally bind target proteins with high affinity, are quite stable, lack
immunogenicity, and elicit biological responses. Aptamers are
evolved by means of an iterative selection method called SELEX
(systematic evolution of ligands by exponential enrichment) to
specifically recognize and tightly bind their targets by means
of well-defined complementary three-dimensional structures.
Typically, dissociation constants for these aptamer-target com-
plexes are in the high pico-molar to low nano-molar range. As a
secreted protein, OPN represents an ideal target for RNA aptamer
mediated inhibition.

In this article, we utilize the MDA-MB231 human breast can-
cer cell line to demonstrate the effect of an OPN-directed RNA
aptamer on in vitro and in vivo measures of growth and metasta-
sis. This cell line expresses OPN and its cell surface target recep-
tors, CD44 and a 8, integrin. Our data indicate that RNA aptamer
binding of OPN blocks interaction with its cell surface recep-
tors with significantly decreased: (i) expression of matrix metal-
loproteinase 2 (MMP2) and uroplasminogen activator (uPA),
(ii) activation of CD44- and a (,-dependent signal transduction
pathways, (iii) in vitro measures of adhesion, migration, and inva-
sion, and (iv) in vivo local progression and distant metastases in
a xenograft model. In this “proof-of-concept” study, our results
suggest that RNA aptamer technology directed against OPN
may be a viable therapeutic intervention to inhibit growth and
metastasis in breast cancer.
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RESULTS

Characterization of an RNA aptamer directed

against OPN

After successive rounds of SELEX, we characterized the K| of the
OPN aptamer, termed OPN-R3, using the double-filter nitro-
cellulose filter-binding method."” SELEX is an iterative in vitro
selection process consisting of sequential selection and amplifica-
tion steps that can efficiently reduce a complex library of nucleic
acids with randomized sequences (complexity of ~10') to a mini-
mized subset of one or more sequences that bind tightly to the
target of choice. Fifty clones were sequenced following the eighth
round of SELEX; 12 clones were the OPN-R3 aptamer. We com-
pared OPN-R3 with the other 38 aptamer sequences, and there
was no homology among them. The K, value of OPN-R3 and
10 other clones were determined; the OPN-R3 K, was the lowest
at 18 + 0.2 nmol/L

The predicted secondary structure of OPN-R3 contains the
usual stem-loop structure of RNA aptamers and is shown in
Figure 1a. To confirm in vitro binding of OPN-R3 to OPN, RNA
electrophoretic mobility shift assays (REMSAs) were performed
(Figure 1b). Human OPN bound to OPN-R3; increasing con-
centrations of unlabelled OPN-R3 probe effectively competed for
OPN binding, whereas unlabelled nonspecific competitor RNA
aptamer did not alter OPN binding to OPN-R3. Supershift assays
using antibody to human OPN demonstrated decreased binding
of OPN to OPN-R3. These data indicate that human OPN binds
to OPN-R3 in a specific fashion.

Mutagenesis of OPN-R3 was then performed to determine the
active binding site. Figure 1c depicts the regions of OPN-R3 that
underwent deletion. Deletion constructs, OPN-R3-1, OPN-R3-2,
and OPN-R3-3, were then tested in REMSA with human OPN
(Figure 1d). Only OPN-R3-1 retained its OPN-binding abilities,
suggesting that regions 2 and 3 are both required for in vitro
binding to OPN. Binding affinity studies confirmed that OPN-
R3-1 and OPN-R3 had identical K, values.

We then utilized Forster resonance energy transfer (FRET)
confocal microscopy in MDA-MB231 human breast cancer cells
to determine the efficacy of OPN-R3 for inhibition of OPN bind-
ing to its cell surface receptors, CD44 and a B, integrin. Western
blot analysis confirmed production of OPN in MDA cell lysates
and media (Figure 2a). Human full-length CD44s ¢cDNA and
OPN cDNA were separately fused in frame into mammalian
expression vector pECFP and pEYFP, respectively. MDA cells
were then transfected with both plasmids. Confocal fluorescence
microscopy showed overlapping localization of both CFP-tagged
CD44 and YFP-tagged OPN to the MDA plasma membrane
(Figure 2b). Acceptor photobleaching was then used to measure
FRET between CFP-CD44 and YFP-OPN. If CFP-CD44 (donor)
and YFP-OPN (acceptor) are within 10 nm of each other, and the
fluorophore dipoles are aligned, resonance energy can be trans-
ferred from CFP to YFP.'® To perform acceptor photobleaching,
a prebleach image was captured using the 458-nm laser line; a
region of the plasma membrane was selectively irradiated using the
514-nm laser line. An increase in CFP fluorescence was observed
following YFP photobleaching, and the mean FRET efficiency was
24.2 £ 0.2%. Acceptor photobleaching experiments were done on
50 MDA cells (three regions per cell) coexpressing CFP-CD44 and
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Figure 1 OPN-R3 structure and in vitro RNA binding. (a) OPN-R3
aptamer secondary structure model. (b) RNA electrophoretic mobil-
ity shift assays of OPN-R3. Blot is representative of four experiments.
(c) Secondary structure models of mutant OPN RNA aptamers (OPN-
R3-1, OPN-R3-2, OPN-R3-3). (d) RNA electrophoretic mobility shift
assays of OPN-R3-1, OPN-R3-2, and OPN-R3-3. Blot is representative of
four experiments.

YFP-OPN as well as on a similar number of cells in which no FRET
was expected. These additional controls included (i) cotransfec-
tion of CFP- and YFP-empty plasmids (FRET efficiency, 0.23 +
0.2%) and (ii) transfection of a CFP-empty plasmid alone (FRET
efficiency, 0.21 + 0.1%). These data confirm interaction between
OPN and CD44 on the MDA-MB231 cell surface.

Subsequent FRET experiments were then performed in the
presence of OPN-R3, blocking Ab to CD44, and/or blocking
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Figure 2 Characterization of OPN-R3 cell surface binding. (a) Western
blot analysis of OPN expression in MDA-MB231 cell lysate and culture
medium. Blot is representative of three experiments. N/A, not applicable.
(b) FRET analysis of MDA-MB231 cells. FRET efficiency was calculated
as 100 x [(CFP post-bleach — CFP prebleach)/CFP post-bleach]; FRET
was performed on 50 cells per treatment group with 3 regions per cell.
Photos are representative of five experiments.

antibody to a f, integrin. In the presence of CD44 Ab, cell sur-
face binding of OPN was still present but no FRET was detected,
indicating OPN binding to alternative a B, integrin-binding sites
(Figure 2b). In the presence of blocking Ab to a (3, integrin, FRET
was detected (19.6 £+ 0.2%; P = NS vs. CD44 Ab) and cell surface
OPN was present suggesting that OPN was bound to native CD44
and/or CFP-CD44 receptors. However, in the presence of both
CD44 Ab and o B, integrin Ab, neither cell surface OPN nor FRET
was detected. Finally, in the presence of OPN-R3 (100 nmol/l),
FRET was totally ablated, and no cell surface OPN was found sug-
gesting that the RNA aptamer blocked all interaction of OPN with
its cell surface receptors, including CD44. As a control, mutated
OPN-R3 aptamer was associated with FRET of 23.1 + 0.2%.

OPN-R3 and OPN-dependent signaling pathways

To determine the effect of OPN-R3 on OPN-dependent signal
pathways, we performed western blots in MDA-MB231 for PI3K,
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JNK1/2, Src and Akt as constituents of the o 3, and/or CD44 path-
ways. The expression of these various markers were assessed in
response to exposure to OPN-R3, exogenous OPN (20 nmol/l),
af, Ab, CD44 Ab, mutant OPN-R3 and/or mutant OPN-R3
with RNase (Figure 3). Expression of phosphorylated JNK-1/2
(P-JNK1/2) and PI3k was detected in untreated MDA cells and
was not altered in the presence of exogenous OPN. Exposure of the
cells to a , Ab or OPN-R3 significantly decreased both P-JNK1/2
and PI3K expression. In contrast, mutant OPN-R3 and OPN-R3 +
RNase did not alter levels of P-JNK1/2 and PI3K. Interestingly,
exposure of the MDA cells to CD44 Ab did not alter PI3K, but did
decrease P-JNK1/2 suggesting that crosstalk or overlap might exist
between the CD44 and o B, integrin signal transduction path-
ways. When phosphorylated-Src (P-Src) and -Akt (P-Akt) were
addressed, expression of both proteins was detected in untreated
MDA cells and was not altered in the presence of exogenous
OPN (20nmol/l). Exposure of the cells to CD44 Ab or OPN-R3
significantly decreased P-Src and P-Akt expression. In contrast,
mutant OPN-R3 and OPN-R3 + RNase had no discernable effect.
Ab to a B, integrin decreased PI3k and P-Src expression also; this
repeats the theme of overlapping signal transduction pathways
between CD44 and a 8, integrin receptors.

OPN has previously been demonstrated to partially regu-
late expression of MMP2 and uPA as mediators of extracellular
matrix degradation and facilitators of metastasis.”*?* In this set-
ting, we examined pro- and active MMP2 and uPA expression in
MDA-MB231 cells following exposure to OPN-R3 (Figure 3d). In
a fashion similar to that seen for the previous proteins, pro-MMP2,
active MMP2, and uPA were detected in untreated MDA-MB231
cells. Exogenous OPN did not significantly alter expression.
OPN-R3 ablated uPA and active MMP2 levels, although pro-
MMP2 was still readily detected. Ab to CD44 and a B, integ-
rin significantly decreased uPA, pro-MMP2, and active MMP2
levels. Mutant OPN-R3 and OPN-R3 + RNase had no effect. In
total, these data indicate that OPN-R3 aptamer can significantly
decrease activation and/or expression of various constituents of
the CD44 and a B, integrin signal transduction pathways and
their downstream effector molecules in MDA-MB231 cells.

OPN-R3 and MD-MB231 adhesion, migration,

and invasion

To assess the functional consequences of OPN-R3 ligation of
OPN, in vitro adhesion, migration, and invasion assays were per-
formed (Figure 4). When compared to untreated cells, adhesion,
migration, and invasion in OPN-R3 treated cells were decreased
by 60, 50, and 65%, respectively. In comparison, a f, integrin Ab
decreased adhesion, migration, and invasion by 30, 40, and 45%,
respectively. Similarly, CD44 Ab decreased adhesion, migration,
and invasion by 40, 30, and 48%, respectively. Exogenous OPN,
mutant OPN-R3 and OPN-R3 + RNase had no effect on the three
measures. These results indicate that OPN-R3 can effectively and
significantly inhibit the in vitro correlates of adhesion, migration,
and invasion in MDA-MB231 cells.

Functional in vivo activity of OPN-R3

In the following in vivo studies, OPN-R3 (and mutant OPN-
R3-2) was modified to increase its biologic half-life, incorporating
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Figure 3 OPN-regulated signal transduction pathway. (a) Western blot of PI3K, JNK1/2, Src, Akt, MMP2, and uPA in MDA-MB231 cells. Blot is rep-
resentative of four experiments. (b) Histogram of PI3K and P-JNK1/2 expression. PI3K and P-JNK1/2 are normalized to p-actin and total JNK expres-
sion, respectively, by laser densitometry. Data are presented as mean + SEM of four experiments. *P < 0.01 vs. No treatment, OPN, Mutant OPN-R3,
CD44Ab, OPN-R3 + RNase; *P < 0.01 vs. No treatment, OPN, a 8, Ab, Mutant OPN-R3, CD44Ab, OPN-R3 + RNase; **P < 0.01 vs. No treatment,
OPN, Mutant OPN-R3, OPN-R3, OPN-R3 + RNase; ®P < 0.01 vs. No treatment, OPN, Mutant OPN-R3, OPN-R3, OPN-R3 + RNase. (c) Histogram of
P-Src and P-Akt expression. P-Src and P-Akt are normalized to total Src and total Akt expression, respectively, by laser densitometry. Data are presented
as mean + SEM of four experiments. *P < 0.01 vs. No treatment, OPN, Mutant OPN-R3, CD44 Ab, OPN-R3 + RNase; P < 0.01 vs. No treatment, OPN,
a B, Ab, Mutant OPN-R3, CD44 Ab, OPN-R3 + RNase; **P < 0.01 vs. No treatment, OPN, Mutant OPN-R3, OPN-R3, OPN-R3 + RNase; ®P < 0.01 vs.
No treatment, OPN, Mutant OPN-R3, OPN-R3, OPN-R3 + RNase. (d) Histogram of MMP2 and uPA expression. MMP2 and uPA are normalized to
B-actin expression by laser densitometry. Data are presented as mean + SEM of four experiments.*P < 0.02 vs. No treatment, OPN, Mutant OPN-R3,
OPN-R3 + RNase; *P < 0.01 vs. o B, Ab, CD44 Ab.

2’-O-methyl substituted nucleotides, 5’-cholesterol modifica-  normal mouse serum was 8 hours. The in vitro K, of this Modified

tion and 3’-inverted deoxythymidine. The sequence of OPN-R3
aptamer used in in vivo studies is same as OPN-R3-1. Based on
the company’s unpublished results (Dharmacon, Lafayette, CO),
the half-life of the modified RNA APTAMER oligo is >24 hours in
human serum at 37 °C. The half-life of both OPN-R3 and mutant
OPN-R3-2 in Dulbeccos modified Eagle’s medium with 10%
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OPN-R3 was 18nmol/l; in vitro specific binding of Modified
OPN-R3 to OPN was again confirmed using REMSA (data not
shown). We used a xenograft model of MDA-MB231 cell implan-
tation into the mammary fat pads of female NOD scid mice; these
MDA cells were previously engineered to express luciferase.”
Modified OPN-R3, Mutant OPN-R3 or vehicle were injected into

www.moleculartherapy.org vol. 17 no. 1 jan. 2009



© The American Society of Gene Therapy

4
mmm Adhesion
3 Migration
= Invasion
c
S 34
5 =
©
g -
=
=
c
kel
©
22 #
=
< #
Qo
ﬁ *
2
. -
I 100 11 WAL |
0 | |
%Q/

Q& > ) > > )
& & A & e'Q‘ wv &
o OQ QO XQ\

) Q >
& & eﬁ‘
&

Figure4 OPN-R3andadhesion, migration,andinvasionofMDA-MB231
cells. In vitro adhesion, migration, and invasion assays were performed.
Data are presented as mean + SEM of four experiments. *P < 0.01 vs. No
treatment, OPN, a 8, Ab, Mutant OPN-R3, CD44 Ab, OPN-R3 + RNase;
#P < 0.01 vs. No treatment, OPN, Mutant OPN-R3, OPN-R3, OPN-R3 +
RNase.
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the mouse tail veins every 2 days. Bioluminescence imaging data
at days 10, 20, and 30 are displayed in Figure 5. Bioluminescence
was significantly decreased in the Modified OPN-R3-treated
animals by over 4- and 12-fold at 20 and 30 days after implantation,
respectively, when compared to Mutant OPN-R3 or No treatment
animals (P < 0.01 at 20 days and 30 days for OPN-R3 vs. Mutant
OPN-R3 and No treatment). Tumor volumes were measured on
a daily basis (Figure 5b). Similar to that seen with the biolumi-
nescence data, tumor volume was significantly decreased in the
Modified OPN-R3-treated animals. At day 20, tumor volume in
the Modified OPN-R3 aptamer-treated group was 18-20-fold
smaller than that noted in the Mutant OPN-R3 and No treat-
ment groups (P < 0.01 vs. Mutant OPN-R3 and No treatment).
At day 30, Modified OPN-R3 aptamer-treated group tumor was
eightfold less than that of the Mutant OPN-R3 and the No treat-
ment groups (P < 0.01 vs. Mutant OPN-R3 and No treatment).
At 8 weeks, necropsy tissue from lung and primary tumor loca-
tions were examined for bioluminescence in a site for potential
metastases and in the primary location (Figure 5¢). In lung tissue,
the measured bioluminescence in the Modified OPN-R3 group
was <1% of that noted in the Mutant OPN-R3 and No treatment
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Figure 5 Invivo OPN-R3 activity in a xenograft tumor model. (@) Mean bioluminescence of MDA-MB231 cells at the primary tumor site. Bioluminescence
is reported as the sum of detected photons per second from a constant region of interest (photons/second/region of interest). Photos are representative
of four animals in each group. *P < 0.01 day 20 Modified OPN-R3 vs. Mutant OPN-R3 and No treatment; **P < 0.01 day 30 Modified OPN-R3 vs. Mutant
OPN-R3 and No treatment. (b) Volume of the primary tumors. Tumor volume (V) is calculated using the following formula: V= (1/2) $? x L (S, the shortest
dimension; L, the longest dimension). All data are presented as mean + S.D (n = 4 per treatment group). *P < 0.01 Modified OPN-R3 vs. Mutant OPN-R3
and No treatment. (c¢) Mean bioluminescence of MDA-MB231 cells metastatic to the lung. Photos are representative of four animals in each group. *P <
0.01 Lung-Modified OPN-R3 vs. Mutant OPN-R3 and No treatment; **P < 0.01 Primary tumor-Modified OPN-R3 vs. Mutant OPN-R3 and No treatment.
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groups (P < 0.01 vs. Mutant OPN-R3 and No treatment). These
data indicate that Modified OPN-R3 aptamer can significantly
decrease both local tumor growth and distant metastases of MDA-
MB231 cells in this xenograft model.

DISCUSSION

RNA aptamers represent a unique emerging class of therapeutic
agents.”'® They are relatively short (12-30nt) ss RNA oligonucle-
otides that assume a stable three-dimensional shape to tightly
and specifically bind selected protein targets to elicit a biological
response. In contrast to antisense oligonucleotides, RNA aptam-
ers can effectively target extracellular targets, such as OPN. Like
antibodies, aptamers possess binding affinities in the low nano-
molar to picomolar range. In addition, aptamers are heat stable,
lack immunogenicity, and possess minimal interbatch variability.
Chemical modifications, such as amino or fluoro substitutions
at the 2" position of pyrimidines, may reduce degradation by
nucleases. The biodistribution and clearance of aptamers can also
be altered by chemical addition of moieties such as polyethylene
glycol and cholesterol. Furthermore, SELEX allows selection from
libraries consisting of up to 10'° ligands to generate high-affinity
oligonucleotide ligands to purified biochemical targets, such as
OPN. Recently, the aptamer, pegaptanib, was approved for the
treatment of age-related macular degeneration.* With regard to
the field of oncology, the DNA aptamer GBI-10, derived from a
human glioblastoma cell line, was recently demonstrated to bind
tenascin-C.” Similarly, RNA aptamers have been demonstrated to
target the Ku DNA repair proteins with resulting sensitization of
breast cancer cells to etoposide.”® Our results suggest that RNA
aptamer targeting of OPN may serve as an effective strategy for
inhibiting OPN-dependent metastatic behavior.

OPN was initially characterized in 1979 as a phosphoprotein
secreted by transformed, malignant epithelial cells.”” It is a mem-
ber of the small integrin-binding ligand N-linked glycoprotein
(SIBLING) family of proteins which include bone sialoprotein,
dentin matrix protein 1, dentin sialoprotein, and matrix extra-
cellular phosphoglycoprotein.?® The molecular structure of OPN
is rich in aspartate and sialic acid residues and contains unique
functional domains which mediate critical cell-matrix and cell-
cell signaling through the a f, integrin and CD44 receptors in
a variety of normal and pathologic processes. Integrin a f3, is
detected consistently in breast cancer bone metastases and a 3,
contributes to metastatic behavior in several ways.”” OPN-integrin
binding directly mediates migration and invasion of tumor cells,
enhances endothelial cell migration, survival, and lumen forma-
tion during angiogenesis, represents a downstream target for vas-
cular endothelial growth factor signaling results in microvascular
endothelial cells with a direct role in angiogenesis, activates
osteoclasts in lytic bone metastases, and alters host immunity
by increasing IL-12 expression in murine macrophages and IFN
expression in natural killer cells.***' CD44 variants, especially
CD44v6, have been identified as protein markers for metastatic
behavior in hepatocellular, breast, lung, pancreatic, colorectal,
and gastric cancers and in lymphomas.***> OPN can interact spe-
cifically with CD44v6 and/or v7.>>~** CD44v7-10 ligation of OPN
mediates chemotaxis and adhesion of fibroblasts, T cells, and bone
marrow cells, downregulates the host-inflammatory response in
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a IL-10 mediated manner, and confers metastatic potential when
overexpressed through plasmid vectors models of pancreatic
cancer. Recently, we have shown that binding of OPN with a f,
integrin upregulates plasma membrane expression of CD44v6 and
augments in vitro adhesion of HepG2 hepatocellular carcinoma
cells.* Lin et al. have demonstrated that increased survival and
growth of IL-3-dependent mouse bone marrow cells is mediated
by OPN, and CD44 antibody attenuates these effects.’® Studies
also suggest that OPN and CD44 interact with the ezrin, radixin,
and moesin proteins to alter cytoskeletal dynamics, cell adhesion,
and motility through the cortical actin filaments.”®*” In this study
using FRET-confocal microscopy, we demonstrate that OPN-R3
aptamer effectively eliminates OPN-cell surface binding to MDA-
MB231 human breast cancer cells.

A critical component of tumorigenesis and metastasis is the
degradation of the basement membrane and interstitial matrix
by MMPs and uPA, as part of the plasminogen activator—plasmin
system.””> MMPs are extracellular matrix-degrading enzymes
that play a crucial role in embryogenesis, tissue remodeling,
inflammation, and angiogenesis. MMP2 and MMP9 are impor-
tant contributors to the process of invasion, tumor growth, and
metastasis. uPA, its receptor uPAR and inhibitors PAI-1 and
PAI-2, which together constitute the uPA system, play a vital
role in not only cancer progression but also in several normal
physiological process such as wound healing, liver regeneration,
and homeostasis.?* High levels of uPA are associated with cancers
of the lung, skin, breast, bladder, uterine cervix, and soft tissue
sarcoma.” Studies indicate that blocking of uPA activity or the
uPA-uPAR interaction drastically downregulates tumor growth
and metastasis.”*** OPN appears to regulate the activity of at least
two ECM-degrading proteins. Philip et al. demonstrate that OPN
upregulates pro-MMP2 expression in a NF-kB-dependent fashion
during extracellular matrix invasion.* Transfection of IxBa abro-
gates OPN-induced MMP expression while MMP2 antisense
olignonucleotides reduces OPN-mediated migration and ECM
invasion in B16F10 murine melanoma cells. We have recently
described a novel function of the thrombin-cleaved COOH-
terminal fragment of OPN." This fragment binds cyclophilin C
to the CD147 cell surface receptor to activate Aktl/2 and MMP2
to enhance matricellular proteolysis. OPN also increases cell inva-
siveness in human mammary carcinoma through stimulation of
uPA.*" The uPA system is elevated in breast cancer patients with
poor prognosis, in malignant cancers and in bone metastases.**
Das et al. have confirmed that OPN induction of uPA depends
on PI 3’-kinase/Akt activity.**' We have demonstrated that OPN
upregulates uPA and MMP2 activity through integrin-linked
kinase and AP-1 signaling during tumor cell invasion.*

With regard to OPN signaling, our studies also address the
effect of OPN-R3 ablation of OPN-cell surface binding on a f3,
integrin and CD44 receptor-mediated signal transduction. We
examine the effect of OPN-R3 on PI3K, JNK1/2, Src and Akt
expression and/or activation. While clearly overlapping lines
of activation exist between a 8, and CD44 pathways, OPN-R3
can significantly decrease activity and/or expression of all four
proteins. Kundus group has demonstrated that OPN induces
PI3K activity and PI3K-dependent Akt phosphorylation through
the o f, integrin-mediated pathway in breast cancer cells.**
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In addition, overexpression of PTEN, a phosphatase that can
antagonize PI3K signaling, suppresses OPN-induced Akt activation
during osteoclast differentiation and cell motility.”’ OPN-CD44
interactions promote cell survival and motility through activation
of PI3K-dependent pathways. OPN also stimulates Src-dependent
AP-1 activation, regulates negative crosstalk between NIK/ERK
and MEKK1/JNKI pathways, and activates the mitogen-activated
protein kinase pathway.*! All of these elements contribute to cancer
cell motility, invasion, tumor growth, and metastasis.

We tested OPN-R3 on MDA-MB231 in vitro behavior in
Matrigel-based adhesion, migration, and invasion assays. Matrigel
is a solubilized tissue basement membrane matrix rich in extra-
cellular matrix proteins.* Although composed mainly of laminin,
collagen IV, heparan sulfate, proteoglycans, and entactin, various
growth factors such as transforming growth factor-f, fibroblast
growth factor, and tissue plasminogen activator are also present.
Under normal physiological conditions, Matrigel polymerizes to
produce a reconstituted, biologically active stable matrix that is
effective for the attachment of normal and transformed anchor-
age-dependent cell types. In this regard, OPN-R3 effectively
inhibits MDA adhesion, migration, and invasion by 60, 50, and
65%, respectively. Finally, we utilized the xenograft model of
MDA-MB231 breast cancer cells to demonstrate in vivo inhibition
of tumor growth by Modified OPN-R3, as measured by biolumi-
nescence and tumor volumes.

In conclusion, these results suggest that OPN-R3 aptamer may
have potential as an agent to inhibit cancer growth and metasta-
sis. Our studies indicate that RNA aptamer technology may have
biologically relevant applicability in targeting OPN and modifying
tumor growth and metastasis.

MATERIALS AND METHODS

Materials. 2-F-RNA aptamers were used in SELEX, gel shift, and K,
measures. Synthesized 2-O-Me OPN-R3 and its mutant OPN-R3-2 with
cholesterol and IDT modification were used in FRET, cell treatment,
animal studies, and half-life measurements. Theoretical structure models
were determined by the mFold program at http://www.idtdna.com/
Scitools/Applications/mFold/.

RNA aptamer and SELEX. The SELEX selection procedure was described
previously.** Briefly, a random pool of RNA oligonucleotides was gen-
erated by in vitro transcription of synthetic DNA templates following the
instructions in the DuraScribe T7 Transcription Kit (Epicentre Biotech,
Madison, WI). 2-Fluorine-dCTP, 2-Fluorine-dUTP, normal GTP and ATP
are efficiently incorporated into RNA transcripts through the DuraScribe
T7 RNA polymerase. Nitrocellulose 0.45-umol/l filter (Schleicher &
Schuell, Keene N.H.) was used to perform a negative selection in phosphate
buffered saline (PBS) buffer (137 nmol/l NaCl, 27 nmol/l KCI, 100 nmol/l
Na,HPO,, 2nmol/l K,;HPO,, pH 7.4) at 37°C to remove any filter-binding
RNA aptamers from the aptamer library before SELEX selection. The bind-
ing reaction was setup by 5umol/l OPN protein incubated with 50 umol/l
RNA aptamer pool in PBS buffer at 37 °C for 4 hours rotation and was then
loaded onto a Milliblot vacuum apparatus (Millipore, Billerica, MA) filled
with 0.45-umol/l nitrocellulose filter. After flow through of the binding
reaction solution, the fragmented nitrocellulose filter was soaked in 1 ml
PBS solution and extracted with phenol/chloroform (25:24). The aptamer
RNA was precipitated at 15,000 for 30 min at 4°C from the supernatant
solution containing 5 mol/l ammonium acetate, 20 pg/ml linear acrylamide,
and three volumes of 100% ethanol. This recovered RNA was followed
by the RT-PCR and in vitro transcription for the next round of SELEX
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selection or binding affinity assays to measure its K, value. After each round
of SELEX, we performed a binding affinity assay to measure the aptamer
pool’s K, value to ensure that the K, values exhibited a decreasing trend.
We applied SELEX by alternating the bait protein between human
OPN and mouse OPN in order to achieve RNA aptamer targeting to
common features of both proteins. Selection after Round 8 through
11 was followed by ligation of 0.5ug of the dsDNA pool into
PGEM-T vector systems (Promega, Madison, WI) for sequencing.
The DNA sequence used for in vitro transcription was 5-GGGG
GAATTCTAATACGACTCACTATAGGGAGGACGATGCGG-
N40-CAGACGACTCGCTGAGGATCCGAGA-3’, where N40 represents
the 40-nt RNA aptamer library sequence. The sequences for the aptamers
are as follows: OPN-R3: 5-CGGCCACAGAAUGAAAAACCUCAUC
GAUGUUGCAUAGUUG-3’; Mutant OPN-R3: 5-CGGCCACAGAA
UGAAUCAUCGAUGUUGCAUAGUUG-3’, where C denotes 2-F-
dCTP or 2-OMe-dCTP and U denotes 2-F-dUTP or 2-OMe-dUTP, as
appropriate. This negative control mutant OPN-R3 is identical to OPN-
R3-2. The randomized sequence length in our RNA aptamer pool was
~40nt. The in vitro-transcribed RNA aptamer length was 80nt. This
80-nt RNA aptamer was used for SELEX. We measured the binding
affinity of this 80-nt OPN-R3 aptamer, commercially synthesized 40-nt
OPN-R3, 32-nt OPN-R3, and OPN-R3 mutants (the mutation region
was based on its mFOLD secondary structure). We found the K, value
to be the same among 80-nt OPN-R3, 40-nt OPN-R3, and 32-nt OPN-
R3. The commercially synthesized OPN-R3 aptamers contain 2’-OMe
C, 2-OMe U, A, and G and were used for gel shift assay as well as
in vitro cell treatment. Subsequent studies were performed using this
commercially synthesized OPN-R3 (Dharmacon, Lafayette, IN) During
SELEX, DuraScribe T7 RNA polymerase is preferred for incorporation of
2’-F-modified pyrimidine into nucleotide; it does not utilize 2’-
OMe-modified pyrimidine for in vitro transcription reaction. Subsequent
studies used the 2’-OMe modification instead of 2’-F modification.

Binding affinity assays. RNA-protein equilibrium dissociation constants
(K,) were determined by the double-filter nitrocellulose filter-binding
method."” For all binding assays, RNAs were dephosphorylated using
bacterial alkaline phosphatase (Invitrogen, Carlsbad, CA) and 5’-end
labeled using T4 polynucleotide kinase (New England Biolabs, Beverly,
MA) and y-**P-ATP (MP Biomedicals, Solon, OH). Direct binding assays
were carried out by incubating *’P-labeled RNA at a concentration of
<0.Inmol/l and target protein at concentrations ranging from 300 to
10nmol/l in selection buffer at 37°C. The fraction of RNA bound was
quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale,
CA). Raw binding data were corrected for nonspecific background bind-
ing of radiolabeled RNA to the nitrocellulose filter (see Supplementary
Materials and Methods).

Transient transfection. Cells were transiently transfected using Lipo-
fectamine 2000 according to manufacturer’s instruction (Invitrogen,
Frederick, MD). Briefly, 4 x 10° cells were seeded with antibiotic-free
Dulbecco’s modified Eagle’s medium on each well of 12-well plates the
day before transfection. Two micrograms of plasmid DNA and 4ul
Lipofectamine 2000, diluted with Opti-MEM medium, were mixed
gently and incubated with cells. Culture medium was changed after 6-h
transfection and incubated further at 37°C for 24h. The control cells
received Lipofectamine 2000 alone.

REMSAs. REMSAs were conducted in buffers containing the protease
inhibitors, and dithiothreitol (1 nmol/l) was freshly prepared. Recombinant
human OPN (100 nmol/l) was dissolved in ice-cold buffer C containing
20nmol/l HEPES, pH 7.9, 0.4mol/l NaCl, 1.0nmol/l EDTA, 1.0nmol/l
EGTA, 1.0nmol/l dithiothreitol, pepstatin A (2pg/ml), and 0.5nmol/l
phenylmethylsulfonyl fluoride, aliquoted and stored at —80°C until use.
OPN-R3 and mutant OPN-R3 RNA aptamers were synthesized and then

159



RNA Aptamer and OPN

end-labeled with [y-**P] ATP (2,500 Ci/mmol) using T4 polynucleotide
kinase (Promega), followed by G-50 column purification. Recombinant
human OPN (1 nmol/l) and 10 nmol/l P* end- labeled OPN-R3 or mutant
OPN-R3 aptamer and/or 1 pug Ab were incubated in PBS (pH 7.4) solution
at 37°C for 30 min. The reactions were resolved on 6% native acrylamide
gel in 0.5x Tris-borate/EDTA buffer and visualized by autoradiography.
In specific competitive binding assays, unlabeled OPN-R3 type aptamers
were added at a 20-fold molar excess. In nonspecific competitive binding
assays, unlabeled mutant OPN-R3 aptamers were used. Antibody compe-
tition assays were performed by preincubating recombinant human OPN
with rabbit anti-human OPN polyclonal Ab (Santa Cruz Biotechnology,
Santa Cruz, CA).

Confocal microscopy and FRET acceptor bleaching assay. Cells were
cultured on coverslips and then co-transfected with pECFP-CD44 FRET
donor and pEYFP-OPN FRET acceptor plasmids. At 16 h after transfection,
cells were exposed to 100 nmol/l aptamer and/or 2 ug Ab for 8 hours. After
24h post transfection, the coverslips were rinsed three times with ice-cold
PBS followed by fixation for 15min with 1% (wt/vol) paraformaldehyde.
Coverslips were rinsed three times with PBS and mounted onto a micro-
scope slide using 50 ul mounting medium (Calbiochem, San Diego, CA).
The coverslips were sealed using wax and kept at 4 °C until analysis. Leica
TCS SP2 confocal microscope was used for image acquisition. CFP and
YFP emission spectra were first optimized at 458 nm and 514 nm, respec-
tively. FRET was measured by acceptor photobleaching using the FRET-AB
wizard in the Leica TS software. A pair of prebleach images of CFP and YFP
images was collected for the cells of interest. Randomly chosen regions of
interest were irradiated (bleached) with the 514-nm laser line set at 100%
intensity to photobleach YFP only for the minimum number of iterations
of bleaching required. Post-bleach CFP and YFP images were collected
following photobleaching. FRET was indicated by an increase in CFP donor
fluorescence intensity following YFP photobleaching. FRET efficiency was
calculated as 100 x [(Donor post-bleach — Donor prebleach)/Donor post-
bleach], taking into account CFP and YFP background noise in each chan-
nel; FRET efliciency was measured and calculated automatically by Leica
LAS AF software.

In vivo OPN-R3 activity. Animal handling and procedures were approved
by the Duke University Animal Care and Use Committee. 6-week-old
female NOD scid mice were obtained from the Jackson Laboratory, Bar
Harbor, Maine. 1 x 10° MDA-MB-231-luciferase-expressing cells (a gift of
Mark Dewhirst, Duke University, NC) were suspended in 50% Matrigel-
Hanks balanced salt solution and implanted into the R4 or L4 positions
of the mice mammary fat pad (four per group). Modified OPN-R3 and
Mutant OPN-R3 (500 pg/kg) were injected into the mouse tail vein every
2 days following cell implantation. Mice were anesthetized with intraperi-
toneal ketamine (75mg/kg) and xylazine (10 mg/kg). For bioluminescent
imaging, animals are placed in a light-tight chamber in which grayscale
reference images were obtained under dim conditions. A pseudocolor
image acquired in the dark will be superimposed on the grayscale image
to represent photons emitted from tumors. Bioluminescence is reported as
the sum of detected photons per second from a constant region of inter-
est (photons/second/region of interest). Ten minutes after administration
of luciferase substrates (D-luciferin, 150 mg/kg), anesthetized mice were
imaged with the IVIS 100 Imaging System (Xenogen, Alameda, CA) fol-
lowing the company’s manual. Initial in vivo images at day 2 were obtained
to establish baseline tumor volume as measured by photon emission. For ex
vivo imaging, after 8 weeks of Modified OPN R3 or Mutant OPN R3 treat-
ment, D-luciferin (150 mg/kg) was injected into the mice before necropsy.
Lung lobes were excised, weighed, placed into tissue culture plates with
D-luciferin (300 ug/ml) in PBS, and imaged. The mean bioluminescence
was quantified and analyzed using Living Image software (Xenogen).
Bioluminescence from ROI was defined manually. Bioluminescence imag-
ing was performed on all of the mice twice per week. The volume of the
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primary tumors will also be quantified with caliper measurements in two
dimensions and tumor volume (V) calculated using the following formula:
V'=(1/2) § x L (S, the shortest dimension; L, the longest dimension).

Statistical analysis. All data are presented as mean + SD. Analysis was
performed using a Student’s t-test. Values of P < 0.05 were considered
significant.

SUPPLEMENTARY MATERIAL
Materials and Methods.
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