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Abstract

CD44 and EpCAM play crucial roles in intraperitoneal ovarian cancer development. In this study,
we developed an RNA-based bispecific CD44-EpCAM aptamer that is capable of blocking CD44
and EpCAM simultaneously by fusing single CD44 and EpCAM aptamers with a double stranded
RNA adaptor. With the aid of a panel of ovarian cancer cell lines, we found that bispecific
CD44-EpCAM aptamer was much more effective than either single CD44 or EpCAM aptamer in
the ability to inhibit cell growth and to induce apoptosis. When these aptamers were tested in
intraperitoneal ovarian cancer xenograft model, bispecific CD44-EpCAM aptamer suppressed
intraperitoneal tumor outgrowth much more significantly than single CD44 and EpCAM aptamer
either alone or in combination. The enhanced efficacy of bispecific CD44-EpCAM aptamer is most
likely to be attributed to its increased circulation time over the single aptamers. Moreover, we
showed that bispecific CD44-EpCAM aptamer exhibited no toxicity to the host and was unable to
trigger innate immunogenicity. Our study suggests that bispecific CD44-EpCAM aptamer may

represent a promising therapeutic agent against advanced ovarian cancer.
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Introduction

Ovarian cancer (OC) is the most deadly cancer
among all gynecologic malignancies. OC is often
detected at an advanced stage with wide peritoneal
metastasis, and 5-year survival rate of advanced OC is
around 20-30%[1]. The combination of debulking and
platinum-based chemotherapy is the standard
treatment for advanced OC. Although patients
initially respond favorably, most of them will develop
chemoresistance and eventually demise with
peritoneal metastasis [2, 3]. Therefore, it is urgently
needed to develop effective therapeutics to overcome
chemoresistance and to inhibit peritoneal metastasis.

Epithelial cell adhesion molecules (EpCAM), a
glycosylated membrane protein, is overexpressed in

over 70% OC and its level is closely associated with
malignant ascites, chemoresistance, and decreased
survival rate in OC patients [4]. Although normal
epithelial tissues usually express EpCAM, its
expression in the peritoneal cavity appears to be
tumor specific because mesothelial cells in the
abdominal cavity are negative for EpCAM expression
[5, 6]. Since downregulation of EpCAM inhibits
cell-cell adhesion and epithelial-mesenchymal
transition, it has been postulated that EpCAM
participates in ovarian cancer progression by
regulating the process of EMT [7]. In addition,
EpCAM-associated oncogenic features have recently
also been connected to the enhanced transcription of
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c-Myc and the cyclin A/E [6]. Moreover, EpCAM
positive cells are well recognized to possess
tumor-initiating potential and EpCAM has thus been
used as a key marker of ovarian cancer stem cells [8].
These findings strongly support the notion that
EpCAM is an ideal therapeutic target for OC. Various
EpCAM antagonists have been developed [9]; in fact,
EpCAM-targeted antibodies have demonstrated the
treatment efficacy in both experimental models and
clinical trials. For instance, EpCAM antibody MT20
was able to effectively eliminate ovarian cancer cells
in preclinical model [10] while treatment of
EpCAM/CD3-bispecific antibody (Catumaxomab)
led to substantial decrease of malignant ascites in OC
patients [11].

In addition to EpCAM, CD44 has been identified
as another important molecule in OC progression [12].
CD44 can organize a signaling platform which
facilitates ovarian cancer cell growth, survival and
metastasis [13]. CD44 can also serve as a receptor to
mediate the attachment of ovarian cancer cells onto
the peritoneal mesothelium by binding to
mesothelium-associated hyaluronic acid (HA)[14]. A

recent study revealed that population of
CD44+/CD24-  ovarian cancer cells were
chemoresistant[12]. Analyses of ovarian cancer

patient specimens further show that CD44 expression
is associated with high-grade and advanced stage
ovarian carcinoma [15]. These evidences clearly
pinpoint a critical role of CD44 in ovarian cancer
progression and metastasis [16]. This notion is
buttressed by the observations that CD44-targeted
antibodies or short hairpin RNAs inhibit ovarian
cancer cell adhesion to mesothelial cells and
peritoneal implantation [17, 18].

Combination  therapy by simultaneously
blocking dual or multiple signaling pathways [19] has
demonstrated the promise in suppressing tumor
progression and metastasis due to the capacity to
overcome the function redundancy or synergistic
action of targeted molecules [20]. Bispecific antibodies
that can simultaneously target two different
molecules have outshined conventional monoclonal
antibody on the aspects of exhibiting better
therapeutic efficacy and inciting less drug resistance
[21]. With two-in-one format, bispecific molecules are
less complicated in drug administration and have
received more favorable regulatory approval than the
proposed use of two single molecules in combination.
However, antibody-based bispecific molecules are
also suffered by high immunogenicity and difficult
production involved in complicated technologies such
as hybrid-hybridoma [22] and genetic engineering
[23].

Aptamers are ssDNA or ssRNA that can bind

target with high affinity and specificity [24]. Potent
aptamers can be generated through in vitro
enrichment process [25, 26] and are usually produced
with little batch-to-batch variation [27, 28]. The nature
of aptamer as a small oligonucleotide implicates that
it offers many advantages over the antibody such as
cell-free chemically synthesis, non-immunogenicity,
high tissue penetration, thermostable and low cost
[27, 29-32]. Pegaptanib, a vascular endothelial growth
factor-targeted aptamer, is now approved for treating
age-related macular degeneration [33]. Single EpCAM
aptamer consisting of 19-nt RNA has been generated,
which possesses the similar binding affinity as
antibodies and is efficiently internalized through
receptor-mediated endocytosis [34, 35]. Single CD44
aptamer with 90-nt has also been produced and can
target cells with high CD44 expression effectively [36].
Importantly, single CD44 aptamer has been shown
the capacity for drug delivery [37]. However, the
therapeutic effect of these two aptamers against
tumorigenesis has not been reported. In this study, we
constructed an RNA-based bispecific molecule by
fusing single CD44 and EpCAM aptamers into one
unit. This fused aptamer displayed significantly
improved circulation half-life and reduced renal
filtration compared to the single aptamers. With the
aid of both in vitro and in vivo experimental models,
we showed that bispecific CD44-EpCAM aptamer
inhibited ovarian cancer cell growth and suppressed
intraperitoneal tumor progression much more
efficiently than single CD44 and EpCAM aptamers
used either alone or in combination. Our study not
only offers a promising therapeutic agent against
advanced ovarian cancer but also provides a
methodology to develop bispecific aptamers from
individual single aptamers.

Results

Construction and characterization of a
bispecific CD44-EpCAM aptamer

Single CD44 aptamer[36] is 90 nucleotides long
while single EpCAM aptamer([34] is much smaller and
contains only 19 nucleotides (Figure 1A). The
utilization of EpCAM aptamer is expected to confront
with the problem of short circulation life time because
molecular weight of 6.5 Kd of this aptamer is much
smaller than the molecular mass cutoff of 30-50 Kd for
renal glomerulus [38]. To overcome this problem, we
fused single CD44 and EpCAM aptamers together
with a 23bp double stranded RNA adaptor and
purposely left 2-3 bases unpaired between adaptor
and aptamer in order to give each single aptamer
spatial space to form a 3-D structure shown in Figure
1A. The molecular weight of fused aptamer is 54.4Kd,
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which is large enough to avoid rapid renal depletion
while is much smaller than antibody, and thus
expected to possess an ideal bioavailability to many
biological compartments. To increase nuclease
resistance, we also incorporated 2’-fluoro-pyrimidines
into entire RNA during the process of in vitro
transcription.

We next examined the binding of bispecific
CD44-EpCAM aptamer by ELISA. Serially diluted
human recombinant CD44 protein was immobilized
on a 96-well plate. Following CD44-EpCAM
incubated with 1uM EpCAM recombinant protein for
2h, the incubation mixture containing CD44-EpCAM
aptamer and EpCAM protein were added into CD44
protein-immobilized plate. Control is the simply
mixed CD44 aptamer and EpCAM aptamer. After
washing, anti-EpCAM antibody was added to the
plates followed by HRP-secondary antibody. As
expected ( Figure 1C), CD44-EpCAM bispecific
aptamers successfully linked to plate-immobilized
CD44 protein and free EpCAM proteins, yielding
CD44 protein concentration-dependent positive
signals, whereas only the background signal was
detected in a control experiment with a simple
mixture of CD44 aptamer and EpCAM aptamer. In
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another control experiment, human serum albumin
(HSA) has been immobilized to the plates and
detected with CD44-EpCAM, however, there is no
positive signal detectable (Figure 1D). These results
suggest that bispecific CD44-EpCAM aptamer can
efficiently bind both CD44 and EpCAM.

To verify if the 2-3 unpaired bases (linkers)
between double-stranded adaptor and aptamer are
important in keeping functionality of two aptamers,
we have constructed two controls which contain no or
only one unpaired linker. OVCARS cells were treated
with linker-containing CD44-EpCAM and no linker
controls. As shown in Figure S1, the control
CD44-EpCAM No linker-1 which lacks the linker
(unpaired two “A”) between CD44 aptamer and
adaptor showed 25% of cytotoxicity at 2uM and 53%
at 4pM, in contrast, cytotoxicity of linker-containing
CD44-EpCAM is 77% at 2uM and 95 % at 4uM.
Moreover, the removal of all unpaired base linkers
(CD44-EpCAM No linker-2) has resulted about 95%
activity loss (Figure S1). The results clearly
demonstrate that 2-3 unpaired bases between aptamer
and double stranded adaptor in this construct is
crucial to render each aptamer function.
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Figure 1. Design and characterization of bispecific CD44-EpCAM aptamer. (A) Schematic illustration of the structure of CD44-EpCAM aptamer. EpCAM
aptamer was conjugated with CD44 aptamer through 23bp adaptor and 2-3 unpaired base linkers. (B) Schematic of ELISA for evaluation of dual specificity of
CD44-EpCAM aptamer. (C) Evaluation of dual specificity by ELISA. Recombinant human CD44 protein were coated on 96-well plates, and incubated with
CD44-EpCAM mixed with EpCAM protein or control with a mixture of CD44 aptamer plus EpCAM aptamer and EpCAM protein. (D) Control experiment by

coating plate with human serum albumin.
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The expression of CD44 and EpCAM in
ovarian cancer cell lines and cytotoxicity of
bispecific CD44-EpCAM aptamer

To investigate the effect of bispecific
CD44-EpCAM aptamer on ovarian cancer cell growth,
we first analyzed the abundance of CD44 and EpCAM
in a panel of ovarian cancer cell lines and human
embryonic kidney HEK293T cell line. Western
blotting with the specific antibodies showed that
CD44 was highly expressed in all ovarian cancer cell
lines (OVCARS, SKOV3, OCC1 and ES2) while little
was seen in HEK293T cells (Figure 2A). EpCAM was
also expressed in all ovarian cancer cell lines and
HEK293T cell line with highest expression detected in
OVCARS cells (Figure 2A).

We next assessed the cytotoxicity of both single
and bispecific CD44 and EpCAM aptamers on ovarian
cancer cells by CCK-8 assay. Single EpCAM aptamer
displayed little inhibitory effect at concentration

A OVCAR8 SKOV3

0ocCcC1

<2uM but was able to reduce 10-30% of cell viability at
4pM in tested ovarian cancer cell lines (Figure 2B). In
contrast, single CD44 aptamer dose-dependently
reduced viability of OVCARS, ES2 and SKOV3 but not
OCC1 cells (Figure 2B). Interestingly, bispecific
CD44-EpCAM at 4uM reduced viability of all four
ovarian cancer cell lines with 95% reduction in
OVCARS, 92% in ES2, 84% in SKOV3 and 50% in
OCC1 cells (Figure 2B). Effect of CD44-EpCAM
aptamer was clearly specific because MG aptamer
(specific to Malachite Green) displayed no any
cytotoxicity up to 4pM in any of these cell lines. These
results clearly  demonstrate that Dbispecific
CD44-EpCAM aptamer exhibits much greater
potency in reducing ovarian cancer cell viability.
Since none of the aptamer affected growth of
HEK293T cells, these results indicate that bispecific
CD44-EpCAM aptamer may specifically suppress
ovarian cancer cell growth.
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Figure 2. Evaluation of CD44 and EpCAM expression and cytotoxicity of CD44-EpCAM. (A) Western blot analysis of protein expression of CD44 and
EpCAM in ovarian cancer cell lines and normal HEK293T cells. (B) Evaluation of cytotoxicity of CD44-EpCAM by CCK-8 assay. Ovarian cancer cell lines including
OVCARS, SKOV3, OCCI, ES2 and normal HEK293 cells were treated with varying concentration of CD44-EpCAM for 72 h, and cell viability was detected with

CCK-8 agent. The results are the meant SEM (N=3).
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Serum stability of bispecific CD44-EpCAM
aptamer

2’-fluoro-modified and unmodified CD44-
EpCAM were incubated with final 50% human serum
at 37°C for 2-24h followed by agarose gel
electrophoresis to reveal RNA integrity. As shown in
Figure 3A & 3B, unmodified CD44-EpCAM has been
degraded as early as 2-h start test point, and no
aptamer bands appear in 24-h incubation time range.
On the contrary, 2'-fluoro-modified CD44-EpCAM
kept its integrity (tight band) without degradation for
6h, and almost 45% of aptamer still remained at 24h.

Binding specificity of bispecific CD44-EpCAM
aptamer

To confirm target specificity of CD44-EpCAM
aptamer, the binding patterns of different cell lines
stained with CD44-EpCAM was assessed with flow
cytometry. EpCAM aptamer was labeled with Cy5 at
its 3° end (TriLink), and CD44-EpCAM-Cy5 was
generated by annealing equal moles of EpCAM-Cy5
with CD44 aptamer. As shown in Figure 3C,
OVCARS, SKOV3 and ES2 show strong positive
fluorescent intensity, and the intensity of OCC1 is
weaker than OVCARS, SKOV3 and ES2, but stronger
than HEK293T. Furthermore, we identified if
bispecific aptamer indeed binds to CD44 and EpCAM
molecules. CD44 and EpCAM on OVCARS cells were
subjected to knockdown by siRNAs. CD44* (EpCAM
silenced), = EpCAM* (CD44  silenced), and
CD44-EpCAM- (both CD44 and EpCAM silenced) cells
were used for evaluation of target specificity. First,
Western blot was performed to detect gene
knockdown. As shown in Figure 3D, by treatment
with 100nM of CD44 siRNA and/ or EpCAM siRNA,
OVCARS cells have significantly reduced protein
levels of CD44 and/or EpCAM. Next, CD44*
EpCAM* ( no siRNA treatment ), CD44* ( EpCAM
silenced), EpCAM* ( CD44 silenced ), and CD44-
EpCAM- ( both CD44 and EpCAM silenced) OVCAR
8 cells were stained with CD44-EpCAM-Cy5. As
shown in Figure 3E, CD44*EpCAM* OVCAR 8 cells
(red lines) showed two strong fluorescence peaks and
high fluorescence intensity, but after knockdown of
CD44 or EpCAM, two fluorescence peaks of single
positive CD44* cells (blue line) or EpCAM* cells
(green line) significantly shift to left ( lower intensity
areas), which indicate reduced the binding. Upon
knockdown of both CD44 and EpCAM,
CD44-EpCAM-cells (purple line) lose the binding with
CD44-EpCAM by exhibiting significantly reduced
fluorescence intensity with near disappearance of two
strong fluorescence peaks (Figure 3E). The results
demonstrated that the binding of CD44-EpCAM

aptamer to cells is indeed through CD44 and EpCAM
molecules.

Effect of bispecific CD44-EpCAM aptamer on
ovarian cancer cell growth/survival

To explore if reduced cell viability by bispecific
CD44-EpCAM aptamer was caused by apoptosis, we
examined the level of cleaved caspase-3, an indicator
of apoptosis, in cells treated with this aptamer for
varying concentrations. Western blotting showed that
treatment of bispecific CD44-EpCAM aptamer led to
the appearance of cleaved caspase 3 (molecular
weight 17Kd and 19Kd) in OVCARS and ES2 cells at
72h (Figure 4A). To further confirm the occurrence of
apoptosis, OVCAR8 and ES2 cells treated with
varying concentrations of bispecific CD44-EpCAM
aptamer were subjected to Annexin V/Propidium
Iodide (PI) staining-based flow cytometry. While the
population of late stage apoptotic cell population
(Annexin V+/PI+) was 1.56 % in control OVCARS
cells, this population was increased to 18.89% in cells
treated with 2pM bispecific CD44-EpCAM aptamer
(Figure 4B). Similarly, population of late apoptotic
cells was increased from 2.54% in control to 19.58% in
ES2 cells treated with bispecific CD44-EpCAM
aptamer. The apoptotic pattern was also
demonstrated from fluorescence microscope imaging
(Figure 4C). Compared with untreated controls,
CD44-EpCAM treated OVCARS and ES2 cells have
increased apoptosis signals of green (Annexin V) and
red (PI) in a dose-dependent manner. These results
suggest that bispecific CD44-EpCAM aptamer can
effectively induce apoptosis in ovarian cancer cells.

Biodistribution and tumor targeting capability

Female athymic nude mice were
intraperitoneally injected with OVCARS-Luc cells
(5x10¢/mouse). After 8-day injection, Cyb5-labeled
CD44-EpCAM aptamer and Cyb5-labeled
non-targeting  control MG  aptamer  were
intraperitoneally injected to tumor bearing mice. At
time points of 0.5h, 4h and 8h, Cy5 fluorescence of
mice were detected with Xenogen IVIS100 imaging
system to monitor aptamer distribution in whole
body. After 8-h injection of aptamers, mice were
injected with luciferin for bioluminescence imaging.
Bioluminescence images were captured following Cy5
fluorescence imaging with Xenogen IVIS 100.
Bioluminescence shows the distribution profile of
OVCARS tumor cells. As shown in Figure 5A, after
4-h aptamer injection, non-targeting aptamer has
shown the decreased Cyb5 fluorescence compared with
CD44-EpCAM, and was almost invisible post 8-h
injection, while CD44-EpCAM still kept strong Cy5
fluorescence at 8h. Bioluminescence imaging of whole
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body demonstrated the distribution of tumor cells and
confirmed that tumor cells have spread on entire
peritoneum after 8-day implantation of OVCRS8-luc
tumor cells (Figure 5A, right). Following whole body
imaging, organs were removed and ex vivo images
were captured. As shown in Figure 5B, CD44-EpCAM
aptamer (Cyb5), but not non-targeting control aptamer,

(bioluminescence). CD44-EpCAM aptamer was not
observed in organs without tumors (brain, lung,
heart). Notably, both CD44-EpCAM aptamer and
control aptamer did not stagnate in kidney, which is
different from nanoparticle-based materials [39, 40].
The results indicate CD44-EpCAM aptamer does not
bind to tumor- free organs and has strong tumor

has greatly co-localized with spread tumors targeting capability.
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Figure 3. Evaluation of serum stability and binding specificity. (A) Detection of serum stability by agarose gel electrophoresis. Unmodified and
2’-fluoro-modified CD44-EpCAM was incubated with 50% human serum for 2-24 h and subjected to analysis by 1% agarose gel electrophoresis. (B) Quantification
of CD44-EpCAM from (A) by ImageJ. (C) Evaluation of binding pattern of different cell lines with CD44-EpCAM by flow cytometry. Cell lines were incubated with
Cy5-labeled CD44-EpCAM and Cy5-labeled control MG aptamer, and detected by flow cytometry. Unstained cells are shown in solid grey, MG stained cells are in
light blue, and CD44-EpCAM stained cells are in purple line. (D) Western blot analysis of CD44 and/or EpCAM gene knockdown. (E) Cell binding assay with flow
cytometry. OVCARS cells were treated with CD44 and /or EpCAM siRNAs and stained with CD44-EpCAM-Cy5. Untreated: solid grey; MG-Cy5: light blue; normal
cells stained with CD44-EpCAM-Cy5: red line; CD44 silenced cells stained with CD44-EpCAM-Cy5: green line; EpCAM silenced cells stained with
CD44-EpCAM-CyS5: dark blue; both CD44 and EpCAM silenced cells stained with CD44-EpCAM-Cy5: purple line.
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Figure 4. Evaluation of Apoptosis. (A) Western blot analysis of Caspase-3 expression in OVCARS8 and ES2 cells after treatment with the varying concentrations
of CD44-EpCAM. (B) Flow cytometry analysis of apoptosis after CD44-EpCAM treatment. OVCARS and ES2 cells were treated with different concentrations of
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and dead cells. The increased number of red (PI+) and green (Annexin V +)

cells are visualized upon CD44-EpCAM treatment.
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Figure 5. Biodistribution assay. (A) Athymic nu/nu female mice were intraperitoneally injected with luciferase-expressing OVCARS cells. 8-day post tumor cell
implantation, mice were intraperitoneally injected with Cy5-CD44-EpCAM aptamer or non-targeting control aptamers. Cy5 fluorescence of whole body was
captured at the time points of 0.5h, 4h and 8h. Bioluminescence was captured at 8h post aptamer injection. (B) Ex vivo organ imaging. Following whole-body imaging,
major organs were removed to be visualized the locations of aptamers (Cy5) and tumors (bioluminescence). The arrows show the co-localization of aptamer and

tumors.

Effect of bispecific CD44-EpCAM aptamer on
intraperitoneal xenograft development

The effectiveness of bispecific CD44-EpCAM
aptamer to induce apoptosis led us to investigate
whether this aptamer could suppress ovary
tumorigenesis. Female athymic nude mice were
intraperitoneally injected with OVCARS8-Luc cells
(5x10°/mouse). After 5 days, mice were
intraperitoneally administered with PBS, single
EpCAM aptamer, single CD44 aptamer, combination
of single EpCAM and CD44 aptamer, and bispecific
CD44-EpCAM aptamer at 2 nmoles per mouse every
other day for first two weeks and every day for
another two weeks. Visualized by bioluminescence
imaging, we observed robust tumor grow in mice
receiving PBS. Administering single EpCAM aptamer
did not display treatment efficacy (Figure 6A and 6B).
In contrast, single CD44 aptamer reduced tumor
burden while the combined use of single CD44 and
EpCAM aptamers retarded tumor growth even

greater (Figure 6A and 6B). Notably, bispecific
CD44-EpCAM aptamer decreased tumor growth
much more significantly than either single aptamer
alone or together (Figure 6A and 6B). The increased
efficacy is likely due to the increased circulation life
time of the larger molecular weight of the fused
aptamer than the lower molecular weight of single
aptamers.

To elucidate the molecular mechanism
underlying bispecific CD44-EpCAM aptamer-led
inhibition in intraperitoneal tumor growth, we
performed H&E staining on tumor implants collected
from sacrificed mice. Compared with control,
bispecific CD44-EpCAM aptamer-treated tumors
were highly vacuolated and contained highly
condensed nucleus and cytoplasm (Figure 7A).
Moreover, there were increased number of cells with
body shrinkage and cells in specimens were loosely
contacted with the neighboring cells in bispecific
CD44-EpCAM aptamer-treated tumors. To link the
observed histological alteration to the occurrence of
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apoptosis, we performed immunohistochemistry
staining of cleaved caspase 3 and TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end
labeling). The staining intensity of cleaved caspase-3
and TUNEL was much greater in bispecific
CD44-EpCAM aptamer-treated tumors than all other
treatment groups (Figure 7A & 7B). This is apparently
consistent with the observation that bispecific
CD44-EpCAM aptamer was able to induce apoptosis
in ovarian cancer cells (Figure 4). Moreover, we also
observed that the staining intensity of proliferation
marker Ki67 was greatly decreased in bispecific
CD44-EpCAM aptamer-treated tumors (Figure 7A &
7B). These results suggest that bispecific
CD44-EpCAM aptamer-led inhibition of

intraperitoneal tumor progression results from
triggering tumor cell apoptosis.

To study whether CD44-EpCAM aptamer
inhibition of ovarian cancer peritoneal metastasis is
also through interfering epithelial-mesenchymal
transition (EMT), which contributes to early-stage
migration of cancer cells and is indispensable for
invasion and metastasis of cancer cells[41]. EMT is
characterized by reduced E-cadherin and increased
N-cadherin expression. Through IHC staining (Figure
7A & 7B), the results showed that, upon treated with
CD44-EpCAM aptamer, the expression of E-Cadherin
are increased and N-Cadherin are reduced. That

indicates that the inhibition of metastasis of

CD44-EpCAM aptamer is also though reversal of
EMT in addition to inducing apoptosis.
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injected with luciferase-expressing OVCARS cells. Treatment started 5-day post tumor cell implantation. Images by IVIS system were taken at the end of experiments.
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Assessment of bispecific CD44-EpCAM
aptamer toxicity

The promise of using bispecific CD44-EpCAM
aptamer to suppress ovarian tumor growth led us to
further assess the potential toxicity of this aptamer to
the host. We collected all major organs including
spleen, liver, kidney, heart, intestine and muscle from
sacrificed mice and carried out histology
examinations on these organs. H&E staining showed
that there was no obvious histological difference
among untreated, PBS- and bispecific CD44-EpCAM
aptamer-treated mice (Figure 8A), suggesting that
bispecific CD44-EpCAM aptamer is well tolerated by
the host and can be safely used.

Exogenous RNA has been shown to induce
innate immunogenicity-associated interferon
upregulation [42]. To determine the effect of bispecific
CD44-EpCAM aptamer on innate immunogenicity,
we treated human peripheral mononuclear cells with
bispecific CD44-EpCAM aptamer for 24 h followed by
evaluating the amount of IFNa and TNFa released
from these cells. ELISA showed that, at the
concentration up to 8uM, there was no detectable
elevation in the level of IFNa or TNFa over the
untreated control (Figure 8B). Taken together, these
results suggest that nucleic acid-based bispecific
CD44-EpCAM aptamer has no toxicity to the host and
does not trigger innate immune response.
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Discussion

Intraperitoneal tumor growth represents an
advanced late stage of ovarian cancer. As five-year
survival rate of advanced patients remains at only
20-30%, developing effective strategy to inhibit ovary
tumor development in peritoneal cavity is expected to
improve survival of patients with advanced ovarian
cancer. There are extensive evidences demonstrating
CD44 as a critical molecule involved in ovary tumor
development in peritoneal cavity. The observations
that CD44-targeted antibodies and siRNAs were able
to inhibit the formation of peritoneal implantation of
ovarian cancer [18, 43] implicate that CD44 may be a
promising ovarian cancer therapeutic target.
Meanwhile, EpCAM, a molecule that mediates
cell-to-cell contact, has also been shown to actively
participate in ovary tumor progression and metastasis
as targeting EpCAM was found to diminish the
number of ovarian cancer cells in the peritoneal
cavity[8, 10]. Interestingly, both CD44 and EpCAM
are key cell surface markers of ovarian cancer stem
cells which are recognized to be responsible for
peritoneal metastatic dissemination and
chemoresistance [44]. Co-expression of CD44 and
EpCAM on ovarian cancer cells highlights the

potential of co-targeting both molecules with a
bispecific molecule to better fight ovarian cancer.
Most commonly used bispecific molecules are
bivalent antibodies which has the capability to target
two molecules simultaneously. However, high cost
and immunogenicity of such antibodies have
significantly impeded their broad application in
disease treatment. Recent advance on aptamer
development demonstrate clear advantages of
aptamers over antibodies on the aspects of low
immunogenicity, ease of production and modification
[31]. Unfortunately, wide use of nucleic acid-based
aptamers in clinical setting is limited by their short
half-life in circulation due to small sizes and being
susceptible to nuclease attack. Several attempts have
been made to overcome these limitations. For
example, PEG is conjugated to aptamer to increase the
size of aptamer [45]. Aptamers are chemically
modified with 2’-amino pyrimidines [46], 2-fluoro
pyrimidines [47] or 2’-O-methyl ribose [45] to resist
nuclease-mediated degradation. We previously
showed that chemically modifying RNA-based
aptamer with 2’ F-pyrimidine rendered aptamers
nuclease resistant [32, 48]. In this study, we adopted a
new means to increase the size of aptamer by fusing
two single aptamers via a double stranded
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complementary RNA adaptor and 2-3 unpaired bases
between aptamer and adaptor, which render each
single aptamer sufficient flexibility to bind its own
target. It is clear that bispecific CD44-EpCAM
aptamer effectively binds CD44 and EpCAM at the
same time (Figure 1 and Figure 3E). A recent study
reported that EpCAM aptamer-survivin siRNA
chimera (about 20Kd) is ineffective for
tumor-suppressing due to short blood circulation
time. By conjugating a 20Kd PEG molecule onto the
chimera, modified chimera was found to have
significantly increased serum retention time and
exhibited potent anti-tumor capability [49]. As our
generated bispecific CD44-EpCAM aptamer has a
molecular weight of 54.4Kd which is well above the
molecular mass cutoff of 30-50 Kd for renal
glomerulus, we expect that this aptamer possesses
much improved half-life in circulation than either
single CD44 or EpCAM aptamer. Meanwhile,
significantly smaller size of CD44-EpCAM bispecific
aptamer than antibody (55 vs 150Kd) also indicate
that this aptamer will have much better tissue
penetration than antibody.

Both CD44 and EpCAM are well recognized to
contribute to ovarian cancer chemoresistance [50, 51].
They both are thus expected to be potential
therapeutic targets. We envision that targeting both
simultaneously will offer enhanced therapeutic
efficacy. Our idea is apparently supported by our
findings that bispecific CD44-EpCAM aptamer
exhibits much better tumor-suppressing effect than
either single aptamer (Figure 2 and 4). As expected
that aptamers are generally not immunogenic and less
toxic, we found that bispecific CD44-EpCAM aptamer
was well tolerated by the host and triggered no innate
immune responses (Figure 8). In conclusion, our
study suggests the CD44-EpCAM bispecific aptamer
represents a potent therapeutic agent against
advanced ovarian cancer.

Materials and Methods

Materials

Cell culture media were purchased from Life
technologies Corporation (Carlsbad, CA). Fetal
bovine sera and Taq RNA polymerase were from
Sigma-Aldrich (St Louis, MO). Antibodies were from
Cell Signaling Technology (Danvers, MA). DuraScribe
T7 Transcription kits were from Epicentre (Madison,
WI). Recombinant human CD44 and EpCAM proteins
were from Thermo Fisher Scientific. Alexa Fluor 488
Annexin V/Dead Cell apoptosis kits were from
Invitrogen. ELISA Kits for detection of IFNa and
TNFa were obtained from RayBiotech (Norcross,
GA). TUNEL assay kits were purchased from R&D

systems (Minneapolis,
EpCAM siRNA  were
Technologies Corporation.

MN). CD44 siRNA and
purchased from Life

Cell lines

Cell lines including OVCARS, SKOV3, OCC1,
ES2 and HEK293 cells were purchased from the
American Type Culture Collection (ATCC, Manassas,
VA). Luciferase stable OVCARS8 cell line was
developed by our laboratory. OVCARS cells were
transfected with PGL4.51[luc2/CMV/neo] plasmid
(Promega) by Lipofectamine 3000 reagent (Invitrogen)
following the manufacture procedures. After 72 h
transfection, cells were selected by adding 400pg/ml
G418 antibiotic in DMEM containing 10% fetal bovine
serum. After 1-month culture, luciferase activity in
transfected cells was confirmed with One-Step Glow
Assay kit (Fisher Scientific).

CD44-EpCAM construction

CD44 and EpCAM aptamers were individually
synthesized by in wvitro transcription with PCR
products as templates. The CD44 aptamer ssDNA
(5-GGGATGGATCCAAGCTTACTGGCATCTGGAT
TTGCGCGTGCCAGAATAAAGAGTATAACGTGTG
AATGGGAAGCTTCGATAGGAATTCGG) was
synthesized from IDT as a PCR template. PCR was
performed with forward primer (5-TAATACGACT
CACTATAGGGATGGATCCAAGCTTACT-3") and
reverse primer (5'-AATTTCATCTCC TGAACAAGC
TTTTCCGAAT-3"). Forward primer contains T7 RNA
polymerase promoter binding sequence which is
underlined. Reverse primer contains adaptor
sequence which is bolded. The ssDNA of EpCAM
aptamer containing T7 RNA polymerase promoter
site (underlined) and adaptor sequence (bolded) (5'-
TAATACGACTCACTATGCGACTGGTITACCCGG
TCGTAAAA TTTCATCTCCTGAACAAGCTT) was
synthesized from IDT as a PCR template. PCR was
performed with forward primer (5-TAATACGACT
CACTATAGCGACTGGTTA-3) and reverse primer
(5'-AAGCTTGTTCAGGAGATGAAATTTTACGA-
3’). The PCR products were put into T-A cloning pCR
2.1 vector (Invitrogen) and sequenced. Transcription
was performed with PCR product as templates using
DuraScript transcription kits following manufacture’s
instruction. Two RNAs were mixed at molar ratio 1:1
and annealed to form one bispecific CD44-EpCAM
molecule by heated at 94°C for 3 min followed by
slowly cooling to room temperature within 1h.

Construction of controls without unpaired
base linkers between aptamer and adaptor
For construction of CD44-EpCAM No linker
control-1, the ssDNA of EpCAM aptamer is
synthesized by IDT as PCR template with sequence of
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TAATACGACTCACTATGCGACTGGTTACCCGGT
CGTAAAATTTCA TCTCCTGA ACAA G CTTTT,
which has two more “T” (underlined) at the 5’-termini
compared with linker-containing EpCAM aptamer.
For construction of CD44-EpCAM No linker control-2,
the sequence of the ssDNA of EpCAM aptamer is
TAATACGACTCACTATGCGACTGGTTACCCGGT
CG (TAA) AATTTCATCTCCTGAACAAGCTTTIT,
which has been removed three base TAA (bolded)
and added two more “T”s at the 5-termini of EpCAM
aptamer compared with above linker-containing
EpCAM aptamer. PCRs of two constructs were
performed with forward primer (5-TAATACGACT
CACTATAGCGACTGGTTA-3) and reverse primer
(5-AAAAGCTTGTTCAGGAGATGAAATT-3) with
each ssDNA template. Transcription was performed
with PCR products as templates. EpCAM aptamers
without linkers were individually annealed with
CD44 aptamer to generate no linker controls:
CD44-EpCAM No linker-1 without unpaired bases
between CD44 aptamer and double stranded adaptor,
and CD44-EpCAM No linker-2 without any unpaired
bases between aptamers (CD44 or EpCAM) and
double stranded adaptor.

Characterization of dual binding functionality
of CD44-EpCAM

Serially diluted recombinant human CD44
protein (0-500 nM) was loaded into 96-well microtiter
plates at 50pg/well in triplicates and incubated
overnight at 4°C. Plates were further blocked with 5%
BSA/ sperm DNA (500 pg/ml)/ yeast tRNA
(500pg/ml)/0.05% Tween-20 in PBS/T buffer
overnight. CD44-EpCAM conjugates or simply mixed
CD44 and EpCAM aptamers were incubated with
1pM recombinant human EpCAM for 4h at room
temperature. For simply mixed CD44 and EpCAM,
prior putting CD44 and EpCAM aptamers together,
CD44 aptamer was blocked with ssDNA
(5’-AATTTCATCTCCTGAACAAGCTT-3). After
incubation, the mixtures of CD44-EpCAM aptamer
and EpCAM protein, simply mixed CD44 aptamer
plus EpCAM aptamer and EpCAM protein were
added into CD44-immobilized plates and incubated at
4 °C for 24h. After washing with 1xPBS/0.05%
Tween-20 for 4 times, 100pl anti-EpCAM antibody at
1:1000 dilution was added and incubated for 4 h at
room temperature. After washing 4 times, 100pl
HRP-secondary antibody (1:5000) was added and
incubated for 2h at room temperature. Detection of
HRP was performed by incubating with 100pL/well
soluble Turbo TMB-ELISA substrate for 5 min, then
reaction was quenched with 100ul/well Stop solution
and the absorbance at 450nm was measured using
TECAN Infinite M 200 plate reader.

Serum stability assay

2’-fluoro-modified and unmodified CD44-
EpCAM (1nmol) were incubated with final 50%
human serum at 37 °C for 2h, 6h, and 24h. RNA
integrity was detected with 1% agarose gel
electrophoresis in 1xTBE buffer. Aptamer intensity
was measured with Image] (NIH).

Knockdown of CD44 and /or EpCAM

OVCARS cells were plated in 6-well plates at a
density of 5 x 10 5 cells/well for 24 h. CD44 siRNA
and / or EpCAM siRNA were transfected into cells
using Lipofectamine.

RNAi MAX (Life Technologies) according to the
manufacturer’s instruction. Cells were harvested 72 h
post-transfection and Western blot was performed to
confirm gene knockdown. CD44 and /or EpCAM
silenced cells were subjected to aptamer binding assay
by BD FACSCalibur flow cytometry.

CD44-EpCAM aptamer binding specificity

OVCARS, SKOV3, ES2, OCC1 and HEK293T
cells were collected and washed with DPBS. OVCARS
cells with CD44* (EpCAM silenced), EpCAM* (CD44
silenced) and CD44- EpCAM- (both CD44 and EpCAM
silenced) were collected after 72h siRNA transfection.
3’-Cyb5 labeled and 2’-fluoro-modified EpCAM (with
adaptor) and MG aptamer were synthesized from
TriLink. Cy5-labeled CD44-EpCAM was generated by
annealing Cy5-EpCAM and CD44 aptamer through
adaptor complementing. After washing, cells were
incubated with Cyb5-labeled CD44-EpCAM (1 uM) or
Cy5-labeled MG aptamer (1pM) in 1xTBS buffer
containing 5% BSA, yeast tRNA (500 p g/ml), sperm
DNA (500pg/ml), and 0.05% Tween-20 for 1 h at 37 °C
incubator. Cell binding was detected using BD
FACSCalibur flow cytometry.

Western blot

Cells were lysed in lysis buffer (M-PER
Mammalian Protein Extraction Reagent, Thermo
Fisher Scientific) containing 1x Halt Protease Inhibitor
Cocktails. After 2-h lysis and centrifuged at 12,000 x g
for 10 min at 4 °C, cell supernatant was collected and
the protein concentration was determined with
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).
Protein (100 pg) was mixed with 2x Laemmli sample
buffer containing 5% p-mercaptoethanol and heated
at 95 °C for 10 min. Denatured samples were
separated on 10% SDS-polyacrylamide gel and
transferred to PVDF membrane. The membranes were
blocked with 5% non-fat milk overnight at 4 °C, and
then incubated with primary antibodies for 2 h at 4 °C
overnight, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 2 h at
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room temperature. After ECL Western Blotting
Substrate (Pierce) was added onto membrane, the
signals were captured by the exposure to X-ray film.

Cell viability assay

Proliferation and cytotoxicity of CD44-EpCAM
was quantified by measuring WST-8 formazan using
Cell Counting Kit-8 (CCK-8) (Dojindo, Japan). Cells in
Dulbecco’s Modified Eagle Medium containing 10%
fetal bovine serum were seeded in 96-well plate at a
density of 1-5 x10° in 5% CO2 incubator for 24h at
37°C. Cell lines of OVCARS, SKOV3, OCC1, ES2 and
HEK293T were incubated with the varying
concentrations of aptamer constructs (CD44, EpCAM,
CD44 plus EpCAM and CD44-EpCAM conjugate) for
72 hours. MG aptamer (specific to Malachite Green)
(5’-GGAUCCCGACUGGCGAGAGCCAGGUAACG
AAU GGAUCC-3) was used as an aptamer control.
Absorbance was measured at 450nm using a
spectrophotometer.

Assessment of apoptosis and cell death by flow
cytometry and fluorescent microscopy

OVCARS cells were treated with different
concentrations of CD44-EpCAM for 48h. The cells
were harvested and stained with Alexa Fluor 488
Annexin V-Propidium lodide (PI) solution for 15min
at room temperature. Apoptosis was detected by flow
cytometry and fluorescent microscope. A portion of
collected cells (1x10%/sample) were acquired by BD
FACSCalibur and analyzed using BD FACStation
software, and another portion of collected cells were
imaged with fluorescence microscopy (Nikon Eclipse
TE2000-S). Each channel signals were separately
captured and merged with Image] Plugin for
co-localization.

Peritoneal metastatic assay

All animal studies were approved by the
Institutional Animal Care and Use Committee at
Augusta University. Athymic nu/nu female mice
were purchased from Harlan Laboratories. The
methods were carried out in accordance with the
approved guidelines. Peritoneal =~ metastatic
colonization assays were performed as previously
described [52, 53]. OVCARS-luc cells (5x10°) in the log
phase were intraperitoneally injected into the mice.
5-day after implantation, mice were treated with PBS,
CD44 aptamer, EpCAM aptamer, mixed CD44 and
EpCAM aptamers, and CD44-EpCAM conjugate at 2
nmole per mouse every other day in the start two
weeks and every day in the last two weeks. After
1-month treatment, luciferin was intraperitoneally
injected to mice at 150mg/kg. Before imaging, mice
were anesthetized with isoflurane, bioluminescence
imaging was performed with a Xenogen IVIS100

imaging system (Xenogen). Overall peritoneal
metastasis was measured by selecting a region of
interest (ROI) around the tumor sites of each mouse
and quantified total flux using Living Image Software
AMIVIEW 1.7.02 (Xenogen) with the wunits of
photons/s/cm?/sr.

Biodistribution assay

OVCARS-luc cells (5x10°) in the log phase were
intraperitoneally injected into the mice. After 8-day
implantation, mice were intraperitoneally injected
with Cy5-labeled CD44-EpCAM aptamer (15nmles) or
equal mole amount of Cy5-labeled MG aptamer (
non-targeting control).The whole-body images were
obtained at 0.5h, 4h and 8h using Xenogen IVIS100
imaging system by setting wavelength at excitation
640nm and emission 710nm. After 8-h injection of
Cyb-labeled aptamers, mice were intraperitoneally
treated with luciferin at 150mg/kg. Bioluminescence
imaging was followed after Cy5 fluorescence imaging
using Xenogen IVIS100. Mice were euthanized with
CO; after whole-body imaging and organs (heart,
lung, liver, spleen, kidney, muscle, brain, stomach,
and intestine) were removed. The ex vivo images of
Cy5 (aptamer) and bioluminescence (tumor cells)
were captured at the same time using Xenogen
IVIS100.

Histology assay

Mice were euthanized with CO,, and tumors and
organs (spleen, lung, kidney, intestine, heart, liver and
muscle) were removed and fixed with 4%
paraformaldehyde. Sections (6pm) were cut and
mounted on the slides, and deparaffinized in xylene
and ethyl alcohol. Each block has a section for H&E
staining. For immunohistochemistry assay, sections
were incubated in 3% normal goat serum for 2 h and
incubated with primary antibodies: caspase-3 (1:20),
Ki67 (1:100), E-cadherin (1:100) and N-cadherin
(1:100). After washing, the sections were incubated
with biotinylated secondary antibody (1:200,
VECTOR, Burlingame, CA) for 1 hour. Following
washing, the sections were incubated with
VECTASTAIN ABC reagents for 30 min. The images
were captured with Nuance fluorescence microscope
with bright field imaging system. TUNEL assay was
performed according to the manufacturer’s
instruction. Paraffin embedded tissues were
sectioned, dewaxed, hydrated and digested with
Proteinase K. After washing, slides were immersed
into quenching solution for 5 min, and then incubated
with TdT labeling buffer. After incubated with
streptavidin-HRP for 10 min, following washing,
DAB work solution was added into the slides. Then
slides were counterstained with Methyl Green. The
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images were captured with Nuance fluorescence
microscope.

Quantification of IHC staining

Image] and Image] plugin IHC profiler were
applied for measurement. Images were changed to
8-bit grayscale type and inverted under “Edit” menu
of Image]. After invert, the DAB stained areas are
bright, and unstained areas are dark. The mean
intensity was measured using “Measure” function
under the “Analyze” menu of Image]. 8-10 fields of
each treatment group were assessed. For TUNEL
staining, before images were changed to greyscale,
IHC profiler was used to do color deconvolution, by
which DAB brown stain was separated from Methyl
Green counterstain and then followed the same
analysis as the above.

ELISA

Normal human peripheral blood mononuclear
cells (PBMCs) were separated with BD Vacutainer cell
preparation tubes with sodium citrate. Cells were
seeded into 24-well plates at 10°/well for 24 h in RPMI
medium containing 10% fetal bovine serum.
CD44-EpCAM with the varying concentrations was
added into cells, and cells were incubated for 24 h in
5% CO2 incubator at 37 °C. The cell culture
supernatant was detected with human IFNa and
TNFa ELISA kits following the manufacture’s
instruction.

Statistical analysis

The Data were analyzed using two-tailed
Student’s t-test (Graph Pad Prism) by comparing with
the control group, and expressed as a mean + SEM.
The differences of P < 0.05 was considered statistically
significant.

Supplementary Material

Supplementary figures.
http:/ /www.thno.org/v07p1373s1.pdf
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