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Abstract

High affinity aptamer-based biomarker discovery has the advantage of simultaneously discovering
an aptamer affinity reagent and its target biomarker protein. Here, we demonstrate a morphology-
based tissue aptamer selection method that enables us to use tissue sections from individual
patients and identify high-affinity aptamers and their associated target proteins in a systematic and
accurate way. We created a combinatorial DNA aptamer library that has been modified with
thiophosphate substitutions of the phosphate ester backbone at selected 5”dA positions for
enhanced nuclease resistance and targeting. Based on morphological assessment, we used image-
directed laser microdissection (LMD) to dissect regions of interest bound with the thioaptamer
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(TA) library and further identified target proteins for the selected TAs. We have successfully
identified and characterized the lead candidate TA, V5, as a vimentin-specific sequence that has
shown specific binding to tumor vasculature of human ovarian tissue and human microvascular
endothelial cells. This new Morph-X-Select method allows us to select high-affinity aptamers and
their associated target proteins in a specific and accurate way, and could be used for personalized
biomarker discovery to improve medical decision-making and to facilitate the development of
targeted therapies to achieve more favorable outcomes.

Keywords

morphology-based tissue aptamer selection; thioaptamer; laser microdissection; targeted protein;
ovarian cancer

Biomarker-based diagnosis, prognosis, and targeted therapy are essential parts of
personalized medicine. Identifying molecular profiles of individual patients and developing
biomarkers specific to those patients will improve clinical decision making and benefit
targeted therapies. Our Morph-X-Select technology, a morphology-based tissue aptamer
selection method, enables us to identify high-affinity aptamer reagents and their associated
protein biomarkers from individual patients. It opens up a new avenue for identification of
high binding-affinity aptamer reagents and their target biomarker proteins for personalized
targeted cancer therapy.

Although therapeutic and imaging antibodies have achieved remarkable clinical success (1-
3), current antibody biomarker imaging agents are limited by an antibody's immunogenicity,
stability, reusability, and ability to be modified with imaging labels or drug warheads. An
attractive alternative to antibody-based techniques is the use of assays incorporating
aptamers (functional nucleic acid ligands). Aptamers are structurally distinct RNA and DNA
molecules that can bind with high affinity (picomolar to low nanomolar) to protein targets.
Aptamers are robust, easily labeled, prepared in vitro, and generally not immunogenic. They
can bind specifically to their targets and have a high potential for diagnostic, imaging, and
therapeutic applications (4,5). The aptamer binding affinity-based strategy has been
demonstrated by simultaneously identifying CypB as a serum biomarker and generating a
new reagent to recognize it in body fluids (6,7). Although limited progress has been made
using non-modified aptamers, new generations of modified aptamers are being rapidly
developed for detecting and manipulating molecular changes, biomarker discovery, and
targeted therapies. Research on phosphate- and sugar-modified aptamers led to the FDA-
approved drug Macugen, an inhibitor of vascular endothelial growth factor (VEGF) for the
treatment of age-related macular degeneration (AMD) (8).

Over the past several years, we have shown that a combinatorial DNA aptamer library
modified with a thiophosphate substitution of the phosphate ester backbone (thioaptamer,
TA) on the 5’-side of many of the dA positions increased the binding affinity to targeted
cells (9-11). The monothiophosphate substitutions, which also enhance nuclease resistance,
can be introduced into the aptamer library by including thio-substituted dNTP-a-S
(commercially available) into the enzymatic 7ag amplification step during PCR
amplification. This allows for selection of both backbone and sequence. We have
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successfully applied the modified TA library to solution- and bead-based selections in our
laboratory (9-14). Using purified primary human ovarian cancer endothelial cells from
patient tumors, we successfully selected high-affinity TAs binding to tumor endothelial cells
and identified annexin A2 as one of the potential target proteins (15).

To overcome the limitations of cell-based systematic evolution of ligands by exponential
enrichment (Cell-SELEX) (16), which can only use cell lines or isolated cells as targets, we
present a morphology-based tissue aptamer selection method (Morph-X-Select) that enables
us, for the first time, to use targeted tissue sections from individual patients and identify high
binding-affinity aptamer sequences and their associated target proteins in a systematic and
accurate way. We combined our modified TA library with Morph-X-Select to simultaneously
select TAs specifically binding to ovarian tumor vasculature or tumor cells, but not to the
tumor stromal cells. Unlike traditional aptamer tissue selection using whole tissue sections
(17,18), we used an image directed laser microdissection (LMD) technique to dissect only
regions of interest (ROIs) bound with TAs based on morphological assessment of the tissue,
identified the high-affinity TA sequences by next-generation sequencing (NGS), and further
identified the targeted proteins by mass spectrometry (MS). Using the Morph-X-Select
approach, we are able to select tissue-specific TAs in a rapid and cost-effective way from
large TA libraries. Our strategy offers a novel way to select aptamers and their target
proteins from ROIs for an individual patient.

Materials and methods

Reagents

Oligonucleotide primers were synthesized by Midland Certified Reagents (Midland, TX).
Streptavidin-coated magnetic particles were purchased from Pure Biotech (Middlesex, NJ).
Tag polymerase and the chirally pure Sp isomer of dATP-a—S were obtained from Axxora
LLC (San Diego, CA). Anti-human CD31 and CD44 antibodies were purchased from
eBioscience, Inc. (San Diego, CA). Anti-human vimentin polyclonal antibody (Cat.
#AF2105) and normal goat 1gG (Cat. #AB-108-C) were both purchased from R&D Systems
(Minneapolis, MN).

Human tissue samples and cell lines Human epithelial ovarian cancer tissue was collected at
the time of standard care surgical intervention at the University of Texas M.D. Anderson
Cancer Center (MDACC). All tumor samples in the study were phenotyped by the
Department of Pathology and Laboratory Medicine at MDACC. This study has been
approved by the MDACC Institutional Review Board. We specially focused on high-grade
serous ovarian cancer (HGSC), which is the most common and deadly epithelial ovarian
cancer (19). Fresh residual ovarian tumor tissues were embedded with optimal cutting
temperature (OCT) (Thermo Fisher Scientific, Waltham, MA) compound. All tumor samples
for this study were collected prior to initiation of any therapy. Five ovarian tumor tissue
samples and five normal ovarian tissue samples were used for this study, although only one
pair of tumor-normal tissue was used for Morph-X-Select. Other tissues were used for
validation of TA binding and target protein expression. Ovarian cancer IGROV cells and
OVCAR3 cells (ATCC, Manassas, VA) were maintained in RPMI-1640 medium
supplemented with 15% fetal bovine serum (FBS) and 0.1% gentamicin sulfate (tissue
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culture reagents purchased from Life Technologies, Grand Island, NY). Human
microvascular endothelial cells (HMVECSs) were a kind gift from Rong Shao (University of
Massachusetts, Amherst, MA). HMVECs were grown in M131 medium with microvascular
growth supplement (MVGS) (Life Technologies). All experiments were performed at 70%—
80% cell confluence with 5% CO» at 37°C.

DNA thioaptamer library

The random single-stranded DNA (ssDNA) library with a 30-nucleotide random region
flanked by PCR primers was chemically synthesized using standard phosphoramidite
chemistry, and the oligonucleotide library was purified by HPLC under reverse-phase
conditions. DNA TA combinatorial library synthesis was described previously (9). The
library was PCR-amplified with dATP-a-S in place of dATP and with normal dNTPs for the
remaining bases; sense or anti-sense primers were labeled with 5’-biotin. The ssDNA was
isolated by treating the PCR products with streptavidin-coated magnetic beads and alkaline
denaturation. The ssDNA TA library was taken up in binding buffer (PBS with 5 mM
MgCl,) and heated at 95°C for 5 min and then cooled slowly at room temperature to form
the proper secondary structure. The library was purified by 10,000 MWCO centrifugal filter
columns (Millipore, Billerica, MA), and size was confirmed by gel electrophoresis (15%
polyacrylamide, Bio-Rad, Hercules, CA).

Morph-X-Select thioaptamer tissue selection

One pair of HGSC tumor tissue and normal ovarian tissue was used for Morph-X-Select.
Fresh HGSC tumor or normal ovarian tissue was embedded in OCT compound prior to
cryostat sectioning. Sections were cut to 5-10 microns in thickness, mounted on window
slides suitable for LMD (JUNGWOO F&B Corp, Kyonggi-Do, South Korea), and then
stained with hematoxylin and eosin (H&E). Based on cell morphology and pathological
diagnosis, ROIs were defined directly on a touch screen display and subsequently cut out by
a laser beam and dropped into a collection cap. TAs bound to LMD-harvested tissues were
released by heating at 95°C for 5 min and then amplified by PCR with a ANTP mix
containing dATP-a-S and a biotin-labeled primer. The ssDNA was separated from the PCR
products with streptavidin magnetic beads and was used in the next selection cycle (Figure
1). Ten Morph-X-Select cycles were performed using tissue from the same patient. The
selection stringency was increased by gradually decreasing the incubation time for tumor
sections and by increasing the number of washes after TA library binding to tissue sections.

Sequence analysis

After the 10th round of Morph-X-Select, we PCR-amplified the TA pools and used 100 ng
of the gel-purified products for fragment library construction (lon Plus Fragment Library
Kit, Cat. #4471252; Life Technologies). We then sequenced the library using the lon
Personal Genome Machine (PGM) System (Life Technologies). The sequence data were
analyzed using Aptaligner (20), which builds Markov models for each library and uses noise
and length filters to reduce computation time. Based on the optimal alignment and statistical
analysis, TA sequences with a high frequency of occurrence and high sequence homology
were selected. The top 250 sequences were grouped using bottom-up hierarchical clustering
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by Aptaligner and the Clustal W program (www.clustal.org/clustal2/). Their secondary
structures were predicted using the Mfold program (http://unafold.rna.albany.edu/?q=mfold).

Validation of specific binding of selected thioaptamers to human endothelial cells or tumor

cells

After sequence analysis, a TA panel was selected, chemically synthesized with a 5'-Cy3
dye, and tested for specific binding to tumor endothelial cells or ovarian tumor cells.
Sections of frozen human ovarian tumor were first incubated with Universal Blocker
blocking buffer in TBS (Cat. #36000; Thermo Fisher Scientific) and then incubated with 50
nM TA for 30 min at room temperature with subsequent washing, fixing, and nuclei
counterstaining. The relative extent of TA binding to the tissue was assessed by fluorescence
microscopy analysis using a Nikon Eclipse TE2000-E inverted microscope (Nikon
Instruments Inc., Melville, NY) on the tumor vasculature or tumor cells. CD31 and CD44
antibodies were used as positive controls for specific binding of TAs to endothelial cells and
tumor cells. Hoechst 33342 (Thermo Fisher Scientific) was used to counterstain nuclei. Cells
were incubated with TAs first, then washed, fixed, and the nuclei were counterstained.
Several TAs that showed high binding affinity for human ovarian tumor vasculature or tumor
cells were selected for further studies.

Affinity pull-downs and mass spectrometry

Based on a previous aptamer-associated biomarker study (21) and the use of chromatin
immunoprecipitation (ChlP) for identifying protein-DNA interactions (22), we developed an
MS-based pull-down method to identify TA-associated target proteins. The TA-associated
target proteins were pulled down by streptavidin magnetic beads after cross-linking
biotinylated TAs with HMVECSs or IGROV cells and then analyzed by MS. Cells at 90%—
95% confluence were used for all TA pull-down experiments. After being washed with cold
PBS, cells were incubated with 200 nM biotinylated TAs, or the TA library as a control, in
Dulbecco's PBS (Life Technologies) and gently agitated for 2 h at 4°C. After incubation,
bound TAs and targeted proteins in cells were cross-linked with 1% formaldehyde for 10
min at ambient temperature and then quenched with glycine. Cells were harvested, washed,
lysed with lysis buffer (Pierce Biotechnology, Waltham, MA), and treated with protease
inhibitors (Sigma-Aldrich Corp., St. Louis, MO). The lysates were freeze-thawed for 30 min
on ice and cleared by centrifugation at 10,000 x g for 2 min at 4°C. To pull down the labeled
proteins, equal amounts of cell lysate were incubated with pre-washed streptavidin magnetic
beads for 1 h at ambient temperature under continuous rotation. On-bead protein digestion
was performed to isolate fragments of the targeted proteins for MS analysis (LTQ-Orbitrap-
XL; Thermo Fisher Scientific). Each sample was analyzed in triplicate. The raw data files
were processed to generate a Mascot Generic Format file with Mascot Distiller and searched
against the SwissProt_2012_01 (Human) database using the Mascot search engine v2.3.02
(www.matrixscience.com/search_form_select.html) run on an in-house server. Identified
proteins were ranked according to their scores. After comparing the protein lists from
different selected TAs with a non-specific TA library control, a potential target protein was
identified, and expression of the identified target protein was further validated by antibody
detection and TA non-competition binding assays with antibodies against the target protein.
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Aptamer-antibody non-competition binding

Aptamer-antibody non-competition binding was performed with a anti-human vimentin
polyclonal antibody and Cy3-V5 (the selected TA with high binding affinity to tumor
vessels) at different concentrations. IGROV cells (60%—70% confluent) were incubated with
anti-human vimentin polyclonal antibody at 10 ug/mL, normal goat 1gG, or serum-free
RPMI medium at 37°C overnight. After washing to remove excess antibody, cells were
incubated with Cy3-V5 at different concentrations (250 nM and 500 nM in PBS) for 1 h at
37°C with subsequent washing, fixing, and nuclei counterstaining with Hoechst 33342. The
binding intensity of V5 to the cells was assessed by fluorescence microscopy (Nikon
TE2000-E).

Results and discussion

Our innovative morphology-based aptamer selection method, Morph-X-Select, enables us to
use highly targeted heterogeneous tissue sections from individual patients and identify high
binding affinity aptamer sequences as affinity reagents, along with their associated tumor
biomarkers. Morph-X-Select has the advantage of precise dissection of targeted tumor cells
compared to the traditional tissue SELEX method, which uses scraped tissue with highly
heterogeneous cell populations. Morph-X-Select reduces the occurrence of false-positive
aptamers and simultaneously selects high binding affinity aptamers for multiple ROls. We
screened our TA library for membrane-bound proteins in tissue sections that have intact
structure. Based on cell morphology and pathological diagnosis, tumor vessels and tumor
cells were defined on a touch screen, cut out by a laser beam, and collected (Figure 2A). TAs
bound to LMD-dissected tumor cells and tumor vessels were eluted, PCR amplified, and
enriched by 10 rounds of selection with tissue from the same patient. Figure 2B shows that
the TA pool was recovered from the LMD-dissected tumor cells and tumor vessels. To
identify high binding affinity sequences from LMD tissue, corresponding PCR products
were submitted for NGS using the lon PGM System. This method allows the discrimination
of sequences that arise from experimental biases (such as the conventional SELEX-approach
of cloning, colony picking, and Sanger sequencing of a small number of colonies) rather
than true high-affinity target binding. Ten sequences showing the highest frequency of
occurrence within each pool (tumor vasculature or tumor cells) were selected as TA
candidates, synthesized, and tested for binding affinity to ovarian cancer tissue. Sequences
identified from LMD-dissected tumor vasculature (V3) or tumor cells (T3) showed enhanced
binding to only tumor vessels or to tumor cells, respectively (Figure 3A). To confirm
specific binding of selected TAs to ovarian tumor tissue, a random TA sequence (R4) was
used as a negative control for all binding assays (data not shown). Those selected and
confirmed sequences with high binding affinity toward patient ovarian tumor tissue and cell
lines were used for identifying the biomarker proteins associated with TA binding (Table 1).

Limited by the amount of protein that can be isolated from LMD-dissected tumor
vasculature or tumor cells, we used cell lines (HMVEC and IGROV) that have been
validated with high binding affinity to selected TAs (Figure 3B) for target protein
identification. An MS-based proteomics approach (21,22) has been used to identify target
proteins of selected TAs binding with HMVECs. After comparing the protein lists of
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selected TAs with that of a non-specific TA library, vimentin was identified as a top potential
target protein in three independent MS pull-down experiments using TA V5. As the result of
a Mascot database search (www.matrixscience.com/search_form_select.html), vimentin was
found to be the most probable target protein, with the highest overall abundance score of the
TA V5 pull-down samples (Supplementary Table S1) compared with the low abundance
score of the TA library control sample (Supplementary Table S2), with an abundance score
ratio of 30:1. To validate vimentin as a target protein of TA V5, vimentin expression in
human ovarian cancer tissues and cell lines (IGROV and HMVECSs) was evaluated using an
anti-vimentin antibody immunofluorescence assay. Five HGSC tumor tissue samples and
five normal ovarian tissue samples were also examined for vimentin expression. High levels
of vimentin expression were detected in human ovarian tumor tissues and vasculature, in
contrast to low levels of vimentin expression in normal ovary tissues in all tissue samples we
collected (Figure 4A), as well as overexpression of vimentin on IGROV cells and HMVECs
(data not shown). An aptamer—antibody non-competition binding experiment was performed
to confirm vimentin as the likely binding target of V5. Significantly reduced fluorescence
intensities of Cy3-V5 binding to IGROV cells were observed at different concentrations of
V5 after the cells were pre-incubated with anti-vimentin polyclonal antibody, but not with
cells pre-incubated with goat 1gG control antibody (Figure 4B). This demonstrated that V5
and the anti-vimentin antibody likely share binding sites on IGROV cells.

Although we identified many target proteins by the MS pull-down experiment using TA V5,
we first focused on vimentin for validation since it had the highest protein abundance score.
Vimentin is one of the most widely expressed mammalian intermediate filament proteins It
can be attached to the nucleus, endoplasmic reticulum or mitochondria (23) and is frequently
used as a marker of differentiation (24,25). Studies have demonstrated that vimentin is
overexpressed in various human epithelial cancers (26-33). High-level expression of
vimentin is associated with tumor invasion (34) and poor prognosis (35). Several studies
have demonstrated that vimentin has potential as a molecular target for anticancer
therapeutics (36-38). Using different approaches, Zamay et al. has also demonstrated that a
selected DNA-aptamer combined with the carrier reagent arabinogalactan could target
intracellular vimentin and inhibit adenocarcinoma growth in vivo (39).

Here, we demonstrated a TA selection procedure that allows direct incorporation of more
nuclease-resistant thiophosphates into the aptamer sequence. By combining LMD
technology with aptamer tissue SELEX, we have overcome the obstacles of tissue
heterogeneity and improved the accuracy of aptamer-based tissue biomarker discovery.
Compared to other whole-tissue aptamer selection methods, Morph-X-Select has the
advantages of accurate ROl identification in heterogeneous tissue sections, especially for
minor cell populations; customization for individual patients; and selection of high binding
affinity aptamers from different ROIs simultaneously. In combination with NGS and MS
analysis, true high binding affinity sequences and their associated target proteins could be
identified without experimental biases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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METHOD SUMMARY

We developed a morphology-based tissue aptamer selection method, Morph-X-Select,
that combines a thiophosphoate-modified DNA aptamer library with image-directed laser
microdissection (LMD) to dissect regions of interest bound with the thioaptamer (TA)
library, allowing identification of the targeted proteins.
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Scheme of the tissue Morph-X-Select method.
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Figure 2. Morph-X-Select procedure
(A) Laser microdissection (LMD) of blood vessels (pre- and post-cut, upper row) and tumor

cells (pre- and post-cut, lower row) from human ovarian cancer. Scale bar = 40 um. (B) PCR
amplification of eluted thioaptamers from LMD-harvested blood vessels and tumor cells.
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IFigure 3. Specific binding of selected thioaptamers (TAS) to human ovarian cancer tissue and cell
Ines

(A) TAs identified by laser microdissection (LMD) and next-generation sequencing (NGS)
analysis showed specific binding to ovarian tumor vessels (\V5) and tumor cells (T3) but not
to normal ovarian tissue. Scale bar = 50 um or 100 um. (B) High binding affinity of selected
TAs has been confirmed with human microvascular endothelial cells (HMVECs) (V3, V5)
or IGROV cells (T3, T4). Cells were fixed after TA—cell incubation. Red: Cy3-labeled TA or
CD44 antibody. Green: CD31 antibody-labeled vessels. Blue: nuclei. Scale bar = 100 um.
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Figure 4. Overexpression of vimentin in human ovarian cancer tissue and tumor cell lines
(A) Overexpression of vimentin was detected by anti-vimentin antibody on human ovarian

tumor tissue (top panel) in contrast to low levels of vimentin expression on normal ovary
tissues (bottom panel). (B) An aptamer—antibody non-competition binding assay was
performed with anti-vimentin polyclonal antibody and cy3-V5 at different concentrations
(250 nM and 500 nM respectively). Significantly reduced fluorescence intensity of V5
binding to IGROV cells was detected after incubation with the anti-vimentin antibody, but
not in cells pre-incubated with goat IgG control antibody. Scale bar = 100 um.
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