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ABSTRACT
GREGORY BENEDETTO: Tumor specific aptamer directed nanoparticles increase the
efficacy of the front line chemotherapy Paclitaxel in epithelial ovarian cancer (Under the
direction of DR. CHRISTINE RICHARDSON)

New clinical tools that aid in the early diagnosis of ovarian malignancies will
significantly help reduce mortality and improve current long-term survival rates. The
objective of the work presented here was to identify ovarian tumor specific single
stranded DNA probes termed aptamers that bind to cell surface structures with high
affinity and specificity. First | identified aptamers using a random screening protocol
known as Cell-SELEX that bind and internalize to target cells. All aptamers identified
demonstrate unique binding kinetics and internalized by the endocytic pathway. Next I
assessed the internalization kinetics of identified aptamers when used to label the surface
of polymeric organic nanoparticles. | was able to demonstrate that the high specificity
exhibited by aptamers promotes localization and uptake of tethered nanoparticles by
specific cell populations. Finally a preliminary pilot study looking at the in vivo stability
of aptamers and their ability to promote retention and honing of nanoparticles at tumors
was conducted. The experiments described here demonstrate the effective combinatorial
use of aptamer and nanoparticle technologies for the direct targeting of tumor cell

populations.
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CHAPTER 1: INTRODUCTION

1.1 Epithelial Ovarian Cancer

Recent statistics project a total of 1,658,370 new cancer cases and 589,430 cancer
deaths to occur in the United States in 2015 [1]. The majority of primary solid tumors are
treated by invasive surgery to remove accessible malignant tissue, followed by adjuvant
nonselective chemotherapy and/or radiation therapy with high dose-limiting toxicities [2,
3]. Epithelial ovarian cancer (EOC) is one of the most lethal gynecological malignancies
in the United States affecting woman today. A woman’s chance of being diagnosed with
invasive ovarian cancer in their lifetime is 1 in 72 [4]. As the fifth most common cause
of cancer-related deaths in American women this disease is responsible for an estimated
14,000 deaths with approximately 22,000 new cases diagnosed each year and over
250,000 cases worldwide [4, 5].

Due to the asymptomatic nature of early stages in disease progression, stage |
diagnosis is rare. Localized stage | EOC has a 92% 5-year mean survival rate but is only
diagnosed in 15% of new cases [4, 6]. More problematic is that early symptoms are
similar to common ailments such as gastrointestinal inflammation and diagnosis often
requires invasive pelvic or transvaginal ultrasound [7]. The majority of diagnosed EOCs
occur at stage Il or later where there are fewer treatment options for patients and poor
long-term prognosis with a 5-year mean survival rate of 44%. The relative survival rate

decreases to 27% when the disease is diagnosed at stage 111 which constitutes almost 62%



of all new cases each year [7]. Moreover, the recurrence rate is high in woman diagnosed
with EOC even after surgical debulking of abnormal tissue and adjuvant chemotherapy.
Recurrence is often linked with chemoresistance making treatment difficult. The
progression of the disease to carcinosis is common preventing further help from invasive
surgeries [8].

Of the three most common tissue type progenitors (sex chord <10%, germ line
5%, and epithelial), epithelial derived malignancies of the female reproductive tract
constitute 85% of all new ovarian related cases diagnosed each year [9]. There is a need
to develop more sensitive diagnostic tools to identify early stage EOC. In addition it is
important to develop more aggressive and targeted primary treatment protocols to combat
late stage ovarian malignancies.
1.2 Epithelial Ovarian Cancer Subtypes and Diagnosis

The origin of tumors is difficult to understand since the physical development of
cyst-like structures within the ovary is uncharacteristic of normal epithelial ovarian tissue
[10]. Additionally, EOC neoplasms resemble cancers of the peritoneal and fallopian tube
with evidence suggesting that the tissue of origin could be a common embryonic
precursor from the distal tubal fimbria [3, 10, 11]. Ovarian tumors often present with
chromosomal aberrations that have been detected by conventional comparative genomic
hybridization (CGH) showing aneuploidy and tetraploidy genomes. The most prevalent
sites of chromosomal gain seen in human tumor samples have been found to be located
within 1q, 3q, 8q, 11q, 12p, 17q and 20q, with common DNA amplification at 3q, 79, 8q,
12p, 17q, 19q, and 20 q [12-14]. Frequent sites of copy number decreases were seen

within 4q, 5q, 69, 99, 129, 13q, 16q, 17q, and 22q across a panel of 25 human EOC



samples [13]. Data show that aberrations are linked to sites that code for putative
oncogenes and tumor suppressor genes that are dysregulated contributing to the
pathogenesis of ovarian malignancies [15]. Candidate oncogenes that are over-expressed
in ovarian cancers include PIK3CA (3926.3), c-Myc (8924), PAK1 (11q), K-ras (12p),
p16, and STK15 (20q), PTEN, and ARID1A [12, 16-19].

Epithelial ovarian cancers are classified by histopathological grade determined by
invasiveness and progression (I, I, and I11). Additionally they are identified by
morphologically determined subtypes. The most common of these are serous (~75% of
EOC cases), endometrioid, and mucinous while more rare subtypes include clear cell,
transitional cell, squamous cell, mixed epithelial, and undifferentiated epithelial [3, 9].
Serous derived tumors originate from the lining of the fallopian tube. Histologic markers
identify serous epithelial by concentric rings of calcification known as psammoma bodies
[20, 21]. Serous EOCs are commonly divided into a two-tiered system described as low-
grade and high-grade serous EOC [20]. Somatic genetic aberrations are often associated
with subtype specific neoplasms. High-grade (I1-111) serous tumors display defects in
BRCA1/2 and p53 signaling pathways leading to aberrant DNA repair with genetic
aberrations in PIK3CA, K-ras, and p16 [22, 23]. In a study done looking at paraffin
embedded micro-dissected tissue of 47 ovarian epithelial tumors of high-grade serous
carcinomas—chromosomal analysis by CGH showed more than twice as many
chromosomal imbalances compared to low-grade serous carcinomas [16]. Low-grade
serous neoplasms often present exclusively with K-ras or BRAF mutations and are of low
malignant potential (LMP) [24]. Data did suggest that serous LMP tumors compared to

an invasive carcinoma carry unique genetic aberrations which indicate that pre-existing



LMPs seldom progress to an invasive carcinoma [16]. Thus LMP and high-grade serous
EOCs could originate from a common progenitor but undergo unique translational
pathways promoting differentiation.

Mucinous tumors are usually large with a median diameter of 18 to 20 cm and
tend to remain confined to the ovaries [25]. Mucinous tumors are morphologically
similar to intestinal or endocervical epithelium [21, 26]. Primary ovarian mucinous
tumors can be difficult to distinguish from metastatic mucinous tumors from the colon or
rectum as well as the appendix, cervix or pancreas [21]. In a study done in 2003 looking
at 104 different EOC tumors, they found a high incidence of K-ras mutations within
mucinous derived EOC tumors (>50%) [27]. Endometrioid and some clear cell
carcinoma (morphologically clear) tumors are hypothesized to arise from the foci of
endometriosis [21]. Both are associated with slightly better survival when compared to
serous adenocarcinoma regardless of disease stage [28]. Both clear cell and endometrioid
tumors frequently display loss of PTEN or mismatch repair gene functions [17].
Additionally, clear cell related tumors present with mutations in ARID1A a component of
the SWI-SNF chromatin remodeling complex [18] and PIK3CA [29]. Poor prognosis is
associated with clear cell type EOCs due to an increased risk of venous
thromboembolism and platinum-taxane resistance [30]. Transitional cell tumors
(Branner’s tumor) resemble transitional epithelium of the bladder and are often benign
[21]. Histology shows that neoplasms present with nests of transitional-type epithelial
cells characterized by longitudinal nuclear grooves located in fibrous stroma [21]. While
many altered oncogenic proteins can exist within these subtypes there is not always a

clear correlation between genetic lesions and tumor diagnosis. Histochemical analysis on



47 ovarian carcinomas showed that there is overexpression or amplification of c-Myc and
Cyclin D1 gene products in serous, endometrioid, mucinous, and clear cell EOC but not
necessarily correlated with a histologic subtype [31].

Ovarian cancer serum proteomic profiling and array-CGH have generated a large
number of potential tumor biomarkers including CA-125, SMRP and WFDC2 (HE4)
proteins that can be instrumental in diagnosis [5, 32, 33]. Additionally an increased
CD44+ and CK18+ stem cell load correlates with a high risk of recurrence in EOC cases
[8]. A widely accepted assessment to differentiate between a malignancy and a benign
abdominal mass is the Risk of Malignancy Index (RMI) developed in 1990 [34]. The
criteria used include a woman’s age, ultrasound score, menopausal status, a clinical
impression score, and a serum CA-125 count. The Risk of Malignancy Algorithm
(RMA) improved upon RMI by including an additional EOC related biomarker (HE4)
[35], and the OVA1 blood test includes a panel of five biomarkers which include CA125
and HE4 as well as transferrin, prealbumin, and 2 microglobulin [36]. Comprehensive
serum studies evaluating the effectiveness of RMI, ROMA, and OVA1 blood tests to
properly distinguish between a malignant and benign mass have given conflicting results
[5, 26]. One suggested that a more stringent nine biomarker assessment can increase
positive diagnosis by over 25% [26]. It is important to note that the major limitation of
algorithm based diagnosis is that they only infer information about an existing condition
and fail to promote early detection. All three methods are used as preoperative risk
assessments to facilitate triage of women to primary care providers but do little to
diagnose early stage EOC. Ovarian tumorigenesis is aggressive and often asymptomatic;

there is substantial evidence within the clinical field that calls for more sensitive



diagnostic tools to aid in the early detection of this disease and development of more
effective targeted drug therapies.
1.3 Epithelial Ovarian Cancer Treatment

Treatment options offered to an individual patient are determined by multiple
factors including subtype, stage and location, as well as the patient’s age and history of
prior disease. The majority of primary solid tumors are treated by invasive surgery to
remove accessible malignant tissue followed by adjuvant nonselective chemotherapy
and/or radiation therapy with high dose-limiting toxicities [3]. Following tumor resection
current protocols for treatment regimens include adjuvant platinum-taxane combination
therapy. Platinum-taxanes that disrupt mitotic division and inhibit DNA repair such as
Cisplatin, Carboplatin, and Paclitaxel are front-line therapeutics used to treat ovarian
tumors [37]. Paclitaxel and Carboplatin often show a high rate of initial response
following tumor debulking when administered alone [37]. However, current treatment
protocols often administer high dose combination therapies and demonstrate a synergistic
effect that show a 10-14 month improvement in patient’s survival and lower rates of
recurrence [2, 37, 38]. Depending on the desired rate of infusion the most common
administered dosage is a combination of 175 mg/m? Paclitaxel with Docetaxel or
Carboplatin (patient specific). In addition to adjuvant IV chemotherapy [2, 39], surgeries
could include intraperitoneal chemotherapy to treat residual disease as well as heated
intraperitoneal chemotherapy (HIPC) [40-42]. Unfortunately local recurrence is seen in
60% to 75% of patients often progressing aggressively (< 6 months) and demonstrate
decreased sensitivity to platinum-taxane therapies and carry poor long term prognosis [2,

39, 43]. Development of newer agents administered in combination with platinum-



taxanes is ongoing. Phase Il and Il clinical trials administering second-line agents that
target unique molecular mechanisms include: Trabectedin (alkylation of guanine
residues) [44], poly-ADP ribose polymerase (PARP) inhibitors (interruption of DNA
repair mechanisms) [45], Bevacizumab (inhibiton of VEGF/anti-angiogetic) [46, 47], and
Farletuzumab (folate inhibitor) [48] in patients showing reduced platinum sensitivity [37,
49].
1.4 Aptamer ldentifcation by SELEX

Aptamers are single stranded RNA/DNA anti-sense oligonucleotides (ASOs)
engineered to a specified length. Aptamers have more generally been used as reagents
for identifying cell surface proteins and for cell typing [50]. Aptamers form stable
secondary structures under normal conditions that are variations of large central loops
with protruding hairpin loops leaving the negative charged phosphate backbone exposed.
These compact structures form high affinity bonds in the active sites of protein targets by
interacting with positive charged amino acid residues. The typical methodology for
identifying aptamers utilizes protein targets that are isolated or purified. However,
additional methodology has been adapted over time that does not exclusively utilize
protein targets but whole cells as well as in silico computer modeling to predict aptamer-
target binding affinities. The emergence of multiple library screening protocols to
identify aptamers with therapeutic potential has led to an abundance of both agonistic and
antagonistic aptamer-based therapies [51]. The first report of ASOs binding to a target
molecule was presented by Tuerk and Gold describing methodology used to identify
short RNA molecules that bind to T4 bacteriophage DNA polymerase [52]. The methods

they presented which identified ASOs that bind to polymerase were known as the



Systematic Evolution of Ligands by Exponential enrichment (SELEX). Almost
simultaneously, the term “aptamers” was presented by Ellington and Szostak describing
random RNA oligos that preferentially bind to organic dyes [53].

Aptamers have an average length of 40-80 nucleotides that bind with high affinity
and specificity to specific protein or non-protein targets by folding into complex
secondary and tertiary structures. Commercially available aptamers can be engineered to
a desired length and offer a variety of post sequencing modifications that allow for
aptamer design flexibility. Post sequencing modifications can increase stability to
promote bioavailability or conjugate a fluorescent reporter to terminal ends that could be
used for in vitro tracking. Aptamers display a conventional binding behavior similar to
that of antibodies with dissociation constants (Kd) measuring on the order of uM to pM
ranges [54, 55]. Aptamers possess several advantages over antibodies or small molecules
(reviewed in [56]) for their therapeutic targeting potential [57]. Biologically, aptamers
are (1) smaller in size promoting greater tissue penetration, (2) elicit little to no
immunogenic effects, and (3) demonstrate rapid renal clearance [51, 58-60].
Commercially, aptamers are chemically synthesized; thus they (1) can be readily
modified to alter targeting Kinetics, (2) are readily and cheaply produced with low batch
variability, (3) can be transported at ambient temperatures, and (4) remain stable for long
periods even under adverse conditions [56, 60-64]. Aptamers are multifunctional
molecules that can be used as an antagonistic pharmaceutical agent, a molecular
chaperone conjugated to therapeutics, or as a diagnostic tool for imaging. Aptamers have
been used to treat age-related macular degeneration (AMD) [65, 66], thrombotic

thrombocytopenia purpura [67], diabetic nephropothy [68], and cancer [69].



The SELEX process consists of iterative rounds of affinity, purification, and PCR
amplification. Initial aptamer libraries are designed with a randomized central active site
flanked by two known PCR primer sequences. The sequential process produces pools of
enriched aptamers that bind to target molecules with high specificity and affinity [70].
Targets can include small molecules such as proteins, nucleic acids, and lipids, as well as
more complex structures that include cells, bacteria, and viruses [55, 70-72]. Some
targets of SELEX identified aptamers include: E and P-selectin [73, 74], HER3 [75],

PDGF [76], stem-cell marker CD133[77] and HIV protein gp120 [78].

»
Library . ' OO
O:: N Qc,o.o 'O
’ ® s
\J/L

process ‘ x
Protein target Partition bound from

of interest unbound RNA

Incubate with SpGCle farget

” Amplify selecled
) RNA's (RT/PCR)

Figure 1: Aptamer identification by SELEX. The SELEX protocol uses a random library
selected against a known protein target. Through iterative rounds of selection and
amplification target specific aptamer populations grow each with unique binding
affinities.

To date a number of aptamers have been reported and are in various stages of

preclinical and clinical development (reviewed in [56, 79-81]). Aptamers such as
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pegaptanib can bind to a VEGF isoform and can be administered as a drug treatment for
AMD. Although pegaptanib is the only FDA approved aptamer currently in use today,
there are 13 additional aptamers identified by SELEX protocols that are in phase I, Il, or
I11 clinical trials [70]. In addition, research groups have attempted to develop in silico
theoretical methods to speed up the SELEX process by pre-designing optimal aptamer
libraries. Computation design of structured random pools modifies RNA aptamer
structures to enrich initial libraries with complex oligonucleotides to increase the
probability of identifying novel RNA aptamers [82, 83]. Additionally the potential of a
virtual screening process can facilitate aptamer identification. The 3D modeling of
aptamer secondary structures can help design optimal initial libraries. Secondary
structures of aptamers can then be fitted to potential targets thus creating a high-
throughput virtual screening of aptamer libraries to potential targets [84, 85]. This type
of library optimization has been successfully employed to identify aptamers that inhibit
HIV proliferation by disrupting viral RNA and subsequent replication [86].
1.5 Aptamer Identification by Cell-SELEX for Tumor Specific Aptamers

Although SELEX is typically performed using a highly purified target molecule,
it has been effective against mammalian cells and complex organisms. In contrast to
early aptamers engineered against known specific ligands, a major advantage of aptamers
for biomedical applications is that they may be identified through random library screens
without knowledge of their direct ligand on the cell membrane surface. This was
experimentally confirmed by the identification of aptamers against red blood cell ghosts
[87] and followed by the identification against live African trypanosomes [88]. Cell-

SELEX was initially described as an in vitro identification scheme to enrich a small pool
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of cell-specific aptamers from randomly generated libraries identified through binding to
specific cell types and counter-selected against negative cell types. The addition of a
negative selection step promotes identification of target cell specific aptamers. Cell-
SELEX protocols have been continually modified and improved to in vivo screens and
localization and internalization-specific screens [50, 55, 89-92]. Aptamers identified by
Cell-SELEX can bind to small molecules or proteins in their native structure on the cell
surface [55, 93, 94]. Information on the structural interface between target and the
tertiary structure of aptamers can provide information regarding catalytic binding
moieties and lead to modifications that improve design and delivery [95] [84] [60]. While
Cell-SELEX screening is based on binding interactions to the cell surface, other positive
and negative screening approaches have been based on cell internalization into target cell

populations as shown effectively in a prostate cancer cell model [92].
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Figure 2: Aptamers identified by Cell-SELEX can be done using live cells. The in vitro
Cell-SELEX protocol: (1) Target cells are chosen and (2) incubated with randomly
generated size specific aptamer library; Aptamers that bind to target cells are eluted and
will be incubated with pre-selected negative selection cells (4); Eluted aptamers (5) are
incubated with negative selection cells; (6) Unbound aptamers are collected and are
unique to target cells. Subsequent PCR amplification is done to enrich the aptamer library
and the process is repeated.
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1.6 Post Sequencing Modifications of Aptamers

Despite the advantages of aptamer-based treatments and promising results in
vitro, it is still debated if their efficacy will be reduced in vivo due to lack of
bioavailability, unstable circulation time, minimal cellular internalization, or
susceptibility to nuclease attack [71, 92]. Post-sequencing modifications can increase
structural integrity to promote bioavailability within the blood stream such as conjugation
of larger molecules such as cholesterol or polyethylene glycol (PEG; PEGylation) to the
aptamer [96]. It has been shown that 40 kDa PEGylated aptamers have a higher
circulatory half-life than non-PEGylated aptamers, and the extended systemic exposure
appears to facilitate distribution of aptamers to distal tissues and highly perfused organs
[58]. Additionally, structural substitutions on DNA or RNA purine or pyrimidine
moieties decrease susceptibility to nuclease attack and chemical degradation as well as
improve pharmacokinetics [97]. Table 1 describes the effective uses of nucleic acid base
modifications to aptamers. However, a key drawback for the synthesis of integrated
modifications is the requirement of a polymerase capable of adding bulky groups rather
than standard wild-type T7 RNA and Taqg polymerases with high specificity [96].
Multivariate T7 RNA polymerase can synthesize 2’-modified nucleotide triphosphate
nucleic acid aptamers that include 2’-azido, 2’-O-methyl (A, C, and U), and 2’-fluoro
pyrimidines [96, 98, 99]. Many reported modifications (see Table 1) utilize a
combination of wild-type T7 polymerase and Taq polymerase. The T7 polymerase
variant Y639F and the multivariate Y639F/H784A polymerase and can be used in a
combinatorial manner to add bulky groups that increase the half-life of aptamers in vivo

up to 23 hours [97, 98, 100].
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Table 1: Aptamer mdifications to increase stability and promote In Vivo targeting *

I\iy”.”?'d'.”e Potential Effects Current Aptamers Pol. | Ref.
odification
-Increase aptamer stability | -Human neutrophil [96],
in urine and human blood | elastase [101],
2’-Amino | serum -Fibroblast growth factor [102],
pyrimidine | -Increase T, of aptamer -Thyroid stimulating + | [103],
-Increase binding affinities | hormone [104]
by addition of available -Prion protein specific
hydrogen binding sites aptamer
4-Thio -Increase nuclease -Human o-Thrombin [96],
o resistance aptamer + | [105]
Sl -Thermal stability
Phasphoro- -In_crease nuclease -Anti viral drug [96],
thioate resistance -TGI_:-BI aptamer [106],
(S-oligo- -Greate_r mhlbltlon c_)f gene -Syrian Hamster Prion + | [107],
nucleotide) expression in combination [108]
with propyne analogs
-Increase nuclease -Anti VEGF 45 aptamer [96],
2°-0-methyl resistance -Thrombin aptamer [109],
: -Flexibility in desired sites | -1L-23 aptamer [110]
nucleotide e D °
of modification and often
combined with other
pyrimidine modifications
-Increase endo and -Boron neutron capture [96],
Borano- exonuclease resistance therapy (experimental [111],
phosphate | -Increase PCR efficiency treatment that could use + | [108],
and DNA fragment capture | any existing aptamer) [112]
post digestion -ATP aptamers
, - -Increase nuclease -Thrombin aptamer [96],
: -I\/_qu(ljf_led resistance -Sialyllactose aptamer e [113],
PYFIMIGINE | _|hcrease PCR efficiency [114]
-Increase thermodynamic | -Anti-Factor IXa [96],
2°-Eluoro stability (apta_mer RBO006) [114],
pyrimidine -Promote RNA-type sugar | -Anti-C5 aptamer o [115],
conformations -Prostate-specific [116]
-Increase stability in membrane antigen
human plasma (PSMA) aptamer
Locked -l_)emonstrate inc_reased -TDQS aptamer for [117],
Nucleic Acids binding to pla§r_n|d DNA Burkitt’s lymphoma +, o | [118],
(LNA) -Increase stability and T, [119],

[120]




14

Table 1: continued

-5’ Terminal capping -Anti VEGF 45 aptamer [109],
5 &3 (dialkyl-glycerol) -RBOOG (REG1 [121],
modification -3’ nucleotide inversions anticoagulant) N/A | [122]
decrease susceptibility to -ARC1905 (Ophthotech
exonuclease Corp)
-Reduce renal clearance and | -Anti VEGF 45 aptamer [122],
Aptamer increases bioavailability -R[BOOB (REG1 [123]
PEGylation (RNA and DNA aptamers anticoagulant) N/A
currently in clinical trials -E10030
contain PEG conjugates)

+ T7 and Taq polymerase (wild-type)
e T7 double mutant Y639F/H784A
Pol. Polymerase
Tm =Melting Temperature
Post-sequencing modifications that can be made to aptamers which can increase the

overall stability of the structure, increase PCR efficiency, as well as reduce susceptibility
to nuclease enzymes. Custom designing of these oligonucleotide can be done to specify
location and amount of substitutions on the aptamer and wild-type or modified
polymerase can be used to introduce or reproduce base analog substitutions.
1.7 Aptamers as Single Antagonists

Aptamers alone have been shown to bind to target molecules on cell surface
membranes and typically internalize into cells via canonical endocytosis pathways [91,
124]. Recently one group has demonstrated a unique internalization mechanism whereby
gold Au nanoparticles coated with an amphiphilic organic monolayer can spontaneously
insert into lipid bilayers on the cell surface through hydrophobic—hydrophobic contact
between the core of the bilayer and the monolayer of the Au nanoparticle dependent on
the stochastic protrusion of an aliphatic lipid tail into solution [125].

Similar to canonical protein-protein interactions, aptamer-target molecule

recognition and interaction can lead to inhibition of target molecule activity or function.

Aptamer-target interactions have been shown to be sufficient to block signaling pathways



15

important in cell proliferation, and thus identification of molecules with this property has
been long recognized for their significant therapeutic potential [126]. It has been well
established that the aptamer pegaptinib will inhibit the VEGF;¢5 isoform without effecting
similar isoforms necessary for physiological vascularization [127]. Pegaptinib has been
used to target the retina in cases of age related macular degeneration where VEGF s is
elevated under hypoxic conditions [127, 128]. Given the high prevalence of VEGF
activation in multiple tumor types, this approach could be explored for other cancers.
Similar paradigms have been used to study aptamers that target additional signal
transduction pathways. The Axl tyrosine kinase receptor has been recognized as a
potential anti-tumor therapeutic target for the last decade [129, 130]; several small
molecule and protein inhibitors and an anti-Axl monoclonal antibody have been
described [131-133]. The aptamer GL21.T binds to Axl and inhibits phosphorylation of
Erk and Akt downstream targets, inhibits cell migration and invasion, and reduces tumor
growth in an in vivo xenograft lung tumor model [134]. PDGFRJ tyrosine kinase
receptor is overexpressed in multiple tumor types including glioma. The same group that
identified GL21.T now reports an aptamer Gint4.T selectively binds to PDGFRf but not
other tyrosine kinases. Aptamer Gint4.T inhibits dimerization and ligand dependent
signaling, inhibits cell migration and proliferation, induces differentiation, and reduces
tumor growth in an in vivo xenograft glioblastoma tumor model [135]. The anti-C5
aptamer ARC1905 is a potent inhibitor of factor C5 of the complement cascade, and
inhibition of this signaling pathway prevents the formation of pro-inflammatory

fragments inhibiting the release of angiogenic stimulating molecules [136].
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1.8 Aptamer Toxicity

Aptamer toxicity can vary in species and be altered by post sequencing
modifications (Table 1). Physiologically high doses of oligonucleotides (>100ug/mL)
have triggered adverse immunogenic effects in non-human rodent and primate models
[137]. When antisense oligonucleotides are dosed systemically in rodents, injury to the
liver and kidneys is often seen as this is a major site of oligonucleotide accumulation
[138, 139]. Swayze et. al. showed that antisense oligonucleotides (ASOs) accumulate in
the liver confirmed by post-mortem liver necropsy with subsequent histopathological
microscopy as well as increased serum levels of aminotransferases ALT and AST.
Moreover they looked at ASOs containing either 2'-O-methyl or LNA modifications and
found that LNA modified aptamers showed increased levels of hepatotoxicity for
multiple sequences targeting three different biological targets (Mus Amuscus PTEN,
TNFRSF1A, and apo-lipoprotein B) in additional to a mismatch control ASO with no
target [138]. Multiple adverse effects have been seen with phosphorothioate
modifications. Granule formation is seen in kidney and liver epithelial cells that are
responsible for filtration and clearance of antisense oligonucleotides and their metabolite
species [72, 140-142]. Further continued chronic exposure to phosphorothioate modified
antisense oligonucleotides resulted in plasma accumulation which could affect
coagulation of the blood [137]. Both high and low concentrations of ASOs in the liver
can cause adverse hepatic function, but individual ASOs can exhibit unique hepatotoxic
potential [138, 139]. Hagedorn et. al. developed computer based software to evaluate
and distinguishing between locked nucleic acid modified oligonucleotides with low or

high potential for hepatotoxicity [143]. Slow intravenous infusions are likely to
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significantly lower circulatory plasma levels decreasing accumulation versus direct
injection and to reduce these effects [144]. Additionally, RNA and DNA based
oligonucleotides have promoted immune-stimulatory effects through toll-like receptors 3,
7, 8, and 9 signaling [145]. Such immunological responses could result in hyperplasia in
the lymph nodes, mononuclear cell infiltration, and accumulation of basophilic granules.
However these studies utilized naked aptamers and conjugation to therapeutics or
nanoparticle delivery vehicles has altered both bioavailability and toxicity profiles.
1.9 Aptamer-Based Photodynamic Therapy

Photodynamic therapy (PDT) uses a photosensitizer or photosensitizing agent
that, after injection, is exposed to a specific wavelength of light to produce a form of
oxygen that kills nearby cells. PDT is currently available for prostate, breast, and
esophageal cancers [146-151]. Newer models linking PDT to aptamers for targeting are
being explored in translational studies. Aptamer TDO5 was identified using SELEX
targeting the Burkitt’s lymphoma Ramos cell line [152] then conjugated to the
photosensitizer reagent chlorin eg (Ceg) to create an aptamer-photosensitizer conjugate
(APS) [153]. When this APS was incubated with target Ramos cells and followed by
light irradiation, >70% of cells exhibited cell death as determined by propidium iodide
incorporation, and overall 50-60% more cell death in target cells was observed when
compared to four control cell lines (CEM, T-cell leukemia; K562, human bone marrow;
NB4, human acute promyelocytic leukemia; HL60, promyelocytic leukemia). Randomly
generated aptamers conjugated to Ceg photosensitizer exhibited little to no cell death in
target cells showing both the efficacy and the high specificity of the complex [153].

Similarly, the nucleolin targeting guanine-rich aptamer AS1411 has been conjugated to


http://www.cancer.gov/Common/PopUps/popDefinition.aspx?term=cell&version=Patient&language=English
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six molecules of the cationic porphyrin TmPyP4 that intercalates into the G-quadruplex
structures of AS1411 [154, 155]. When MCF7 breast cancer cells were incubated with
AS1411-TmPyP4 complexes, an average of 30% more cell death was observed as
compared to incubation with TmPyP4 alone. Similar results have been obtained with
systems that utilize MUC-1 aptamers for targeting of epithelial cancer cells, aptamer R13
for targeting lung carcinoma, and protein kinase 7 (PTK7) aptamer sgc8 for targeting T-
ALL [154, 156-158]. Also, Han et al. have developed a novel aptamer-based DNA
nanocircuit which not only targets Ramos cells but demonstrates an amplified
photodynamic therapeutic effect [159].
1.10 Aptamer-Based Anti-Viral Therapies

Aptamer-target molecule recognition and inhibition of target activity has been
exploited in anti-viral therapies [160-162]. In at least one model system, aptamer-virus
interactions act at the initial infection step and potentially inhibit mechanisms necessary
for virus internalization [163]. Human papillomavirus (HPV) is linked to high incidence
of cervical cancer worldwide as well as multiple other neoplastic diseases [164]. More
aggressive types of HPV, such as HPV-16, express the E6 and E7 oncoproteins that
degrade the tumor suppressor p53 and disrupt cell cycle checkpoints by destabilizing
phosphorylated Rb [165]. Several other groupsm have isolated aptamers that internalize
into cells and bind to the E7 oncoprotein as well [164-167]. 2’-fluoro modified aptamer
A2 showed affinity for the N-terminal residues of E7, a reduction in E7 and pRb
interactions, and increased cell mediated apoptosis of human epithelial cells [165, 167].

Additionally, Gourronc et. al. isolated aptamers that demonstrated variable rates of
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internalization when incubated with E6/E7 HPV-16 transformed human tonsillar
epithelial cells (HTECs) as compared to internalization into primary HTECs [164].
1.11 Aptamer-Drug Conjugates

Not all aptamer-target molecule interactions are inhibitory. Direct conjugation of
aptamers to chemotherapeutic compounds through chemically labile linkers or self-
assembly DNA drug nano-structures facilitate internalization into specific tumor cells
[91, 124, 168]. Aptamer A10 recognizing prostate-specific membrane antigen (PMSA)
conjugated to epirubicin [169, 170] led to increased cellular internalization and cell
toxicity when administered in vitro to LNCaP (PMSA™) cells as compared to PC3
(PMSA) cells [170]. The PTK7 T-ALL (T-cell acute lymphoblastic leukemia) aptamer
sgc8c has been covalently conjugated to doxorubicin or daunorubicin via a functional
thiol group at the 5’ terminus [124, 171]. The bond between aptamer and drug is
mediated by a hydrazone linker that has a nucleophilic attraction for the terminal
carbonyl on the doxorubicin molecule [124], and the hydrazone linker promotes release
of the drug in the acidic conditions of an internalized vesicle [172]. Aptamer sgc8c-
doxorubicin conjugates were as effective as doxorubicin alone demonstrating
approximately 80% cell death in CCRF-CEM T-ALL cell line within 48 hours post-
exposure. Moreover, incubation with a randomly synthesized aptamer-doxorubicin
complex prevented internalization and demonstrated less than 25% toxicity [124].
Similarly, doxorubicin has been conjugated to aptamers HB5 for breast cancer, EpCAM
for retinoblastoma, TSL11 for liver cancer, and MA3 against MUC-1 for lung and breast
cancers [173-176]. However, it should be noted that thus far all of these have only been

tested in cell lines.
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1.12 Nanoparticles

Nanoparticles technology is rapidly integrating into multiple fields in both
research and industrial commercial products. Nanoparticles are used in the
manufacturing of biomedical and electronic devices as well as in the textile industries.
Nanoparticles can be used in sunscreens (titanium dioxide NPs, TiO,) [177],
antimicrobial wound dressings (silver NPs, Ag) [178], nanoimprinting lithography
(zincoxide NPs, Zn0O), and solar cells (silver, Ag and metaloxide NPs) [179].
Nanoparticles can be manufactured from organic or inorganic materials with sizes
ranging from 10-200 nm in length and/or diameter. Nanoparticles are formulated into a
wide range of structures including lipid-based liposomes, polymer-based particles or
micelles, or poly-amido-amine dendrimers, silica-based particles, carbon-based
nanotubes, and metallic nanoparticles, nanotubes, or nanocrystals [180, 181]. (We will
hereafter refer to all collectively as nanoparticles.) Nanoparticles are produced either by
a process that involve the breakdown of larger particles through milling, or by the
assembly and precipitation that allow for incorporation of multiple molecules within their
cores or tailored surface functionalities [182, 183]. At the nanoscale both optical and
physical properties of NPs change in ways uncharacteristic to the base material
improving their functionality beyond delivery of small molecules. For example
nanoparticles composed of TiO, have the same chemical composition as macro-molecule
TiO, in conventional sunscreen products. However, TiO, NPs are transparent and unique
optical properties is one advantage of using NP technology. Quantum dots (nanocrystals)

made of semiconductor material exhibit quantum mechanical properties. Quantum dots


http://ec.europa.eu/health/opinions2/glossary/mno/nanoparticle.htm
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are often utilized for their optical and electronic properties for super-resolution imaging

[184] and diode lasers [185].

Quantum Dots Liposome Iron Oxide NPs Carbon Nanotubes

Gold NPs Polymeric NPs Dendrimers

Iron-platinum Nanoclusters

Figure 3: Nanoparticles can be made from a variety of inorganic and organic materials with
unique physical properties. The figure above shows the variety of “nano-carriers” that can
be utilized for packaging and delivery of small molecules. The NPs above can be used to
carry molecular inhibitors, chemotherapeutics, small proteins, fluorescent dyes, and
antibiotics.

More so recently, nanotechnology has been used in molecular research
particularly as a drug delivery vehicle. The relatively small size of nanoparticles makes
them optimal delivery vehicles as they can be phagocytosed by the cell through clathirin-
mediated endocytosis and fluid phase pinocytosis [186, 187]. Moreover, the surface of
NPs can be labeled, or functionalized, to promote active targeting of cell types [188,

189]. Targeted drug delivery systems can localize cytotoxic agents at tumor sites and

could potentially enhance current protocols by (i) overcoming non-specific toxicity (ii)
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delivering a more effective dose per treatment cycle, and (iii) overcome canonical
multidrug resistance (MDR) pathways seen in incidences of recurrence. In many cases,
compartmentalizing drugs in polymeric and organic nanoparticles (NP) has shown
potential for drug delivery. Drug loaded nano-carriers have been developed using poly-
lactic-co-glycolic acid (PLGA) [190], gold [191], silicon [192], and silver [193] to
deliver drugs to tumor cells or to isolate and identify malignant cells in vitro and in vivo
[194, 195]. The structure of NPs promotes long-term circulation throughout the body by
reducing renal clearance and because of inconsistencies in vascular pore size associated
with tumors, NPs readily accumulate due to the enhanced permeability and retention
(EPR) effect [196, 197]. Thus NPs can be used for active targeting but also possess
intrinsic passive targeting properties which exploit the incomplete vasculature of the
tumor microenvironment.

Molecules such as chemotherapeutics, vaccines, proteins, miRNAs, anti-fungals,
and inhibitors can be encapsulated within nanoparticles and delivered to target cells [186,
187, 198]. Nanoparticles that contain chemotherapeutics demonstrate consistently
increased accumulation within tumors over free drug [55, 199-204] and also increase
biodistribution to both primary tumors and distant metastatic sites, increase
bioavailability of hydrophobic agents and maximum tolerated doses, and improve
clearance from the circulatory system [156, 182, 205]. Depending on the type of
monomeric subunits used to form the nanoparticle, polymer encapsulation of
chemotherapeutics can help to (1) solubilize otherwise insoluble compounds, (2)
minimize physiological drug degradation, (3) increase blood circulation half-life, (4)

prolong systemic activity by reducing physiological secretion by the kidneys, and (5)
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prevent recognition of therapeutic hydrophobic compounds by the reticulo-endothelial
system [187, 206-208].

Multiple factors such as particle size, composition, surface chemistry, mobility,
stability, and shape can alter in vivo particle dynamics and toxicity [209]. Moreover the
mode of exposure including: (i) inhalation, (ii) oral/digestive, and (iii) dermal absorption
can alter toxicity. It was shown in rats that persistent exposure to ZnO NPs within the
gastric system could lead to pancreatitis [210]. However there is limited correlation
between ZnO based skin protection and skin cancer--this is most likely due to the
effective barrier skin provides against NPs and other toxic chemicals [211]. An
observable difference in toxicity between carbon nanotube inhalation versus dermal and
oral exposure has been reported as well [212]. As research continues current data suggest
that the presence of nanomaterials is overly cytotoxic but the reactivity associated with
raw NP material could be and would vary on the exposure metrics [213]. Due to the
increased demand of NPs in molecular biology research, investigations how NPs can
cause reproduction toxicity [214] or be involved with heritable genetic traits following
long-term exposure [215] have been conducted.

1.13 Organic Polymeric Nanoparticles

Nanoparticles derived from organic-based compounds are used in a variety of
biomedical and clinical settings and can be employed for imaging and delivery due to
their delocalized electron structure giving them unique optical and magnetic properties.
Polymer-based nanoparticles are spherical structures that range in size and can exist in a
colloidal suspension [216]. Their three-dimensional amphipathic cage-like structure

promotes encapsulation of most drugs and small molecules as well as solubility of
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hydrophobic compounds [217, 218]. Structure and size can alter pharmaceutical
properties such as half-life, cellular uptake, and drug release kinetics [219]. Polymeric
drug encapsulation has been used for effective treatment for malignant gliomas for almost
20 years with intraparietal placement of carmustine wafers or carmustine-loaded
polymers for effective controlled drug release over time without adverse systemic effects
[220, 221]. Polymeric nanoparticles can be constructed from a wide range of monomeric
organic molecules or commercially available synthetic compounds [187] including block
polymer constituents such as PLGA, polystyrene (PS), and poly-ethelene-glycol (PEG) to
form three dimensional amphipathic structures [187]. The experimentation described in
Chapters 2, 3, and 4 utilize NPs composed of the di-block polymer poly (lactic-co-
glycolic acid, PLGA) and poly-capro-lactone (PCL) with 5% polyethylene glycol (PEG).
PLGA based nanoparticle vehicles offer an FDA-approved biodegradable drug
carrier that is metabolized by the body into monomeric subunits with limited toxicity
[187]. Although no current human clinical trials utilize PLGA based NPs, they have been
effective in the context of a drug delivery vehicle in vitro. PLGA based NPs have
effectively carried Gemcitabine to pancreatic tumor cells [222] and Paclitaxel to lung
cancer cells [223]. Polymer and copolymers are hydrolyzed into metabolite monomers
that are easily consumed by cells through normal respiratory mechanisms such as the
Krebs cycle [199]. There are multiple methods of formulation that allow for the
encapsulation of both both hydrophobic [224] and hydrophilic drugs [225]. Moreover
physio-chemical analysis can be run on a batch-by-batch basis to optimize subsequent NP
surface fuctionalization. Polydispersity and particle size can be measure by dynamic

light scattering and further evaluated by electron microscopy. PEGylation to nanoparticle
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formulations further increases circulation time and bioavailability in the blood stream,
and reduces renal clearance and has a well-established safety record in both clinical and
commercial settings. PEGylation is common for aptamers to increase circulation by
circumventing renal clearance[71, 97], in nanoparticles to increase biodistribution [198,
199], lipid based liposomal carriers [226] and chemotherapeutics [227].
1.14 Silica Nanoparticles

Silica is found ubiquitously in nature in both single- and multi-cellular organisms.
The abundance of silanol groups within the silica matrix provides biocompatibility and
promotes affinity towards phospholipids facilitating uptake by endocytosis [228-230].
Mesoporous silica and core-shell silica-based nanoparticles can be easily produced and
modified to manipulate structural characteristics such as fluorescence, magnetism,
surface area, controlled drug delivery, and pore size [192, 228, 231]. Uniquely, silica
nanoparticles can promote slow or modulated release from their cores [232]. Modulation
of pore size altered the kinetics of paclitaxel release in vitro that correlated with early and
late (sustained) levels of apoptosis of MCF-7 (breast adenocarcinoma) cells in culture
[233]. Kinetics of drug release is governed foremost by the electrostatic interactions
between the drug and the silica surface while drug loading is dictated by pore and particle
size [229]. Secondary stimuli such as pH, heat, light, or hydrolysis of structural
scaffolding can be used to promote delayed or sustained release of bioactive materials or
chemotherapeutics such as doxorubicin [232, 234-236]. Variation of material
composition within the particles can also modulate release activity; hybrid porous silica-
calcium phosphate nano-composite particles were developed to demonstrate an initial

burst release of 5-FU followed by sustained release of a therapeutically relevant dose (up
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to 32 days) and decreased tumor growth in vivo using a subcutaneous 4T1 breast cancer
xenograft mouse model [237].

Similar to polymer-based nanoparticles, silica-based nanoparticles allow
functionalization through covalent linkage of targeting molecules on their surface.
Functionalization promotes solubility, prevents degradation, and increases delivery of
encapsulated compounds [234, 238]. Dextran coating is associated with increased
biocompatibility in mice and increased sensitivity for tumor imaging [239]. Conjugation
of MUC-1 specific RNA aptamers to the surface of silica nanoparticles has been used to
identify MCF-7 breast cancer cells in vitro [240]. A red salt crystalline reporter (RuBPY)
incorporated in silica nanoparticles allows for quantification of the amount of aptamer
species available on the nanoparticle surface as well as the amount of internalization into
MCEF-7 cells [240]. They also demonstrated a reduction in photobleaching likely due to
electrostatic interactions when organic dyes are absorbed between the porous landscape
of the silica core and shell [240]. Additional detection assays have utilized a-thrombin
aptamers and a nucleolin aptamer conjugated to fluorescein-loaded mesoporous silica
nanoparticles in MDA-MB-231 (breast adenocarcinomal) cell lines [241, 242]. In
combinatory photodynamic and photothermal therapy [243, 244] a dual phototherapeutic
effect was observed by near infrared irradiation of phthalocyanine, as well as 5-fold
decrease in KB cell (cervical carcinoma) viability in a dose dependent manner, and a
reduction in tumor burden with a 100% survival ratio in an in vivo S180 sarcoma

xenograft mouse model [244].
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1.15 Inert Metallic Nanoparticles

Inert metals (gold Au, silver Ag) are used in multiple diagnostic modalities for
basic biological and biomedical research including imaging, oligonucleotide delivery,
detection, photodynamic therapies, biosensors, and drug encapsulation and release [193,
245, 246], although their use in anti-cancer therapies has been less widely utilized [180,
247-249]. Both Au and Ag nanoparticles demonstrate high permeability often showing
retention at tumor sites due to the permissive and incomplete vascularization of tumors
[250]. The permeability of these particles has been demonstrated in vitro with a model
micro-vasculature membrane analogous to the blood-brain barrier. A linear progression
and size dependence of Au nanoparticle permeability was demonstrated over 20 hr that
could be most beneficial to patients with malignant brain tumors unable to undergo
surgical tumor excision [251]. Au and Ag nanoparticles are readily linked to
biomaterials, amino acids, proteins, and short oligonucleotides through thiol and amine
group linker mediators to promote both cellular internalization and potentially higher
tolerated doses of therapeutics [252-257].

Both Au and Ag nanomaterials exhibit intrinsic anti-angiogenic properties that
may be exploited in anti-tumor therapeutics [258, 259]. Au nanoparticles inhibited the
heparin-binding domain of VEGF45 in human umbilical vascular endothelial cells
(HUVECS) as well as VEGFgs-induced migration and RhoA activity [260]. Similar
results were obtained with Ag nanoparticles on bovine retinal endothelial cells (BRECs)
and in vivo studies using mice and rat models implanted with VEGF+/VEGF- matrigel
plugs [259]. C57BL/6 mice administered Ag nanoparticles (500nM) in matrigel plugs for

7 days exhibited no significant vascularization and demonstrated results similar to those
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mice administered anti-angiogenic pigment epithelium-derived factor. BRECs treated
with the angiogenic stimulating compound Streptozotocin and Ag nanoparticles showed
reduced AKT phosphorylation, and little to no angiogenic response when compared to
Streptozotocin treatments alone. These results suggest that Ag nanoparticles themselves
may mitigate multiple angiogenic and proliferative cellular pathways characteristic of
malignant cells [259]. In support of this, reduction of fibroblast growth factor (FGF-2)-
mediated angiogenesis has been shown in both chick chorioallontoic membrane models
and in mouse matrigel models. Further, an increase in toxicity with cisplatin-loaded Au
nanoparticles in both lung epithelial and colon cancer cell lines was reported [256, 261].
Recently one group has demonstrated a unique internalization mechanism whereby gold
Au nanoparticles coated with an amphiphilic organic monolayer can spontaneously insert
into lipid bilayers on the cell surface through hydrophobic—hydrophobic contact between
the core of the bilayer and the monolayer of the Au nanoparticle dependent on the
stochastic protrusion of an aliphatic lipid tail into solution [125].

Because of the increase in the commercial use of Ag, cytotoxicity of Ag exposure
has been studied extensively. Ag nanomaterials exhibit many of the same properties
observed with Au nanomaterials and produce minimal cytotoxicity and accumulation in
respiratory and systemic organs [180, 262-265] as well as some antioxidant properties by
interacting and depleting reactive oxygen species and peroxidase metabolites at the
cellular level [213, 266, 267]. However, in one study, Sprague-Dawley rats highly dosed
with Ag nanoparticles (~20pg/m®) showed both respiratory and renal accumulation while
rats receiving 0.04pg/m? showed no adverse effects [263]. Results may be governed by

specific preparation, particle surface modulations, and even sex differences [251, 268-
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270]. Sub-chronic inhalation of Au nanoparticles in Sprague-Dawley rats showed that
both females and males accumulated NPs (diameter 4-5nm) in lungs in a dose dependent
manner, accompanied by tissue histological changes, macrophage infiltrate, and
inflammatory response, but accumulation in the kidneys only in females [263]. Au
nanoparticles, at least, demonstrate a size-dependence on physiochemical properties. In
lung cancer tumor cell lines A549 and 95D cells, incubation with 10nm Au nanoparticles
promoted endocytosis and growth inhibition. However, despite the growth inhibition, cell
invasion increased and correlated with increased expression of matrix metalloprotease-9
and intercellular adhesion molecule-1 [271]. By contrast, larger particles of 20nm and
40nm did not promote invasion pointing to the need for intensive pre-clinical testing
[271].
1.16 Aptamer-Nanoparticle Conjugates

To date, no aptamer directed NP conjugates are being investigated as a viable
treatment option. However, there are over 25 clinical trials that utilize aptamers as single
antagonists. The majority utilize pegaptanib and E10030 to inhibit VEGF5 in age
related macular degeneration [50] and related diseases [122, 272, 273]. Clearly there is a
clinical precedence regarding the use of aptamers as single antagonists which localize to
specific molecular targets within the body. This would suggest that conjugating small
molecules, such as cytotoxic drugs, could localize therapeutics to target sites as well.
Distinct expression surface receptors or biomarkers give individual cancer subtypes
unique molecular signatures that may be identified and bound by aptamers [51, 274].

When aptamers are covalently linked directly to drugs or drug carriers the resulting
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aptamer-drug conjugate creates a circulating and actively targeting cytotoxic “smart
bomb” [124, 275].

By themselves, internalization of nanoparticles into target tumor cells depends
largely on passive targeting that is based on the enhanced permeability and retention
(EPR) effect that is dependent on leaky vasculature or dysfunctional lymphatic drainage
characteristic of tumors [158, 226]. Similar to small molecules, antibodies, and antigen-
binding fragments (reviewed in [56]), aptamers have been used to functionalize
nanoparticle surfaces and promote active targeting to tumor cells through multiple
endocytosis mechanisms. The generation of such dual-functional “smart bomb”
complexes that are both loaded with anti-tumor drugs and also conjugated to aptamers
have multiple clinical advantages and their development by both basic research teams and
biotechnology industry has significantly increased in the past several years (Table 2) [79,
80, 276, 277]. First, such a design will preferentially, or even exclusively, target tumor
cell populations. Second, such a design facilitates active rather than passive targeting
with both target cell recognition and endocytosis of the complex. Third, such recognition
and internalization may circumvent multidrug resistance based chemoresistance
mechanisms [188-190, 278]. Although density of aptamer coating on nanoparticles is
central to the kinetics of cell binding and internalization, ratios need to be optimized for
each model system. It has been demonstrated in at least one report that with a polymer-
based system, excessive linkage of aptamers to the nanoparticle surface may mask PEG
composition, thus altering surface charge and decreasing tumor cell uptake [277, 279].

Several groups have reported using aptamers to target nanoparticles to cells while

also controlling release kinetics of therapeutics through “gating* whereby short ssDNA
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that forms hairpin structures prevent the release of the encapsulated biomolecule, and
presence of complementary ssDNA sequences or binding molecules present inside target
cells remove the hairpin structure and permit biomolecule release. In one such study,
treatment with camptothecin-loaded nanoparticles gated by an ATP-specific aptamer
showed a 40% higher incidence of cell death in MDA-MB-231 cell lines as compared to
a fibrocystic normal MCF-10a cell line. The higher incidence of cell death was related to
the higher metabolic synthesis of ATP in the cancerous cells [280]. Porous nanoparticles
may be gated by strongly-bound biomolecules within the pores. One group gated
mesoporous silica nanoparticle pores with desthiobiotin-avidin molecules. While T-ALL
aptamer sgc8c conjugated to their surface promoted interaction and internalization into
PTKY expressing CEM cells, the subsequent cytosolic interaction of desthiobiotin-avidin
with vitamin H, a hallmark of some tumor types, ungated the pores to allow release of
encapsulated doxorubicin [281].

In a similar approach to controlled release, folic acid-conjugated mesoporous
silica nanoparticles containing the photosensitizing agent TmPyP4, “capped” the
TmPyP4 molecules through interactions with a G-quadruplex DNA species [282]. The
folic acid promoted tumor targeting to folate receptors that commonly overexpressed on
the surface of multiple tumor cell types and long used for targeted therapy [283-286].
After internalization, light irradiation generated reactive oxygen species that caused
cleavage of the DNA cap and release and activation of TmPyP4 to facilitate cell killing in
HepG2 liver cancer cell line as compared to folate receptor-deficient murine 3T3 cells
[282]. Other groups using temperature and affinity modifications have demonstrated in

vitro controlled release of neomycin from multiple aptamer-conjugated Au nanoparticles,
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suggesting that these too could be utilized in therapeutic strategies [248]. Due to the
plasmonic resonance and low quantum yield of Au, optical illumination will promote
highly efficient conversion of photon energy into heat. Exploiting this property, Au
nanoparticles conjugated to both the T-ALL PTKY7 aptamer sgc8c and doxorubicin
demonstrated efficient internalization into the CCRF-CEM T-ALL cell line [249].
Further treatment with a continuous 532 nm wave laser stimulated release of doxorubicin
into cells and increased cell killing [249].

Similar to the traditional combination therapies using chemotherapeutics,
combinatorial approaches with nanoparticle delivery have shown to be more effective
particularly against late stage or chemoresistant tumors [287, 288]. Given that standard
cancer treatment regimens include combination therapy, an advantage of nanoparticles as
delivery vehicles is their property that individual cores can encapsulate multiple
therapeutic compounds for ensured simultaneous delivery to an individual target cell.
One group reported synthesis of polymer nanoparticles that carry precise molar ratios of
doxorubicin, camptothecin, and cisplatin that allow photo-triggered release of all three
drugs from a single nanoparticle [289]. Using the OVCAR3 ovarian carcinoma cell line,
these particles showed effective internalization into tumor cells and significantly
increased cytotoxicity following 365 nm UV light exposure [289]. In a second study,
PSMA specific aptamers were conjugated to polyethyeneimine-PEG nanoparticles to
deliver both doxorubicin and Bcl-xL shRNA to an LNCaP PSMA upregulated cell line
[290]. Combination therapy with nanoparticles loaded with both doxorubicin and Bcl-xL
shRNA was 60% more cytotoxic than either treatment with doxorubicin alone or with

nanoparticles with encapsulated Bcl-xL shRNA alone [290]. In addition the co-delivery
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of both compounds had a synergistic cytotoxic effect when compared to LNCaP cells
treated with a mixture of doxorubicin and shRNA polyethyeneimine-PEG nanoparticles
simultaneously [290].

Despite the large amount of promising initial data (see Table 2), the move from
benchtop to bedside with aptamer-directed anti-cancer therapies has been slow.
Aptamer-nanoparticle conjugates either alone or as “smart bombs” loaded with
chemotherapeutics have not yet reached phased clinical trial stages of development [277].
However aptamers as single antagonists and various chemotherapeutic-loaded
nanoparticle formulations have been clinically tested.

Table 2: “Smart Bomb” aptamer-conjugated nanoparticles in development for anti-cancer
therapy and detection

Therapy Aptamer Target Na;;sfrll’;:’cle Findings
Cisplatin Al10 Prostate PLGA-b- In vitro (PSMA+ LNCaP cells)
(RNA) specific PEG -internalization/cell
membrane viability [190]
antigen
Al10 Prostate PLGA-b- In vivo (Sprague Dawley Rats)
(RNA) specific PEG -In vivo toxicity
membrane (NUDE BALBI/c)
antigen -xenograph imaging/
antitumor effects [194]
Doxorubicin | KMF2 Her2/Erb2 Drug- In vitro (MCF-10AT1)
(DNA) aptamer -internalization/cell
conjugate viability [291]
HB5 Her2/Erb2 Drug- In vitro (MDA-MB-231,
(DNA) aptamer SK-BR-3)
conjugate -internalization/cell
viability [175]
sgc8c PTK7 Silica (SiO,) | In vitro (Ramos, CCRF-CEM
(DNA) cells)
-internalization/cell
viability
In vivo (BALB/c)
-Ex vivo organ
imaging [292]
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Doxorubicin | sgc8c PTK7 Silica In vivo (Toledo, Ramos)
(continued) | (DNA) (MP-SiOy) -internalization/cell
viability [281]
A9 Prostate PAMAM- In vitro (RAW264.7 murine
(RNA) specific succinamic monocytes)
membrane acid -immune response
antigen dendrimer (LNCaP, 22RV1)
-anticancer effects
In vivo (BALB/c)
-antitumor effects [180]
TDO5- mIGm Trimeric In vivo (CCRF-CEM, Toledo,
sgc8c- (B-cell aptamer Ramos, NB4)
sgdba receptor) linked to Dox -internalization/cell
Protein (3-D nucleic viability [168]
Kinase 7 acid
Toledo cells | structure)
(B-cell
lymphoma)
Epirubicin MUC-1 Mucin-1 Iron oxide In vitro (CHO-K1, C532
(DNA) (FENO,) Murine Colon)
-anticancer effects
In vivo (BALB/c)
-antitumor effects
-Mag. Res. Imaging
[293]
A-10 Prostate PEGylated In vitro (PSMA+ LNCaP)
(RNA) specific aptamer -internalization/cell
membrane viability [170]
antigen
Paclitaxel MUC-1 Mucin-1 PLGA In vitro (MCF-7, HepG2)
(DNA) -internalization/cell
viability [294]
AS1411 Nucleolin PLGA-PEG In vitro (C6-rat glioma)
(DNA) -internalization/cell
viability
In vivo (Sprague Dawley rats,
Wistar rats, NUDE mice)
-antitumor, tissue
distribution,
pharmokinetics[195]
AS1411 Nucleolin PLGA- In vitro (GI-1, L929, MCF-7)
(DNA) Lecitin-PEG -internalization [295]
Camptothecin | ATP ATP Mesoporous | In vitro (MDA-MB-231,
specific recruitment silica MCF-10a)
(DNA) promotes (MP-SiO;) -internalization/cell
release viability [280]
Vinorelbine | AS1411 Nucleolin PLGA-PEG In vitro (MDA-MB-231,
(DNA) MCF-10a)

-internalization [296]
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Curcumin | EpCAM Epithelial PLGA- In vitro (HT29, HEK293)
(RNA) cell adhesion | lecithin-PEG -internalization/cell
molecule viability [296]
Daunorubici | MUC-1 Mucin-1 NIR-CulSn, In vitro (MUC-1+ PC-3M,
n (DNA) Quantum HepG2)
Dots -cell viability [297]
SIRNA AS1411 Nucleolin PEG In vitro (A375, HEK293)
delivery (DNA) liposome -internalization/cell
viability
In vivo (NUDE BALB/c)
-tissue biodistribution,
antitumor effects [275]
SN-38 MUC-1 Mucin-1 Chitosan In vitro (MUC-1+ HT-29,
(irinotecan | (DNA) CHO)
metabolite) -internalization/cell
viability [298]
Doxorubicin | AS1411 Nucleolin Gold (Au) In vitro (HeLa, MCF-7, MCF-
& (DNA) 7R) -internalization/cell
TMPyP, viability [191]
Docetaxel A10 (RNA) | Prostate PLGA-PEG In vitro (PSMA+ LNCaP cells)
& specific -internalization/cell
Cisplatin membrane viability [299]
antigen
Bel-xL A10 (RNA) | Prostate PEI-PEG In vitro (PSMA+ LNCaP cells)
SshRNA specific -internalization/cell
& membrane viability [290]
Doxorubicin antigen

1.17 Clinical Applications of Aptamers and Nanoparticles

To date there have been 27 clinical trials that utilize aptamers as single

antagonists, although the majority of these do not target cancer but rather utilize

pegaptanib and E10030 to inhibit VEGF¢s5 in age related macular degeneration and

related diseases [122, 272, 273]. Four studies determining the efficacy of single aptamer

therapies for cancer-related malignancies were completed in the last eight years, one with

EYEOOland three with AS1411. PEGylated aptamer EYEQO1 has high affinity toward

isoforms of VEGF, and the genetic mutation found in Hippel-Lindau (VHL) disease up-

regulates the production of VEGF. An open label phase I study concluded in 2008
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piloted the use of anti-VEGF therapy (EYEO0O01) in 5 patients as a treatment for retinal
angioma associated with late stage VHL (NCT00056199). The nucleolin AS1411
aptamer [300] readily internalizes into cells, and is believed to have intrinsic pro-
apoptotic properties at least in part through disruption of Bcl-2 mRNA transcripts, as
demonstrated in breast cancer cell lines MCF-7 & MDA-MB-231 [155]. A phase I trial
(NCTO00881244) of patients with nonspecific advanced solid tumors determined tolerable
dosage profiles and pharmacokinetics followed by a single arm phase 11 trial
(NCTO00740441) as a neoadjuvant therapy in patients suffering from metastatic renal cell
carcinoma (MRCC), as well as an open-label randomized controlled dose escalating
phase Il trial (NCT00512083) as an adjuvant therapy in combination with cytarabine in
patients with primary refractory or relapsed AML (acute myeloid leukemia). Subsequent
additional arms of the trial were granted concerning patients with AML between the
years 2009 to 2011 but were terminated (NCT01034410). Unfortunately no study results
have been posted for any of the completed trials but the continued progression of aptamer
development and the push toward aptamers as primary treatments is encouraging.
Currently nearly 300 clinical trials deliver chemotherapeutic or alternative
cytotoxic payload encapsulated by nanoparticles to patients with solid tumors and
recurring malignancies (clinicaltrials.gov). The majority of ongoing trials utilize
paclitaxel-loaded micelles (nab-paclitaxel, ABI-007) composed of a negatively charged
albumin shell which creates both an amphipathic surface to promote cell interaction as
well as a hydrophobic core which promotes solubility of lipophilic paclitaxel and reduces

cytotoxic allergic reactions [301]. Adjuvant nab-paclitaxel has been investigated as a
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treatment for pancreatic, breast, ovarian, melanoma, peritoneal, lung, bladder, gastric, and
esophageal cancers.

Other formulations include: (i) paclitaxel-loaded PEG-polyaspartate copolymers
(NK105) [302] that are currently in a multi-national phase 111 clinical study comparing
NK105 versus Paclitaxel in patients with metastatic or recurrent breast cancer
malignancies (NCT01644890); (ii) Rapamycin-loaded albumin-based micelles (nab-
rapamycin) structurally identical to nab-paclitaxel were used in a phase |1 trial for
advanced non-hematologic malignancies (NCT00635284); (iii) an active phase Il trial
with docetaxel-loaded polystyrene nanoparticles (BIND-014) used in patients with non-
small cell lung carcinoma (NSCLC, NCT02283320); (iv) campothecin loaded
cyclodextrin polymeric nanoparticles (CRLX101, C-VISA BikDD) were used in a
completed phase 11 trial in patients with advanced metastatic NSCLC (NCT01380769),
and two currently recruiting phase I/11 trials in combination with Bevacizumab for
recurrent ovarian and peritoneal cancer (NCT01652079) or in combination with
Capecitabine for rectal cancer (NCT02010567); (v) campothecin semisynthetic analogue
irinotecan hydrochloride has been loaded into nanoliposomes (nl cpt-11) and albumin
nanoparticle (FOLFIRABAX) used in phase | (NCT00734682) or I/11 trials
(NCT02333188) respectively in patients with multiple malignant disorders; and finally
(iv) an alternative approach using direct linkage of Au nanoparticles to platinum-based
oxaliplatin and PEGylated-TNF allowed higher tolerated doses and possibly treatment
efficacy in a phase I trial [257].

The incorporation of gene therapy plasmids or small interfering RNA (siRNA)

into lipid-based nanoparticles for anti-tumor targeting has become one of the more
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promising areas of translational development. The anti-cyclin G1 gene construct (Rexin-
G) in a stable lipid particle suspension had promising results in both phase I and phase 11
trials for breast (NCT00505271), soft tissue sarcoma (NCT00505713), osteosarcoma
(NCT00572130), and pancreatic cancer (NCT00504998) but no results have been
reported. Despite this success, anti-cyclin G1 Rexin-G is a paradigm in the length of time
to bring new therapeutics to bedside. Cyclin G1 was identified more than a decade ago,
followed by laboratory mouse studies, Phillipine FDA approval (2007) [111]. A similar
gene therapy approach with FUS1 tumor suppressor gene expression plasmid-loaded
nanoparticles for lung cancer has also reached phase I trials (NCT01455389).
Incorporation of siRNA into lipid-based nanoparticles include: (i) anti-myc DCR-MYC
currently in two phase I/11 trials for patients with advanced solid tumors, multiple
myeloma, lymphoma, hepatocellular carcinoma non-Hodgkins lymphoma
(NCT02110563 & NCT02314052); (ii) anti-PLK1 TKM-080301 currently in phase |
trials for liver tumors [303], and anti-ribonucleotide reductase CALAA-01 previously in a
phase 1a/1b trial for non-specific solid malignancies that initially gave promising results
with similar pharmacokinetic profiles to treatments in rat, mice, and primate models but
which was subsequently terminated prematurely [304].

New experimental treatment approaches synergize the advantages between
nanoparticle technology and ionizing radiation for anti-cancer therapy. Hafnium oxide
nanoparticles (NBTXR3) have a high electron density enable the transfer of high dose
energy to target cells following ionizing radiation treatments. The increased radio-
enhancement could increase the efficacy of current radiation therapies while maintaining

low exposure levels in neighboring tissues[305], [306]. A NBTXR3 intra-tumor
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implantation phase | trials was recently concluded in patients with soft tissue sarcomas
(NCTO01433068) as well as phase Il trials in progress for patients with soft tissue
sarcomas (NCT02379845) will ascertain the efficacy of nanoparticle-based ionizing
radiation therapy.

Several nanoparticle-based technologies are in clinical trials for imaging of
tumors that aid not only in early detection and diagnosis but also in direct surgical
removal of malignant tissue or cells. MagProbe is a clinical tool for detection of multiple
hematopoietic malignancies including acute leukemia. Phase I trials began in 2011 with
an estimated enrollment of 60 patients and was concluded in December 2013 but no
results have been disclosed (NCT01411904). The system utilizes ultra-small
superparamagnetic iron oxide nanoparticles conjugated to a CD34 antibody [307]. The
inherent magnetic property enables both a more sensitive assay for detecting minimal
residual disease as well as the isolation of CD34+ malignant cells from relatively small
bone marrow samples. In theory this method can be used to clear these tumor cells from
patients.

1.18 My Thesis

The goals of my research are as follows: (i) I will identify aptamers that
specifically bind membrane structures and internalize into individual ovarian tumor
cell lines. Then by conjugating these aptamers to a fluorescent Cy5 reporter, | can
calculate the unique apparent binding constant for each aptamer as well as characterize
the mechanistic internalization pathway. Unique aptamers specific to tumors could
potentially be used as a diagnostic tool or molecular chaperone to localize tethered

molecules to cells and promote internalization. (ii) I will demonstrate that aptamer
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labeled NPs will promote internalization and retention of both fluorescent protein
loaded and Paclitaxel loaded NPs in an in vitro and in vivo model.

Specific Aim 1: Identify aptamers by the Cell-SELEX system that bind with high
affinity and internalize into Caov-3, SW626, and SK-OV-3 cells.

Specific Aim 2: To determine if Cell-SELEX identified aptamers that specifically
bind and internalize into EOC tumor cells can facilitate
endocytosis and internalize an aptamer labeled NP.

2.1: Measure the cellular uptake of Cell-SELEX

identified aptamer labeled fluorescein diacetate loaded NPs
2.2: Measure the altered cellular proliferation after
treatment with Cell-SELEX identified aptamer labeled
Paclitaxel loaded NPs.

Specific Aim 3: Observe the aptamer mediated targeting and retention capabilities
of an ovarian tumor specific Cell-SELEX identified aptamer
labeled ICG loaded NP in vivo.

The methods described here could potentially lead to personalized aptamer guided drug
treatments that are based on tumor specific morphology. Aptamer development in
conjunction with polymeric NPs can deliver therapeutic payloads as front-line therapy for

cancer treatment.



CHAPTER 2: IDENTIFICATION OF EOC SPECIFIC APTAMERS
BY CELL-SELEX THAT INTERNALIZE INTO TARGET CELLS

2.1 Introduction

The objective of the work presented here was to identify ovarian tumor specific
single stranded DNA probes, termed aptamers, which bind with high affinity to unique
structural moieties on the cell surface. To identify epithelial ovarian cancer cell-specific
aptamers | have adopted a widely used protocol named Cell-SELEX. | have modified the
selection process to identify aptamers that can distinguish between neoplastic ovarian
epithelial cells and non-transformed ovarian epithelial cells. The identified aptamers
have been shown to specifically recognize target cells with an apparent equilibrium
dissociation constant (K4) measured in the nanomolar range but show minimal interaction
with physiologically similar epithelial tumor cells and non-transformed cell lines.
Further, I show that aptamers internalize into target cells thus having the potential to be
utilized clinically as a diagnostic tool to aid in initial tumor detection and visualization
including evidence of tumor metastasis or to direct and localized aptamer-
chemotherapeutic conjugates at tumor sites.
2.2 Materials and Methods

Cell Lines and Cultures

The human ovarian adenocarcinoma cell lines Caov-3 (HTB-75), SK-OV-3

(HTB-77), and SW626 (HTB-78) were obtained from ATCC (Manassas, VA) and

maintained in tissue culture 37°C 5% CO,. Caov-3 cell lines were maintained in
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Dulbecco's minimal essential medium (DMEM, GIBCO) supplemented with 10% fetal
bovine serum (FBS, GIBCO) and 1% penicillin—streptomycin (GEMINI). SK-OV-3 cell
lines were maintained in McCoys5a media (ATCC) supplemented with 10% FBS (heat-
inactivated, GIBCO), 1% penicillin—streptomycin (GEMINI). SW626 cell lines were
maintained in Leibovitz media (ATCC) supplemented with 10% FBS (heat-inactivated,
GIBCO), 1% penicillin- streptomycin (GEMINI), and 1% sodium bicarbonate (7.5% wl/v,
Cellgro). The pancreatic carcinoma cell line Hs766T (ATCC, HTB-134) and Suit-2
[308], human cervical adenocaricoma HeLA (ATCC, CCL-2), breast adenocarcinoma
cell lines MCF-7 (ATCC, HTB-22) and MDA-MB-231 (ATCC, CRM-HTB-26), murine
embryonic fibroblast NIH/3T3 (ATCC, CRL-1658) were all maintained in DMEM
supplemented with 10% FBS (heat-inactivated, GIBCO), 1% penicillin—streptomycin
(GEMINI). Normal epithelial cell lines HEK-293 (ATCC, CRL-1573) maintained in
DMEM supplemented with 10% FBS (heat-inactivated, GIBCO), 1%
penicillin—streptomycin (GEMINI). The HPV immortalized human ovarian epithelial
(HOSE 6-3) cells [309] maintained in Medium199/MCDB105 media (1:1, Sigma
Aldrich) supplemented with 10% FBS (heat-inactivated, GIBCO), 1% penicillin--
streptomycin (GEMINI), 1% sodium bicarbonate (7.5% wi/v, Cellgro).
Whole Cell-SELEX

An HPLC-purified sSDNA aptamer library (Integrated DNA Technologies (IDT))
contained a centralized random sequence of 20 nucleotides flanked by fixed 5* and 3” 20
nucleotide sequences for PCR enrichment (5’-CTCCTCTGACTGTAACCACG-Nyo-
GCATAGGTAGTCCAGAAGCCA-3’). 2 uL of the aptamer library (100 uM) in TE

was added to 8 uLL. H,O with target Caov-3 cells. Samples were denatured 95°C 5 min
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and cooled on ice for 5 min before treating target cells. Cooled suspension were added to
980 uL binding buffer (BB, PBS (GIBCO) supplemented with 1% w/v Bovine Serum
Albumin (BSA, Cellgro), 4.5 g/L glucose (Sigma Aldrich), 5mM MgCl; (Sigma Aldrich).
Aptamers were incubated on a monolayer of Caov-3 cells (seeded at 2.0x10° 48 hrs prior,
37°C 5% CO,) in T25 flask 4°C 30 min under constant agitation in the absence of
competitor. After washing with PBS (3X) for 1 min, adhesive cells were collected. Cells
with aptamers were centrifuged 12,000 rpm 2 min. The supernatant was discarded and
bound aptamers were eluted 95°C 5 min in 50uL. 1X PBS. Eluted aptamers were
collected, resuspended in 950uL BB and used for negative selection against HOSE 6-3
cells (seeded at 2.0x10° 48 hrs prior, 37° 5% CO5) in T25 flask 4°C 30 min under
constant agitation in the absence of competitor. 1mL of BB was collected and aptamers
eluted by ethanol precipitation resuspended in 20uL TE. The collected aptamers were
amplified by PCR (GE HEALTHCARE illustra PuReTaq Ready-To-Go PCR beads):
Primer A: 5’-gaggagactgacattggtgc, Primer B: cgtatccatcaggtcttcgga-5°, Cycle: 94°C 5
min, (35 cycles) 94°C 30 sec, 62°C 30 sec, and 72°C 45 sec, followed by elongation
72°C 10 min. PCR product was concentrated using DNA Clean & Concentrator™-5
(Zymo Research) and the total volumes of recovered aptamers were used for proceeding
rounds of selection. Concentrations, as detected by NanoDrop, were significantly less
than initial starting concentration at the conclusion of round 1. Subsequent treatment
concentration of aptamers was maintained (~100 ng) following elution of aptamers and
PCR enrichment.The first and second rounds of SELEX eliminated the counter selection
step, but were introduced during the 3", 5™ 7" and subsequent odd rounds of selection.

A total of 15 rounds of whole-cell SELEX were performed on the target cell line. Wash
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strength was enhanced gradually from 1 to 2 min and flask sizes increased from T25 to
T75 following and including round 10 of positive selection. To monitor the presence of
aptamers through rounds of selection, aptamers from rounds 5, 8, and 12 were cloned into
Escherichia coli by manufacturers’ recommendations using a One Shot TOPO10A
cloning kit (Invitrogen) then analyzed by Sequetech DNA Sequencing Service (Mountain
View, California). Global sequence panels were obtained after 15 rounds of selection by
lon Torrent Next Generation Sequencing (University of North Carolina-Charlotte).
Next Generation lon Torrent Sequencing

100 ng dsDNA PCR products was confirmed by Quant-iT™ PicoGreen® dsDNA
Assay Kit (Invitrogen) and were used as template in the lon Xpress Plus Fragment
Library Kit (Invitrogen) following the protocol for short amplicons. Amplification of the
prepared library was required; therefore the protocol to amplify and purify the library was
followed. The amplified library was quantified using the Kapa Biosystems Library
Quantification Kit for the lon Torrent platform on a Bio-Rad MyIQ iCycler to determine
the Template Dilution Factor (TDF) to be used with the lon PGM Template OT2 200 Kit
and the OneTouch 2 instrument. After emulsion PCR, the clonally amplified sample was
run on the lon Torrent PGM instrument using the lon PGM Sequencing 200 Kit v2 and a
314 chip. Run conditions included 260 flows on the PGM instrument for sample 1 and
500 flows for sample 2.

Flow Cytometry (Binding Kinetics).

To test the binding capacity of selected ovarian aptamers-RLAO01, RLA02, and RLAO3
were obtained from IDT labeled with a Cy5 fluorescent dye. The binding affinity of

aptamers was determined by incubating cell lines on 6-well plates (seeded at 1.0x10°,
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incubated 48 hours) with varying concentrations of Cy5 labeled aptamer. 25uL aptamer
pool in TE was added to 1 mL of cell line specific media and incubated at 37°C 5% CO,
2 hours agitating slightly every 30 min. Cells were then washed twice with 2 mL 1X
PBS, scraped in 1 mL 1X PBS, and filtered through a 35um nylon mesh cell strainer
polystyrene tube (BD Falcon). Cells were subjected to flow cytometric analysis within 1
min and fluorescent events were determined with a Becton Dickinson LSRFortessa Flow
Cytometer by counting 50,000 events. A Cy5 labeled randomized unselected 60mer
oligo was used as negative control. Mean fluorescent events (n=3) were recorded and
used to calculate an apparent dissociation constant (Kg) for specific binding. The Ky of
the fluorescent aptamers were obtained by fitting the dependence of fluorescence
intensity of specific binding on the concentration of the ligands to the equation Y =
BmaxcxX*h/(Kg™*h + X”h) using GraphPad Prism software (2236 Avenida de la Playa, La
Jolla, CA 92037). When calculating respective K4 values baseline fluorescence for
untreated cells was not pre-subtracted off since detected initial auto fluorescence made no
significant impact on the calculated Ky values. Concentrations of Cy5-aptamer
conjugates were brought to 1600 nM to saturate the system and obtain sigmoidal curves
giving the most accurate Kq values for post hoc analysis.

Flow Cytometry (Endosomal internalization)
To determine the percent internalization of Cy5-aptamer conjugates pHrodo® Red
Transferrin Conjugate was used (Invitrogen). Aptamers (500 nM) were added to 1 mL
cell specific media and incubated on Caov-3 cells (6-well plates seeded at 1.0x10° 48 hrs
prior, 37° 5% CO,) and observed at 30, 60, 90, and 120 min post treatment. 30 min

before pre-determined time points staining with endosomal specific marker pHrodo®
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Transferrin Conjugate was done by the manufacturers’ recommended protocol (25
pg/mL). Cells were then washed twice with 2 mL 1X PBS, scraped in 1 mL 1X PBS,
and filtered through a 35um nylon mesh cell strainer polystyrene tube (BD Falcon). Cells
were subjected to flow cytometric analysis within 1 min and fluorescent events were
determined with a Becton Dickinson LSRFortessa Flow Cytometer by counting 100,000
events. Percent internalization was calculated by the following equation: (# of dual Cy5
pHrodo Red events - # of pHrodo Red untreated background)/ # of Cy5 events.

Confocal Imaging.
Cells were seeded at 5.0x10* per well/plate and incubated 37°C 5% CO, 48 hrs. 2uL
Cyb-aptamer conjugates at concentration ranges of 1 uM to 25 uM was added to 1 mL
cell specific media and incubated on target cells 37°C 5% CO, 2 hours agitating slightly
every 30 min on a 35, 0/20 mm glass bottom culture dish and 35, 0/10 mm glass bottom
24 well plate (Greiner bio-one). Cells were washed with PBS (3x) and fixed with 2ml
heptane (1:8.25 PBS: 37% Formaldehyde (Sigma Aldrich)) 37°C 10 min. For endosomal
internalization specific microscopy, cells were treated with pHrodo® Red Transferrin
Conjugates by the manufacturers’ recommended protocol 30 min before fixing.
Endosomal internalization was observed at 30, 60, 90, and 120 min time points post
initial treatment with Cy5-aptamer conjugates. Cells were washed with PBS (3x) and
fixed with 2ml heptane (1:8.25 PBS: 37% Formaldehyde (Sigma Aldrich)) 37°C 10 min.
Subsequent staining of fixed cells was performed with DAPI (10 ng/uL, 10 min), or cell
membrane stain Wheat Germ Agglutinin Alexa 488 conjugate (1pg/pL, 10 min,

Invitrogen) using standard procedures. Imaging of the cells was done with an Olympus
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FluoView 1000 confocal microscope using DAPI (blue), Alexa448 (green), pHrodo®
Red (orange), and Cy5 (red) filters.
2.3 Results
Cell-SELEX for Identification of Ovarian Tumor Specific Aptamers

Whole Cell-SELEX was adapted to identify aptamers that bind and potentially
internalize into Caov-3, SK-OV-3, and SW626 ovarian epithelial adenocarcinoma cells
[94, 310]. The Caov-3 adenocarcinoma cell line is of epithelial morphology and
corresponds to late stage ovarian cancer and has been shown to express upregulated
tumor biomarkers such as NB/70K, Ca-1, CEA, and Ba-2 [311]. Histological analysis
confirms Caov-3 as a serous tumor subtype derived from primary tumor tissue [312].
The SK-OV-3 cell line has been characterized as a grade 1/2 serous epithelial
adenocarcinoma that was isolated from peritoneal cavity fluid (ascite) [312]. Tumor
associated antigen analysis of SK-OV-3 shows no evidence of NB/70K, OC-125, Ca-1,
CEA, and Ba-2 [311]. Additonally, SK-OV-3 cells are characterized as resistant to
multiple cytotoxic drugs including platinum taxanes [312, 313]. Although SW626 was
isolated as an ovarian adenocarcinoma, genome expression evidence recently indicated it
likely originated as a colorectal tumor metastasized to the ovary [314]. The SW626 cell
line is representative of a grade 111 adenocarcinoma. All three cell lines have been shown
to be tumorigenic in mouse models and genetic karyotyping shows Caov-3, SK-OV-3,
and SW626 genomes to be hypotriploid, hypertriploid, and hypertetraploid respectively.
To ensure aptamer target cell specificity, rounds of negative selection were carried out on
human papilloma virus (HPV) immortalized human ovarian surface epithelial cells

(HOSE 6-3) [309]. Morphologically HOSE 6-3 cells exhibited structurally identical
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cytoskeleton filaments with that of normal ovarian epithelial cells and show no up-
regulation of known ovarian tumor specific markers such as CA-125 after
immortalization [309]. The non-transformed immortalized HOSE 6-3 cell line has
demonstrated to be non-tumorigenic when inoculated into nude mice after 20 passages
[309]. The use of HOSE 6-3 cells for negative selection was deemed significant for
potential in vivo therapeutic applications in which aptamers would need to bind to
malignant cells but not to neighboring non-tumor cells of otherwise similar cell type or
origin. Potential aptamers were identified from an initial randomly generated sSDNA
60bp oligonucleotide library in a dual positive and negative selection process consisting
of selection rounds followed with PCR enrichment prior to the subsequent round.
Negative selection was done at rounds 3, 5, 7, 9, 11, and 13 which promoted
identification of aptamers highly specific to malignant cells.

Monitoring Aptamer Selection and
Identification of Ovarian Tumor-Specific Aptamers

Two methods to ensure complete 60mer and 80mer aptamer sequences were
being recovered and enriched during the Cell-SELEX protocol. Firstly, aptamer pools
from rounds 3, 8, and 12 of whole Cell-SELEX on Caov-3, SK-OV-3, and SW626 cell
lines were sampled and transformed by TA TOPOZ10A cloning kit according to the
manufacturers recommended protocol. An EcoRI digest of the DNA shows clones
transformed with aptamer DNA of varying sizes as seen in Figure 4. Clones showing
bands within the gel were further analyzed by Sanger sequencing. Results indicated that
full length aptamers were being recovered and enriched throughout the Cell-SELEX
protocol for Caov-3 and SK-OV-3 cells (Figure 4). This was confirmed by identifying

PCR flanking sequences in 60mer and 80mer aptamer populations. Although positive
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transformation of aptamer DNA specific to SW626 Cell-SELEX was never achieved,
recovery of aptamer DNA and enrichment by PCR was continuously confirmed by
NanoDrop.

The EcoRlI digestion of clonal DNA result in a ~10 bp overhang on both 5’ and
3’ ends of the aptamer. This explains 80mer aptamers recovered in round 3 specific for
Caov-3 cells showing a band at 100 bp (lane 5, 7, 10, 11, and 12 Figure 4). Sanger
sequencing revealed that bands larger than expected for indicated aptamer sizes was the
result of contcatemerized or 3’ to 5’ ligated full length aptamers. Clones analyzed from
round 3 of Caov-3 Cell-SELEX (Figure 4) showed 11 distinct aptamer species with one
subgroup representing 67% of the population. Additionally, sequencing of clones from
round 12 of selection specific to Caov-3 cells (Figure 4) provided 10 distinct aptamer
species with one of these aptamer species representing 33% of the sequenced population.
Similar data was observed with SK-OV-3 specific Cell-SELEX aptamer transformations
(Figure 4). Larger band sizes were the result of multiple full length aptamers
intercalating into the bacterial genome during transformation. Although full length 3’ to
5’ ligated aptamers were seen, no clear subpopulation of aptamers was recognized. This
data strongly suggests that aptamers are recovered following progressive rounds of Cell-
SELEX. Additionally, as described earlier for my specific protocol, round 3 of selection
was the first round involving both positive and negative selection. Aptamers from this
round were exposed to two different cell lines and TOPO cloning confirmed recovery.
Moreover, the results seen in rounds 3 and 8 for Caov-3 cells confirms positive
enrichment of aptamers as seen by Sanger sequencing showing identical aptamer inserts

in multiple clones.
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Figure 4: EcoRI digest of transformed clonal DNA shows positive recovery of aptamers
during progressive rounds of Cell-SELEX for SK-OV-3 and Caov-3 cells. Clones scored
by X-gal (5-Bromo-3-indolyl B-D-galactopyranoside) metabolism for positive
intercalation of aptamer DNA were isolated and expanded at 37° overnight in ampicillin-
LB broth. Following DNA extraction 2jug of clone specific DNA was subjected to
digestion by EcoRI enzyme for 2 hours 37°. Digested DNA showing presence of inserted
DNA from rounds of Cell-SELEX selection were analyzed by Sanger sequening.
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A second way of monitoring aptamer enrichment is by observing the increase of
fluorescent events between successive rounds of Cell-SELEX with Cy5 labeled aptamers.
Again aptamers from round 3, 8, and 12 of selection were sampled and enriched by PCR.
Pools of Cy5 labeled aptamers were generated using 5° Cy5 labeled and 3’ biotin labeled
primers for PCR. This creates a double stranded PCR product consisting of a 5°-Cy5
labeled aptamer and a 3’-biotin labeled antisense strand. The PCR product was cleaned
and concentrated with a Zymo DNA cleaner kit by the manufacturers recommended
protocol. Cleaned PCR product was heated at 95°C to dissociate the dSDNA and mixed
with streptavidin beads. The beads bind with antisense biotin labeled sSDNA strands that
are then isolated when exposed to a magnetic field. The remaining supernatant is rich
with Cy5 labeled aptamers and quantified by NanoDrop.

| added 500 ng of Cy5 labeled aptamer stock from the indicated rounds of
selection to cell specific media. Cells and aptamers incubated for 2 hours, washed twice
with 1x PBS, and collected by scraping. Cells were passed through a nylon mesh to
prevent clumping and immediately analyzed by flow cytometry. Populations of SK-OV-
3, Caov-3, or SW626 cell lines that bind to cell specific Cy5 labeled aptamers were
quantified and shown in Figure 5. In addition to PCR amplifying fluorescently labeled
aptamers from rounds 3, 8, and 12 of Cell-SELEX, | amplified the initial random library
to establish any baseline fluorescent activity and demonstrate the importance of the
selection process. The right shift in the histograms is showing an increase in fluorescent
events when cells are treated with successive rounds of cell specific Cy5 aptamer pools.
Levels of detectable fluorescence in round 3 (blue) are similar to the fluorescent events

seen when cells are treated with aptamers from the initial random library (red). For all
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cell lines round 8 (orange) and round 12 (green) cell specific aptamer treatments yielded

significantly higher populations of cells with Cy5 associated fluorescence. This is due to

the increase of cell line specific aptamers being enriched during Cell-SELEX and

adhering or internalizing into target cells.
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Figure 5: Monitoring the enrichment of aptamers by flow cytometry. Flow cytometry
histograms are shown for Cy5-labeled aptamer pools from successive rounds of Cell-
SELEX incubated on Caov-3 (A & B), SK-OV-3 (C& D), and SW626 (E & F) cells.
Cells were treated with Cy5 labeled aptamers and incubated at 37°C 5% CO, 2 hours.
Aptamer rounds of selection: initial random library (B ), round 3 (B ), round 8 (O)
and round 12 (B3).
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In order to characterize the complete aptamer population at the final round of
selection, | used Next Generation Sequencing (NGS) on the lon Torrent Personal
Genome Machine (PGM) platform. After round 15 of Cell-SELEX on Caov-3, SK-OV-
3, and SW626 cell lines | did a final enrichment by PCR and cleaning to concentrate
respective pools of aptamers. To sequence the aptamer pools | followed the
manufacturer’s operating procedure for the PGM instrument and lon PGM Sequencing
200 Kit v2. One modification from within the protocol was made; the option to
electrophoretically elute size specific aptamers by Pippin Prep was omitted. Due to the
sequencing data produced after TOPO cloning analysis data suggests that there could be
end-to-end aptamer ligation during the initial preparation of the aptamer DNA pool with
the lon Xpress Plus Fragment Library Kit. A step requiring the ligation of PCR flanking
regions to amplify the existing aptamer pool before sequencing could lead to unexpected
ligation of aptamers that would result in larger than predicted aptamer sizes. | felt it
necessary to not limit potential reads that could elucidate more information about aptamer
sequence homology within the final round 15 pool of cell specific aptamers.

Aptamer pool libraries specific to SW626 (60mer) were analyzed after sequencing
on an lon Torrent 314 chip and resulted in 44% chip loading efficiency returning 9%
usable reads. This resulted in 34,613 DNA reads but subsequent sequencing analysis
returned no evidence of full length aptamers within the pool. However, analysis was only
done searching for known forward and reverse PCR flanking regions of aptamers. In
order to identify any potential sub-populations of sequences showing homology within
the SW626 pool, more analysis must be done on the sequenced library. Sequencing of

the SK-OV-3 (80mer) aptamer pool returned less than 5% loading efficiency resulting in
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less than 10,000 usable reads. Mean read lengths of the pool were lower than expected
and subsequent sequencing analysis has identified no aptamer species or sequence
homology. At this time neither SK-OV-3 nor SW626 specific apatmer pools have been
re-sequenced despite evidence of aptamer DNA recovery as seen by TOPO cloning and
flow cytometry (Figure 4 & 5). These data strongly suggest that aptamer DNA has been
both recovered and enriched throughout the Cell-SELEX process on both SW626 and
SK-OV-3 cell lines, and the poor results from sequencing could be due to loading error or
a preparatory step within the sequencing protocol.

lon Torrent sequencing for both 60mer and 80mer Caov-3 specific aptamer pools
resulted in more promising data. When analyzing the 80mer Caov-3 aptamer pool data
showed a 49% loading efficiency resulting in 144,441 reads. Searches for forward and
reverse known PCR flanking regions returned 3 unique sub-populations of truncated
aptamers. Aptamer populations contained complete 5’ PCR flanking regions but no 3’
region. Truncated complimentary antisense stands were also recovered in the sequencing
pool. It was evident that the three sub-populations of aptamers contained a unique 40mer
random sequence. Alignment of the 40mer random sequence within the sub-population
shows 98% to 100% homology. It is also noteworthy that sequencing identified aptamer
sub-populations numbering in the hundreds and in some cases several thousand aptamers.
The aptamers recovered were truncated but this data strongly suggest that aptamers were
selected for and enriched through the Cell-SELEX protocol. During analysis of the
60mer aptamer pool data showed a 53% loading efficiency resulting in over 293,000
reads. Subsequent searching for aptamer PCR flanking regions returned full length

aptamers from the sequencing data. From an initial random pool of approximately 4%
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sequences, my sequencing data identified 7 full-length aptamers within the final aptamer
pool. Aptamers were identified in a 5’ to 3’ configuration as well as complimentary anti-
sense strands. Given the flow cytometry data and the identification of 7 unique aptamers
in sequencing data from the initial randomized pool, the Cell-SELEX protocol was
terminated after 15 rounds. Here | will report on three of these aptamers termed RLAO1,
RLAO02, and RLAO3. Table 3 highlights all the sequences identified within the 60mer
Caov-3 aptamer pool.

Table 3: Sequences of identified aptamers by Cell-SELEX specific for Caov-3 ovarian
tumor cell lines

Aptamer Sequence
RLAO1 CTCCTCTGACTGTAACCACGCGGAAAGCATCAGGGTTGAGCATAGGTAGTCCAGAAGCCA
RLAO2 CTCCTCTGACTGTAACCACGAGAAGGTCCAGAGAGTAGTGGCATAGGTAGTCCAGAAGCCA
RLAO3 CTCCTCTGACTGTAACCACGCTACGGTTCGGAGGACACCCGCATAGGTAGTCCAGAAGCCA
RLAO4 CTCCTCTGACTGTAACCACGCGAGGGGCGGACAGGGGAGGCATAGGTAGTCCAGAAGCCA
RLAOQ5 CTCCTCTGACTGTAACCACGGATCAGGGGAAACTCCAGTGGCATAGGTAGTCCAGAAGCCA
RLAO06 CTCCTCTGACTGTAACCACGTGACTAATTAGAGGTGGATCGCATAGGTAGTCCAGAAGCCA
RLAO7 CTCCTCTGACTGTAACCACGTTATGAATTGGCGCCGGGGAGCATAGGTAGTCCAGAAGCCA

Scrambled

Aptamer ACTCAACGAACGCTGTGGATGCGACATAGCTAGCAGCGCATATGTATGTACATGGACATCT

Predicting Tertiary Structures of Aptamers
In order to predict the most stable structure for RLAO1, RLA02, and RLAO3, | used
UNAfold (Rensselaer Polytechnic Institute). Ranking of the stability for aptamers
RLAO1, LA0O2, and RLLAO3 is based on Gibbs free energy and yielded AG values of -2.4,
-4.91, -4.24 kcal/mol respectively. RLAO1 and RLAOQ2 exhibit a large central loop with
small hairpin tructures radiating from the main loop. RLAO3 will form a longer structure
consisting of an external loop-hairpin-loop-hairpin-loop structure. Figures detailing the
top energetically stable secondary structures of aptamers RLAO1, RLA02, and RLAO3

are available in supplemental data (Figure 6).
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Figure 6: Predicting energetically stable tertiary structures of aptamaers RLA0L, RLA02,
and RLAO3. To predict probable secondary structures of aptamers, nucleotide sequences
were analyzed by UNAFold software. The top energetically stable structures as

determined by Gibbs free energy equation analyzed at 20°C are shown for aptamers
RLAO1, RLAO2, and RLAO3. Corresponding AG values are given for each structure in

tables provided above.



S7

Specificity of aptamer binding and internalization to target cells:
Determining Aptamer Binding Kinetics

Flow cytometry was used to quantify aptamer binding activity. RLAO01, RLAOQ2,
and, RLAO3 were evaluated to determine the binding kinetics of each and calculate
apparent equilibrium dissociation constants (Kg). The aptamers were conjugated to
cyanine dye Cy5 on the 5’ end to enable detection by flow cytomerty and quantify the
number of cells that bind to the target aptamer. Additionally, a random scrambled
aptamer also conjugated to Cy5 was used as a negative control to demonstrate specificity.
Target EOC Caov-3 cells were treated with increasing molar concentrations of Cy5-
aptamers for 2 hr. Following washing of excess unbound aptamer, cells were analyzed by
flow cytometry to quantify Cy5 fluorescence. To establish baseline fluorescence,
untreated Caov-3 cells were also analyzed and gating of the background fluorescence was
set to 0.01% of the total population analyzed (data not shown). As expected, no
fluorescent events above the background gate were observed when Caov-3 cells were
incubated with the random scrambled aptamer at concentrations up to 1.6 uM (data not
shown). RLAO1, RLA02, and RLAO3 all demonstrated a dose-dependent increase in
binding to target Caov-3 cells (data not shown). Binding of each of the aptamers to Coav-
3 cells was highly specific since minimal binding events were detectable by flow
cytomerty when any were incubated with either of the analogous epithelial ovarian tumor
cell lines SK-OV-3 or SW626 (data not shown). From the flow cytomerty data (Figure
7), respective apparent K4 values for RLAOL, RLA02, and RLAO3 to Caov-3 cells were
calculated in the nanomolar range as 16.02 £ 4.14 nM, 12.73 £ 2.29 nM, and 118 + 7.64

nM, respectively (Table 4).
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Figure 7: Binding kinetics of ovarian tumor specific aptamers to determine equilibrium
dissociation constants (Ky) to ovarian tumor cell lines. To assess target cell and aptamer
binding affinities | used flow cytometry to quantify mean Cy5 fluorescence to
demonstrate binding and specificity to an ovarian epithelial malignant cell line Caov-3
(®). Data points represent the average mean fluorescence ovbserved (n=3, error bars
+SD) at indicated nM concentrations A) Cy5-RLAO1 aptamer conjugates with Caov-3
target cells in increasing nM doses. B) Cy5-RLAO02 aptamer conjugates with Caov3
target cells in increasing nM doses. C) Cy5-RLAO3 aptamer conjugates with Caov-3
target cells in increasing nM doses. Individual apparent K4 values were calculated by
using the equation Y=Bmax*X"h/(Kq"h+X"h) for the three DNA aptamers.

Table 4: Characterization of identified Caov-3 aptamer binding Kinetics with target and
non-target cells

Qvarian —formal ___  Cervical __Breast _  _Pancreatic  Murine

HOSE MDA- NIH

Caov-3 SK-OV-3 SW626 HEK293 63 Hela  uoon, MCF7  Suit2  Hs766t ..,
++ +

RLAO1T | 1602+ + - - - + - - - - -
4.14
+

RLAO2 | 1273+ - - - - - - - - - -
2.29
+ +

RLAD3 118 + - - - - - - - - - -
7.64

Kq=nM
+++: >15% of total cell population showing Cy5 fluorescent events
++: 10%-15% of total cell population showing Cy5 fluorescent events
+: <10% of the total cell population showing Cy5 fluorescent events
-1 <1% of total cell population showing Cy5 fluorescent events-Ky undetermined
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Imaging by Confocal Microscopy

Aptamer specificity was further demonstrated by comparison of Cy5-aptamer
binding to a large panel of cell lines. Incubation with both 400 nM (Figure 8A-blue) and
800 nM (Figure 8A-green) Cy5-RLAO1 for 2 hr produced a right shift in the fluorescent
Caova3 cell population over untreated cells, consistent with an increase in aptamer-cell
interaction. By contrast minimal shift of the population above baseline was observed
with either non-transformed HOSE 6-3 cells or kidney epithelial HEK293 cells when
incubated with increasing molar concentrations of Cy5-RLAOQ1, Cy5-RLAO02, or Cy5-
RLAO3 (Figure 8A). This was further demonstrated by confocal microscopy as seen in
Figure 8C. Cell-aptamer interactions were observed with Cy5-RLAO1 when incubated
with SK-OV-3 and Hela cell lines (Figure 8D). Although flow cytometry confirms
aptamer-cell binding for both HeLa and SK-OV-3 cell lines, the average fluorescent
events observed were significantly less for both when compared to RLAO1L binding to
Caov-3 cells and showed no interaction with the scrambled aptamer at equal doses

(Figure 8D).
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Figure 8: Dose-dependent and time-dependent specificity of aptamer binding to target
cells but no interaction with non-malignant epithelial cells by flow cytometry and
confocal microscopy. RLAO1 aptamers were incubated at increasing concentrations and
times to normal and malignant epithelial cell lines. A) Cy5-RLAO1, RLA02, and RLAO3
incubated with indicated cell lines for 2 hours. Aptamer doses corresponding to colored
hisotgrams are control (B ), 400nM (8 ), and 800nM (B ) concentrations. B) Cy5-
RLAO1 incubated with indicated cell lines for 4 hours. C) Confocal imaging of indicated
cell lines treated with RLAO1 imaged at 60X using a nuclear stain (DAPI-blue), a
membrane stain (WGA-Alexa Fluor 488-green), and Cy5-aptamers (Cy5 pseudocolored
as yellow). D) Binding kinetics of RLAO1 when increasing molar conentrations are
incubated with Caov-3 (@ ), SK-OV-3 (l), and HeLa (A ). Data points represent the
average fluorescent events ovbserved (n=3, error bars £SD) at indicated nM
concentrations.

Specificity of all three aptamers was further demonstrated with a large panel of

immortalized nonmalignant epithelial and multiple malignant epithelial cell lines
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including two malignant pancreatic epithelial carcinomas (Suit-2, Hs766t), two mammary
epithelial adenocarcinomas (MCF-7, MDA-MB-231), one cervical epithelial
adenocarcinoma (HeLa), two ovarian epithelial adenocarcinoma cell lines (SK-OV-3,
SW626), as well as kidney epithelial cells (HEK293), and murine fibroblast NIH/3T3
cells. Kidney epithelial tissue was chosen because kidneys play a major role in removal
of organic waste from the bloodstream thus would impact potential clinical use by
intravenous delivery of aptamers. Aptamer-binding events were minimal or undetectable
as shown by flow cytometry when incubated with malignant cell lines in increasing molar
concentrations (Table 4). Binding of aptamers was also time dependent (Figure 8B).
Increasing incubation time of Cy5-RLAO1 with Caov-3 cells from 2 hr to 4 hr produced
275% more fluorescent events while fluorescent events in HOSE 6-3 cells remained
similar to baseline controls (Figure 8B).

Specific binding and internalization of RLA01, RLA02, and RLAO3 to Caov-3
cells was demonstrated by flow cytometry and confocal imaging (Figure 9). Cell
membranes were identified by Wheat Germ Agglutinin conjugates labeled with Alexa
Fluor® 488 enabling identification of two key cellular structures: (i) the cell membrane
where Cy5-aptamer conjugates are predicted to localize upon initial target recognition,
and (ii) the internal endosomal membranes where aptamers are expected to localize to if
efficiently internalized into cells. Images of aptamer specific binding and endosomal
internalization were assessed as early as 30 min and up to 2 hours post initial treatment of
Cyb-aptamer conjugates ranging in dosages of 1 uM to 25 uM. Supporting the flow

cytometry data, no internalization at any dose was observed with scrambled aptamer
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(Table 3). Aptamers RLAO1, RLAO2, or RLAO3 (pseudo-colored yellow) localized on
and around membranes of Caov-3 cells (Figure 9A).

The observed Cy5 fluorescent signals appeared at or near the membranes
similarly to that of the Alexa Fluor® WGA stain. All three aptamers localized to the cell
membranes (Figure 9A). In addition, all three localized to multiple compartments within
the cytoplasm proximal to the membranes suggesting endosomal internalization.
Internalization of Cy5-aptamer (500 nM) conjugates was measured by flow cytometry at
30, 60, 90, and 120 minutes post initial treatment with aptamer RLAO1 on Caov-3 cells
(Figure 9B). Additionally, the percent of internalization events above background over
the same range of time is shown in Figure 9C. These data were further confirmed by
confocal imaging. | used the endosomal marker pHrodo® Red Transferrin Conjugate to
identify co-localization of Cy5-aptamer conjugates (5 uM) and endosomal structures. As
seen in Figure 9D pHrodo® Red stained endosomal structures (pseudo-colored red) co-
localize with Cy5 fluorescent aptamers (pseudo-colored yellow). These data are highly
suggestive that the internalization of aptamers into Caov-3 cells is regulated by endocytic
pathways. Moreover, Z-stack imaging (20 stacks, 2 um range) further demonstrated Cy5
fluorescence within cells consistent with internalization of aptamers (Figure 10). Thus,
confocal imaging of all three Cy5-aptamer conjugates demonstrated fluorescent activity
consistent with the average max fluorescent events observed by flow cytometry (Figure

7A, B, C and Figure 9).
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Figure 9: Internalization of aptamers into Caov-3 cell lines occurs through the endocytic
pathway. A) Caov-3 cells were treated with Cy5 conjugated aptamers. Untreated (-) and

Cyb-aptamer RLAOL, RLAO02, and RLAO3 conjugate treated cells were imaged at 60X

using a nuclear stain (DAPI-blue), a membrane stain (WGA-Alexa Fluor 488-green), and
Cyb-aptamers (Cy5 pseudo-colored as yellow). B) Graph represents the Cy5 fluorescent

events observed after a 500 nM treatment of Cy5-RLAOQ1 conjugates over 2 hr time
period. C) Percentage of cells showing positive endocytic internalization of aptamers

confirmed using pHrodo Red Transfeffin Conjugate measured above background. Caov-
3 cells were treated with 5 uM Cy5 conjugated aptamers.
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Figure 9: continued: D) Cy5-aptamer RLAO1, RLAO02, and RLAO3 conjugate treated
cells were imaged at 60X using a nuclear stain (DAPI-blue), an endosomal specific
marker (pHrodo Red pseudo-colored red), and Cy5-aptamers (Cy5 pseudo-colored as

yellow). All images at 60X. P < 0.01.

Figure 10: Endosomal internalization of RLAO1 as demonstrated by confocal micrscopy
z-stack imaging.
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Figure 10 continued: Confocal imaging of Caov-3 cell lines treated with Cy5-RLAO1
imaged at 60X using a nuclear stain (DAPI-blue), endosomal specific marker pHrodo
Red Transferrin Conjugate (rhodamine psuedo-colored as red), and Cy5-aptamers (Cy5
pseudo-colored as yellow). Figure 10A: 9 image z-stack .35 pum slices. Figure 10:
continued 10B: 20 image z-stack .25 pum slices.

Confocal imaging was also employed to further demonstrate aptamer specificity.
The three Caov-3 target aptamers were incubated with a panel of selected EOCs,
malignant epithelial, and non-malignant immortalized cell lines (Figure 11). Consistent
with the flow cytometry histograms shown in Figures 8A and 8B with Cy5-RLAO01,
fluorescent events were not detected above baseline untreated control levels when
increasing molar concentrations of Cy5-RLAO3 were administered to non-malignant

HOSE 6-3 and HEK293 epithelial cell lines (Figure 11). Additionally, incubation of
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Cy5-RLAO03 conjugates with malignant epithelial cell lines produced minimal fluorescent
events similar to those of untreated control samples. Overall, the full range of Cy5-
RLAO3 concentrations used for incubation with malignant epithelial cells showed no
fluorescent events after a 2 hour incubation period, and this was further supported by
confocal imaging (Figure 11). Cy5-RLAO2 conjugates produced similar data to the Cy5-
RLAO3 conjugates. Cy5-RLA02 demonstrated no binding to the panel of malignant and
non-malignant cell lines (data not shown). Despite observing detectable fluorescent
events when SK-OV-3 and HeLa cell lines were incubated with increasing molar
concentrations of RLAO1 (Figure 8D), data obtained by flow cytometry against the panel
of malignant and non-malignant cell lines showed no total fluorescent events above

untreated control baseline levels, also supported by confocal imaging (data not shown).
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Figure 11: Flow cytometry and confocal imaging to demonstrate specificity of RLAO3 to
Caov3 cells with no evidence of binding across of a panel of malignant disorders.
Epithelial malignancies from breast (MCF-7), pancreatic (Suit-2), cervical (HeLa), and
EOC model cell lines SK-OV-3 as well as SW626 were incubated with Cy5-RLAO03
aptamer conjugates. Non-malignant immortalized HOSE 6-3 (ovarian epithelial),
HEK?293 (kidney epithelial), and murine fibroblast (NIH/3T3) were included to
demonstrate RLAO3 specificity. Flow cytometry histograms (above) and corresponding
confocal imaging (below) are shown for Cy5-RLAQ3 conjugates incubated with indicated
cell lines for 2 hours. Cy5-RLAO03 doses corresponding to colored hisotgrams are control

@), 400nM @), and 800nM (B ) concentrations.
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Figure 11: continued For confocal imaging cells were were treated with Cy5 conjugated
aptamers and incubated at 37°C for 2 hours. Imaging of cells was done at 60X using a
nuclear stain (DAPI-blue), a membrane stain (WGA-Alexa Fluor 488-green), and Cy5-
aptamers (Cy5 pseudocolored as yellow). All images at 60X.
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2.3 Discussion

Flow cytometry data showed positive enrichment of cell specific aptamer pools
through successive rounds of Cell-SELEX. Additionally, utilizing TA TOPO10A
cloning kits allowed for the identification and sequencing of individual aptamers within a
sampled cell specific pool. However, this approach is limiting since (i) bacterial
transformation and subsequent Sanger sequencing of aptamer inserts would not guarantee
identification of all unique aptamers within the pool and (ii) this approach would fail to
accurately quantify aptamer sub- populations within the pool. Thus, it was determined
that a sequencing platform capable of yielding larger quantities of sequence data was
necessary to evaluate the aptamer pool at the final round of enrichment. | chose the lon
Torrent sequencing platform due to its compatibility with the Cell-SELEX protocol.
Firstly, any of the Illumina platforms, for example MiSeq, will yield significantly more
reads than a 314 lon Torrent chip (~2.5 x 10’ versus ~3.0 x 10° respectively). Having
prior knowledge of the PCR primer sequences and desired bp length for aptamers within
cell specific pools; also it was not expected to a large degree of variability within the
sequences. Thus 3.0 x 10° DNA reads was adequate and provided a data set large enough
to identify significant sub-populations of aptamers within aptamer pools from the final
round of selection. Additionally, | was able to do lon Torrent sequencing within the
research facilities rather than out-sourcing to a commercial facility. This allowed me to
work with “in-house” equipment and have the expertise of collaborators within the UNC
Charlotte bioinformatics department familiar with both the software and hardware of the

lon Torrent machine. More importantly, it allowed me to alter the current protocol to
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parameters that produced the greatest amount of DNA reads i.e. omission of the Pippin
Prep.

As expected, all three aptamers RLAOL, RLA02, and RLAO3 bound with high
affinity to the target Caov-3 cells used in the initial screen for their identification.
Additionally, all three aptamers displayed no obsesrved cytotoxicity at any of the
administered concentrations. However, aptamer exposure on cells was limited to 4 hours.
High dose apatamer treatments ranging 24 hours and over could promote cytotoxicity
through intracellular pH changes due to continued endosomal internalization. RLA02
and RLAO3 demonstrated exclusive specificity with minimal to undetectable interaction
with any of the malignant or non-malignant epithelial cell lines tested except the target
Caov-3 cells. It is interesting to note that RLAO1 showed binding interactions with both
SK-0OV-3 and HelLa cells, as compared to controls. However, the max fluorescent events
observed in the other cell lines were lower than the binding kinetics to Caov-3. One
possible explanation for these results could be the existence of a commonly shared
receptor among the three cell lines expressed at highest levels in Caov-3 cells and
moderate or low levels on the other two. A second explanation could be structurally
similar or related proteins are present on the membranes of the three cell lines with
RLAO1 having the highest binding affinity for the one that is expressed on Caov-3 cells.
Ovarian surface epithelium and cells in the Mullerian tract are derived from common
embryonic coelomic progenitors [3]. Since Caov-3 and SK-OV-3 cells were isolated
from ovarian epithelial tissue it is likely that a common receptor is shared between the
two cell lines. However, a study comparing EOC cell lines involving karyotyping,

surface markers, and drug resistance indicated that Caov-3 cell lines display a unique
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genetic lesion on the long arm of chromosome 3 (del(3)(p13:) not seen in SK-OV-3 cell
lines [311, 312]. This could result in altered morphology in common surface structures
such as dysregulated glycosylation of common receptors on Caov-3 versus SK-OV-3
cells. Additionally, the heterogeneity observed in EOC development could further
explain common expression of surface structures seen in ovarian tumor subtypes and
cervical carcinomas which are known to originate from squamocolumnar junctions of the
cervix [315]. Data suggest that ovarian tumors manifest from cells expressing Miillerian
tract differentiation. Although fallopian, ovarian, and pelvic cancers are treated as three
distinct neoplastic diseases, data suggests that the majority of them originate from a
common Mullerian progenitor and/or distal fimbrae tubes of the ovary [3, 6, 10, 11, 316].
It is possible that these malignant cell lines share a common receptor that is up- or down-
regulated depending on particular context, abnormality, or in response to external stimuli
such as hormones. SK-OV-3 cells originate from an epithelial adenocarcinoma similar to
Caov-3 cells; however they also demonstrate levels of resistance to multiple cytotoxic
drugs including platinum taxanes [311, 313] and thus could differ from Caov-3 at a
minimum in their expression of ABC multiple drug resistance (MDR) transporters on the
cell surface. However, similarity of characteristics of these cell lines is in their origin in
the female reproductive tract rather than as epithelial cells per se since no binding events
were detected by either flow cytomerty or confocal imaging when RLAO1 was incubated
with epithelial cells from other tissues.

The three aptamers have apparent Kq values in the nanomolar range which show
that they bind with high affinity to target cells. Physiologically relevant apparent

equilibrium dissociation values for therapeutic molecules are considered to be in the
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nanomolar to picomolar range. Initial dosing of pegaptanib to inhibit VEGFgs in
HUVEC cells had an ICsq value between 0.75-1.4 nM with total inhibition of VEGF45
binding observed at 10nM [317]. Current FDA approved treatment protocols administer
0.3 mg IV injections every 6 weeks for 30 weeks to patients suffering from AMD [272].
However it is important to note that pegaptanib is an inhibitory aptamer with a single
agonist and was developed in a sequential process similar to that described here but in the
presence of a purified target molecule only [318]. Aptamers that have been identified
through positive selection with whole cells similar to the methods described here can
target Axl (GL21 aptamer apparent K4 221nM) [134], ovarian cancer Caov3 cell line
(DOV-3 apparent Ky 132 + 32nM) [93], B-cell receptors of Burkitt’s lymphoma cell lines
(TDO5 apparent K4 74.7 £ 8.7 nM) [152, 319], and liver cancer MEAR cell line (TLS6
apparent K4 157.0 £ 16.9 nM) [320]. The non-SELEX identified aptamer AS1411,
formerly ARGO100, showed initial inhibition of MDA-MD-231 cell proliferation after a
15uM dose [300, 321]. Currently a phase I, single-arm study of AS1411 for treatment
of metastatic renal cell carcinoma administers 40 mg/kg/day on a continuous 1V infusion
on days 1-4 of a 28 day cycle for two cycles [322]. In addition to reporting apparent Ky
values in the nanomolar range, reporting of higher total fluorescent events over a range of
aptamer doses supports use of these aptamers as attractive candidates to chaperone
chemotherapeutic drugs or small molecule vehicles directly to tumor sites. | hypothesize
that the number of events observed by flow cytometry directly correlates to effective dose
of aptamer-drug conjugates internalized. This could increase the efficacy of current
treatment protocols by delivering more cytotoxic drugs to the tumor while reducing

systemic cytotoxic side effects typically seen with them.
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Further, confocal imaging clearly supports significant internalization of aptamers
into specific cell types. Data suggests that aptamers internalize into cells via canonical
endosomal pathways [323-325]. My raw confocal images as well as Z-stack generated
images support colocalization of Cy5-aptamer signal to internal endosomal membranes.

The three aptamers are similar in their 5* and 3’ sequences that were used as
anchors for PCR amplification during cell-SELEX. Despite these known identities, the
aptamers have different stable predicted structures and hairpin loops that would produce
unique surfaces for interactions with target cell membranes. Further support that these
aptamers are unique comes from the independent equilibrium binding kinetics of each on
Caov-3 cells. The confocal imaging was consistent with the total fluorescent events
observed by flow cytometry using Cy5 conjugated aptamers with highest levels of
internalized aptamer observed with RLAO1, followed by RLAO3, and lowest with
RLAOQ2. Further, RLAO1 was determined to bind to a broader spectrum of cell types, as
discussed above. Although others reported identification of ovarian carcinoma specific
aptamers, sequence alignment of the three described here shows that they are unique from
those previously reported. In order to be most physiologically relevant for future
therapeutic uses, aptamers should interact with the target malignant cells and not other
non-malignant cells which would be neighboring cells and likely of the same original cell
origin. Notably, my cell-SELEX protocol included negative selection against non-
malignant ovarian epithelial cells. Flow cytomerty and confocal analysis supported
nonreactivity of the aptamers to non-malignant epithelial cells of both ovarian and kidney
origin. By contrast to this report, others utilized HeLa cells, a known neoplastic

immortalized line for negative selection [93]. That the protocol yielded aptamers unique
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from those previously reported highlights that individual Cell-SELEX strategies used will
be a key factor in determining what aptamers are identified. Large bioinformatics
approaches for comparison of multiple parallel aptamer pools and a large panel of cell
types could reveal similar sequence patterns for aptamers that bind to related disorders.

A more comprehensive panel of EOC cell types should be used for comparative
studies. Particularly those of different developmental stage or sub-types as tumor cells
often up-regulate biomarkers during stages of tumorigenesis and are type specific. All
the cells used for this Cell-SELEX protocol were exclusively adenocarcinomas.
Although a panel of malignant and non-malignant disorders was used to demonstrate
specificity, this fails to elucidate any information about aptamer binding with early tumor
or stem cell progenitors from coelomic tissues. Demonstrating binding to these types of
tissue would be most important in utilizing RLAO1, RLAO2, or RLAO3 as a diagnostic
tool for the early detection of malignant cells.

Notably, it was observed that Caov-3 cells demonstrated morphological changes
during incubation with aptamers as seen by confocal imaging and flow cytometry.
Fluctuations in front and side scatter channels during flow cytometry suggest
morphological instability potentially due to the influx of endosomal structures.
Additionally some confocal imaging did show evidence of nonspecific membrane
disruption. Due to aptamer binding and eventual internalization, it is yet to be shown
how the aptamers described here can disrupt important cell regulatory functions either in
pro- or antagonistically. Extracellular receptor binding to aptamers could disrupt intra
cellular tyrosine kinase signaling. This could potentially dysregulate important cell

signaling such as auto- and endocrine pathways that could increase the potential of
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detachment by up-regulating matrix metalloproteinases. Aptamer attachment could also
affect the up or down regulation of proliferative or pro angiogenesis cell signaling
cascades. Additional analysis comparing aptamers and known post transcriptional gene
silencing siRNA species to elucidate any sequence homology. Some aptamers could
potentially block translation of mMRNA transcripts or bind and inhibit sSiRNA species.

In conclusion, I used whole Cell-SELEX to identify seven unique DNA-based
aptamers specific to Caov-3. Of those seven identified, three were characterized and
demonstrated high binding affinity to Caov-3 cells but more importantly not to the
nonmalignant epithelial HOSE 6-3 cell line. My study reaffirmed the effectiveness of
whole Cell-SELEX as a molecular tool to identify aptamers that specifically target
neoplastic diseases. The modified protocol described here is unique in that | identified
EOC aptamers specific to Caov-3 following negative selection against a non-transformed
epithelial cell line. Specificity of all three aptamers was shown across a panel of tumor
types including breast, cervical, and pancreatic malignancies. Additionally the
differences in aptamer binding kinetics demonstrated here can be used to infer particular
molecular characteristics of the target cells. The identified aptamers can potentially be
used to enhance the sensitivity of current clinical diagnostic tools to identify ovarian
neoplasms. The lack of interactions observed with non-tumor epithelial cells suggests that
aptamer-based therapies can minimalize interaction with non-malignant tissues and
improve upon the incidence of false positive results regarding benign versus malignant
diagnosis or to potentially deliver cytotoxic drugs to distal tumor sites in the body. Thus,

overall, the data suggest these aptamers are attractive candidates for further analysis to



direct and localize chemotherapeutics to tumor sites and potentially aid in the early

diagnosis of ovarian malignancies.
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CHAPTER 3: LOCALIZATION AND CELLULAR UPTAKE OF RLAO1
LABELED PACLITAXEL LOADED NANOPARTICLES

3.1 Introduction

The work described in Chapter 3 demonstrates the potential of aptamer RLAO1L as
a molecular chaperone when linked to PLGA based polymeric nanoparticles. | have
previously described the binding and internalization kinetics of aptamer RLAO1 when
incubated with target Caov-3 cell lines (Chapter 2). RLAO1 demonstrates a high
specificity for targeting malignant Caov-3 cells and the ability to internalize by the
endocytic pathway. Thus RLAO1 could promote internalization of NPs that have been
labeled with RLAO1L on its surface. Additionally, this would suggest that loading NPs
with small molecules, such as cytotoxic drugs, could increase internalization when
incubated on target cells. I intend to demonstrate the potential increased uptake of
aptamer labeled NPs with both fluorescein diacetate (FDA) and Paclitaxel (Ptx) loaded
NPs. Cells incubated with aptamer labeled FDA NPs will demonstrate increased
fluorescent events and will be demonstrated qualitatively and by confocal microscopy.
Additionally, aptamer labeling the surface of Ptx loaded NPs will increase cell death
when compared to Ptx alone when used to treat Caov-3 cells.
3.2 Materials and Methods

Cell Lines
The human ovarian adenocarcinoma cell lines Caov-3 (HTB-75) and SK-OV-3

(HTB-77) obtained from ATCC (Manassas, VA) maintained in tissue culture 37°C 5%
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CO,. Caov-3 cell lines maintained in Dulbecco's minimal essential medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1%
penicillin—streptomycin (GEMINI). SK-OV-3 cell lines maintained in McCoys5a media
(ATCC) supplemented with 10% FBS (heat-inactivated, GIBCO), 1%
penicillin—streptomycin (GEMINI). Normal epithelial cell lines HEK-293 (ATCC, CRL-
1573) maintained in DMEM supplemented with 10% FBS (heat-inactivated, GIBCO),
1% penicillin—streptomycin (GEMINI). The HPV immortalized human ovarian epithelial
(HOSE 6-3) cells [309] maintained in Medium199/MCDB105 media (1:1, Sigma
Aldrich) supplemented with 10% FBS (heat-inactivated, GIBCO), 1% penicillin--
streptomycin (GEMINI), 1% sodium bicarbonate (7.5% wi/v, Cellgro).
Aptamer labeling of nanoparticles

PLGA-PCL-PEG blank, fluorescein diacetate, or Paclitaxel loaded NP suspension
(10 mg/mL) in 18Q H,0 was mixed with 100pL NuLink-BE2 (2 mg/mL) 5 min. at room
temperature. Addition of NuLink-BE2 to functionalize the terminal amine groups of
protruding hydrophilic PEG molecules is necessary for aptamer attachment.
Nanoparticles were spun (21,000 rcf, 4°C), washed (2x, 18Q H,0) and resuspended in 1
mL 18Q H,0. To the cleaned and functionalized NPs we added .2% (by weight of NPs)
5’-amino-6C-RLAO1 conjugated aptamer and incubated overnight under constant
agitation 4°C. Aptamer labeled NPs were spun, washed with 18Q H,0 (5xs) and
resuspened at a working concentration (1 mg/mL).

Nanoparticle-RLAO1L characterization
To show the attachment of aptamer RLAOL1 to the NP surface agarose (2%)

electrophoresis was used was used. The DNA marker (50BP Marker, New England
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Biolabs) and free aptamer (IDT) served as standards for a 60 base pair band on the gel.
Nanoparticles were labeled with RLAO1 overnight, washed with 18Q H,0 (5x’s), and
resuspended at 1 mg/mL. A 50 pL aliquot of NPs was taken from the stock solution and
spun down 21,000 rcf 4° 10 minutes. The supernatant was removed and NPs were
resuspended in 20 pL H,O. Samples were run at 150V for 2 hours. Gel stained with 10
pL Ethidium Bromide in TAE (1X).
SEM imaging

For imaging lyophilized NPs were sampled placed on silicon wafers (LVEM5
DeLong America) and placed in a glass vacuum. After complete evacuation of
atmospheric gases the chamber was flooded with Argon gas and excited with 10 mA
voltage to promote gold sputtering of NPs. Imaging was done a JEOL SEM 6460LV at
10 kV.

Confocal and Light Microscopy

Coav-3 cell lines plated on a 35, 0/10 mm glass bottom culture dish (Greiner bio-
one) (seeded at 5.0x10* per well/plate 48 hours prior, 37°C 5% CO,). 5 pL of labeled or
unlabeled fluorescein diacetate loaded NPs (100ng-900ng range) were added to 1 mL cell
specific media and incubated on target cells 37°C 5% CO, 2 hours agitated slightly every
30 min. Endosomal internalization was observed at 30, 60, 90, and 120 min post initial
treatment. At 30 min prior to desired time points cells were treated with endosomal
specific stain pHrodo® Red Transferrin Conjugate according to the manufacturers’
protocol (Invitrogen, 25 pg/ul). Cells were washed with PBS (3x) and fixed with 2ml
heptane (1:8.25 PBS: 37% Formaldehyde (Sigma Aldrich)) 37°C 10 min. Subsequent

staining with DAPI (10 ng/uL, 10 min) was done following standard procedures.
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Imaging of the cells was done with an Olympus FluoView 1000 confocal microscope
using DAPI (blue), pHrodo® Red (orange), and Cy5 (red) filters. For light microscopy
Caov-3 cells were seeded 5.0x10° per well/plate on a 6-well plate (BD Falcon) and
incubated 37°C 5% CO,48 hrs. 25 pL of labeled or unlabeled fluorescein diacetate
loaded NPs (100ng-900ng range) were added to 2 mL cell specific media and incubated
on target cells 37°C 5% CO, 2 hours agitated slightly every 30 min. Cells were imaged
at 30, 60, 90, and 120 minute time points and continued to incubate. Light microscopy
was done on a Zeiss AxioCamMRc microscope using an X-cite-series 120Q laser.
Flow Cytometry

Caov-3 cells were plated on 6-well plates (seeded at 1.0x10° 48 hours prior, 37°C
5% CO,). 25 pL of labeled or unlabeled fluorescein diacetate loaded NPs (100ng-900ng
range) were added to 2 mL cell specific media and incubated on target cells 37°C 5%
CO;2 and up to 4 hours agitated slightly every 30. Cells were then washed with PBS
(2x), scraped in 1 mL 1X PBS, and filtered through a 35um nylon mesh cell strainer
polystyrene tube (BD Falcon). Cells were subjected to flow cytometric analysis within 1
min and fluorescent events were determined with a Becton Dickinson LSRFortessa Flow
Cytometer by counting 50,000 events. Aptamer and non-aptamer directed blank NPs was
used as a negative control.

Drug Cytoxicity

Cell proliferation was measured with a Vybrant MTT Cell Proliferation Assay Kit
(Invitrogen, Eugene, Oregon) according to the manufacturers’ protocol. Cells were
seeded into 96-well plates (seeded at 5000 cells/well 48 hours prior, 37°C 5% CO;). 50

ML of indicated treatments (10uM to .001puM) were added to 150uL cell specific media.
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Cells where then washed in PBS (3x), and given fresh media. Cell proliferation was
observed at 0, 4, 8, 24, and 48 hours post initial treatment. Cell proliferation activity was
evaluated by adding 10uL MTT stock solution incubate 4 hrs 37°C 5% CO,, then
addition of 100uL SDS-HCI solution and allowed to stand for 4-12 hours 37°C 5% CO,.
Resulting solution was pipetted vigorously and the optical density (OD) was measured at
570nm using a Multiskan GO Microplate Reader (Thermo Scientific, Vantaa, Finland).
Time points in Figure 3 mark average OD reading (n=3) at indicated concentrations
Western blotting

To assess the up-regulation of pro-apoptotic proteins Caspase-3 and PARP-1 cells
were treated with 0.1 uM concentrations of Paclitaxel loaded NPs 4 hours 37°C 5% CO,.
Cells were washed with PBS (3x) and incubated 37°C 5% CO,. The cells were harvested
after 0, 4, 8, 12, 24, and 48 hours post initial treatment. Cell pellets were frozen and
stored at -80°C. Protein extraction from cell lysates was collected by Total Protein
Extraction Kit (CHEMICON International). Protein concentrations were analyzed by
Bio-Rad D Protein Assay (Bio-Rad Laboratories, Hercules, CA). Equal amount (7 mg)
of protein was subjected to electrophoresis on NUPAGE 10% Bis-Tris Gel (Life
Technologies) and then transferred to positively charged nylon transfer membrane (GE
Healthcare). The blotted membranes were immunostained with primary antibodies
specific for Caspase-3 antigens (8G10, Cell Signaling Technology) or PARP1 antigens
(H-300, Santa Cruz Biotechnology) then 2° antibody (rabbit-1gG, Santa Cruz
Biotechnology). PARP-1 and caspase 3 treated membranes were stripped and

immunoblotted with anti-B-actin. The signals were developed by Amershem™ ECL Plus
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Western Blotting Detection System according to the manufacturer’s protocol (GE
Healthcare).
3.3 Results
Labeling the surface of nanoparticles with RLAO1

To demonstrate the surface labeling of NPs with aptamer RLAO1 (PLGA-RLAO01)
agarose electrophoresis was done (Fig 12). RLAO1 alone showed a band at a molecular
weight of 60 bp (Fig 12 lane B) when compared to a 50 bp weight marker (Fig 12 lane
A). The gel shows that the resulting band from a 60mer RLAO1 aptamer stock did appear
beyond the expected band size when compared to the 50bp DNA ladder. This is due to
the single stranded structure of RLAQO1. Nanoparticles alone did not show any band (Fig
12 lane C). When NPs are labeled with RLAO1 and the labeled NP is denatured by
boiling a visible band can be seen consistent with the 60mer aptamer stock (Fig 12 lane
E). Furthermore, NPs incubated with RLAOL1 in the absence of NuLink-BE2 fail to label
the surface of NPs. This can be seen by the resulting band in lane D and demonstrates
the necessity of NuLink-BE2 to attach RLAO1 to the NP surface. These data strongly
demonstrate the labeling of the NP surface with aptamer RLAOL. Additionally I used a
scanning electron microscope (SEM) to image NPs in order to elucidate information
concerning physical structure. Dynamic light scattering (DLS) analysis showed NPs to
be within the range of 200-250 nm (data not shown). The SEM data provided
information about surface characteristics and batch uniformity. The DLS and SEM data
both showed spherical NPs, in solution and lyophilized respectively, with a high degree

of size uniformity.
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Figure 12: PAGE electrophoresis demonstrating the attachement of RLAOL to
nanoparticles and SEM imaging showing nanoparticle size. The labeling of NPs with
Caov-3 specific aptamer RLAO1 is shown by agarose electrophoresis (Left). Lane A)
50bp weight marker; lane B) RLAO1 (60 bp) stock; lane C) PLGA-NP; lane D) NP and
aptamer mixed in absence of NuLink-BE2, and lane E) PLGA-RLAO1. SEM imaging of
loaded NPs at indicated magnification (Right images).
Qualitative Evaluation by Flow Cytometry

One important property of a targeted drug delivery system is internalization of the
complex by target cells. | have previously shown that aptamer RLAO1 can be
internalized into target Caov-3 cells by endocytic mediated pathways (Chapter 2). Here |
am examining the ability of RLAO1 surface labeled fluorescein diacetate loaded NPs

(PLGA-FDA-RLAO1) to internalize into target Caov-3 cells. The benefit of using FDA

loaded NPs is that positive identification of fluorescent signal is dependent upon
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hydrolysis of FDA by an intracellular esterase or acidic conditions which allows the
acetoxymethyl-ester to yield fluorescein [326]. Degradation of the NP and hydrolysis of
FDA is necessary for generation of fluorescent signal and flow cytometry can quantify
live populations of cells known to have positively internalized labeled NPs. | used flow
cytometry to analyze cells that have been incubated with FDA loaded NPs. | compared
this to the observed fluorescent events with non-aptamer directed NPs (PLGA-FDA) to
show any differences in both the rate and overall cellular uptake of NPs when labeled
with aptamer RLAOL.

The graphical data in Figure 13 show that unlabeled FDA loaded NPs internalized
into non-malignant immortalized human ovarian surface epithelial cells (HOSE 6-3
[309]) and human epithelial kidney (HEK293) cell lines in a dose dependent manner after
a four hour period. However, observed fluorescent events for malignant ovarian cell
lines Caov-3 and analogous SK-OV-3 are 4-fold lower when compared to HOSE 6-3 and
HEK293 cell lines (Figure 13). The total fluorescent events observed with HOSE 6-3
and HEK293 cells (48,915 and 34,198 respectively) were significantly higher when
compared to detected fluorescent events in Caov-3 and SK-OV-3 cells (14,791 and 8,846
respectively). The neoplastic development of tumor cells causes the up-regulation of
surface structures that could alter canonical endocytic pathways like pinocytosis or
receptor mediated endocytosis (RME) of NPs. Surface labeled NPs could increase

internalization of a drug loaded NP.
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Figure 13: Internalization of fluorescein diacetate loaded nanoparticles after four hours.
Caov-3 cells were treated with indicated concentrations of FDA loaded NPs for 4 hours.
Data points represent the average total fluorescence (n=3, error bars £SD).

Target EOC Caov-3 cells were treated with indicated concentrations of aptamer or
non-aptamer labeled FDA loaded NPs for 1 and 4 hour periods (Figure 14). To establish
baseline fluorescence Caov-3 untreated and Caov-3 treated with aptamer labeled and
non-aptamer labeled blank NPs were used (Figure 14A). No appreciable shift was seen
in fluorescent cell populations as demonstrated by the histograms in Figure 14A
suggesting no background fluorescence caused by NPs or aptamer labeled NPs.
Additionally it suggests minimal to no cytotoxicity over the four hour treatment caused
by NPs or aptamers. Gating of the background fluorescence was set to 0.01% of the total
population analyzed. As expected | observed a dose-dependent increase of FDA positive
cells within the total cell population when Caov-3 cells were incubated with aptamer
labeled versus non-aptamer labeled NPs (Figure 14B and C). Moreover, both aptamer

and non-aptamer labeled NPs internalize into cells in a time dependent manner as seen by
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the increase of observed fluorescent events between 1 and 4 hour incubation periods on
Caov-3 cells at equal doses (Figure 14B and C, respectively). The increased fluorescent
events observed with aptamer labeled NPs compared to non-aptamer labeled NPs at equal
doses were significant for all treatment doses in both 1 and 4 hour assays. Data analyzed

by two-way ANOVA significant p-values p< 0.001.
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Figure 14: RLAOL1 directed nanoparticles increase cellular internalization of FDA loaded
nanoparticles in Caov-3 cells. A) Flow cytometry was used to quantify Caov-3 cell
populations that bind and internalize FDA loaded NPs. Histograms of all negative
controls are provided to ensure fluorescent activity is based solely on the cleavage of
FDA. B and C) Qualitative analysis of aptamer labeled versus non-aptamer labeled FDA
loaded NPs. Caov-3 cells were incubated with NPs for 1 (B) and 4 (C) hours, Data bars
represent the average fluorescent events observed (n=3, error bars £SD). D and E) Caov3
cells were treated with non-aptamer labeled (D) or aptamer labeled (E) FDA NPs. Light
field (left) and green fluorescent (right) filters are displayed showing fluorescent cell
populations at 1 and 2 hour time points post initial treatment. F) For confocal imaging
cells were imaged at 60X after 1 hour using a nuclear stain (DAPI-blue), an endosomal
specific marker pHrodo® Red Transferrin Conjugate (pseudo-colored red), and
Fluorescein Diacetate (FDA) loaded NPs (green). P < 0.001
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In addition to the increased cellular uptake seen with aptamer labeled NPs into
target Caov-3 cells (Figure 14), the data suggest aptamer labeling can reduce
internalization of FDA loaded NPs in non-malignant cell lines (Figure 15). When Caov-3
cells are incubated with equal concentrations of FDA loaded NPs there is a significant
difference in the amount of fluorescent events demonstrated over time by flow cytometry
(Figures 13 and 15). When equal concentrations of aptamer labeled and non-aptamer
labeled NPs are incubated with HOSE 6-3 cells, there is a significant difference in the
amount of FDA fluorescent events (Figure 15). The addition of a Caov-3 cell line
specific aptamer label to the NP surface reduces fluorescent events by 50% when
comparing non-aptamer and aptamer labeled NPs at equal concentrations incubated on
HOSE 6-3 cells. These data suggest that the addition of Caov-3 tumor specific aptamers
can block the internalization of NPs into non-malignant HOSE 6-3 cells. The labeling of
NPs coats the polymeric exterior with target specific aptamers which could lead to
decreased levels of internalization due to the absence of targeted receptors. Additionally,
aptamer labeling could block or interfere with NP interactions that would otherwise
promote internalization into HOSE 6-3 cells. Overall, the data shown in Figures 13, 14,
and 15 suggest that the labeling of NPs with RLAQO1 aptamers can alter internalization

kinetics in both the malignant and non-malignant cell lines used here.
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Figure 15: Labeling of nanoparticles with aptamers can inhibit random internalization in
non-malignant immortalized epithelial cells. Caov-3 and HOSE 6-3 cells were treated
with indicated concentrations of aptamer directed and non-aptamer directed FDA loaded
NPs for 2hrs. Data points represent the average total fluorescence (n=3, error bars £SD).
Fluorescent Microscopy Shows Cellular Uptake of Nanoparticles

To further investigate the in vitro uptake of FDA loaded NPs in Caov-3 ovarian
tumor cells, confocal imaging and light microscopy was used (Figure 14D, E, and F). As
shown in Figure 14B and C, qualitative data indicates that aptamer labeled FDA loaded
NPs result in larger cell populations exhibiting green fluorescence over a range of
concentrations (100ng to 900ng). To further demonstrate this | used fluorescent light
microscopy to observe and image visibly green fluorescent cells over the same
concentration range. For Figures 14D and E, fluorescent signals were significantly

higher in cells treated with aptamer labeled NPs (bottom set) versus non-aptamer labeled

NPs (top set) after 1 and 2 hour time points. Although fluorescent signals were detected
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with Caov-3 cells treated with non-aptamer labeled FDA loaded NPs, it is significantly
less. In order to elucidate the mechanistic pathway of internalization, | used an
endosomal marker to stain live Caov-3 cells over the predetermined time course of the
assay. Spherical endosomal structures are co-localizing with the green fluorescence
indicative of cleaved FDA suggesting endosomal internalization of labeled NPs. The
nuclear stain (DAPI) shows that the loaded NPs accumulate into the cytoplasm of the cell
proximal to the nucleus. Both confocal and light microscopy images corroborate with
flow cytometry data and suggest that FDA loaded aptamer labeled NPs show a
significantly higher rate of internalization over time and produce cell populations with
more robust fluorescent activity when compared to the non-aptamer labeled NP
treatment.
Cytotoxicity of Paclitaxel loaded nanoparticles

The amount of fluorescent events observed in Figure 14B and C could potentially
correlate to drug delivered to the cell surface resulting in an increased efficacy of drug
treatments. To further test this Ptx loaded NPs were used (PLGA-Ptx). Aptamer labeled
NPs loaded with Ptx (PLGA-Ptx-RLAOQ1) could increase the efficacy of Ptx alone
particularly after long treatment periods due to the increased localization at the membrane
and internalization mediated by aptamer RLAO1. To evaluate any cytotoxic effects
Caov-3 cell lines were exposed to increasing molar concentrations (by weight of Ptx) of
Ptx loaded NPs. Blank NPs were used to determine any cytotoxic effects caused by the
polymeric vehicle. Additionally, blank RLAOQ1 labeled NPs were used to determine if the
increased uptake of NPs can have any adverse or cytotoxic effects on Caov-3 cell lines.

Additionally, Ptx loaded NPs were labeled with a previously described aptamer (PLGA-
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Ptx-DOV3) [93] in order to compare models with an established aptamer identified by
similar methods.

Cells were treated for 4 hours and washed in PBS (3x), given fresh media, and
allowed to incubate Cells were analyzed by an MTT Cell Proliferation Assay Kit at 0, 4,
8, 24, and 48 hours post exposure at indicated treatments (Figure 16; .1uM, .01uM, and
.001uM doses displayed, left to right respectively). Optical density (OD) values were
compared against an untreated population (n=3) of cells to measure any reduced
proliferation. At.1uM doses of blank and labeled blank NPs no apparent effect on cell
proliferation was seen (Figure 16). This demonstrates that both NPs and labeled NPs fail
to promote any increased cytotoxicity to targeted cells. Cells treated with non-labeled NP
encapsulated Ptx (70% survival) demonstrated anti-proliferative affects similar to that of
Ptx alone (68% survival) at equal concentrations over 48 hours and exhibited a 30%
reduction in cell viability when compared to blank NP (99% survival) treatments. This
shows the effectiveness of NPs to deliver the cytotoxic drug Ptx which is a hydrophobic
molecule. Aptamer labeled NPs (PLGA-Ptx-RLAO1) caused a significant decrease in
cell proliferation when compared to drug alone and drug loaded NPs after 24 and 48
hours at all reported Ptx concentrations (Figure 16A, B, and C). Decreased cell
proliferation was observed for all treatments in a dose-dependent manner. Data analyzed

by two-way ANOVA significant p-values p<0.001.
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Figure 16: MTT proliferation assay after Paclitaxel loaded nanoparticle treatments on
ovarian Caov-3 cell lines. An MTT proliferation kit was used to assess cell viability post
treatment at 0, 4, 8, 12, 24, and 48 hours. Graphs represent a complete 48 hour timeline
of cell proliferation after treatment with loaded NPs A) .1 uM B), .01 uM, and C) .001
MM concentrations by weight of Paclitaxel. Data points represent the percent average
OD reading recored (n=3). PLGA-Ptx-RLAO1 (n=4). D): Caov-3 cells were untreated
(left) or treated with .1 uM (by weight of Ptx) of aptamer directed Ptx loaded NPs (right).
Total protein was collected from cell lysates and a Western blot to demonstrate Ptx
induced cell apoptosis was done probing for pro-apoptotic proteins Caspase 3 and PARP-
1. After protein transfer membranes were immunoblotted with anti-Caspase 3 antibodies
and anti-PARP-1 antibodies as indicated. Membranes were re-probed with anti-p-actin
antibody. P < 0.001.

Western blotting to demonstrate cellular apoptosis
To investigate the mechanistic signaling pathway responsible for the pro-

apoptotic affects observed with aptamer labeled Ptx loaded NPs treatments Western

blotting was performed. Two proteins were chosen: (i) Caspase-3 a cysteine protease that
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plays a key role in apoptotic signaling cascades induced by extrinsic ligands (i.e Ptx) and
(it) PARP1 (Poly-(ADP-ribose) polymerase) a protein upregulated in response to DNA
damage and a downstream effector of cleaved caspase-3 [327, 328]. Caov-3 cells were
treated with .1 uM (by weight of Ptx) concentrations of NPs for 4 hours. Untreated cells
were also analyzed to determine baseline protein levels. Cells were washed then
harvested by trypsinization at 0, 4, 8, 12, 24, and 48 hours post initial treatment to
observe the up-regulation of Caspase-3 and PARP-1 by Western blot. Figure 16D shows
a time dependent increase of both PARP-1 and Caspase-3 following treatment with
RLAO1 labeled NPs but not in untreated cells. Upregulated levels of PARP-1 and
Caspase-3 appear as early as 8 hours post treatment and are highest at 24 and 48 hour
time points consistent with MTT proliferation data seen in Figures 16A, B, and C. In
comparison to untreated cells, Caspase-3 and PARP-1 protein levels are significantly
lower with no evidence of significant up-regulation of Caspase-3 or PARP-1 throughout
the 48 hour time course.
4. Discussion

First I showed that labeling the surface of NPs can increase the cellular uptake of
FDA loaded NPs as compared to non-labeled NPs when incubated on Caov-3 cells.
Aptamer RLAOL1 is specific to Caov-3 ovarian tumor cell lines and I have shown NPs
labeled with RLAO1L can increase the cellular uptake of FDA loaded NPs in vitro.
Fluorescent events, which correlate to positive internalization of FDA loaded NPs, were
quantified by flow cytometry and visualized by confocal microscopy. These data support
that the increase in cellular internalization and fluorescent events observed with aptamer

labeled NPs are due to the addition of RLAOL to the NP surface. Nanoparticles labeled
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with RLAO1 promote internalization by receptor-aptamer binding at the surface of Caov-
3 cells and localize NPs at the membrane following washing of residual particles. Thus,
when cells are no longer exposed to treatment and residual particles are washed away—
the high affinity bonds made between aptamer and cell surface moieties continue to
localize NPs at the membrane. This can increase the time of exposure despite significant
depletion of loaded NPs within the system. Such aptamer based treatments could
persistently localize cytotoxic drugs at the tumor site which could overcome tradition
multi-drug resistance mechanisms seen in many cancers.

| have shown that RLAO1 induces no cytotoxic affects. This would suggest its
binding target does not regulate apoptotic signaling pathways. However, the overall
affect that aptamer labeled NPs could have on cellular morphology and physiology needs
to be further investigated. It is believed that tumors are typically of lower pH [329]
which could promote degradation of the NP and increase drug concentration at the tumor.
However, the increased endosomal internalization could cause regulatory affects for
normal cells if abundantly absorbed that could alter intracellular pH and potentially
disrupt organelles. Additionally increased membrane disruption could affect adhesion
and tight junction proteins promoting detachment and migration. This could alter the
polarity of cells disrupting transcellular transport and exocytosis pathways. It could be
beneficial to analyze transcriptomic profiles following NP treatments to elucidate
information about potential disruption of regulatory pathways. Such pathways could
include those involved with the up-regulation of key metabolic enzymes involved in

cellular respiration (Kreb’s cycle) due to the high influx of organic metabolites.
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Secondly I was able to show internalization through the endocytic pathway using
a Transferrin Conjugate. Although NPs can internalize by multiple endocytic pathways
[330], data supports that NPs internalize by clathrin-mediated endocytosis [331].
However, it is unclear whether the NPs described here exclusive mechanism of
internalization is clathirin mediated or potentially pino- or phagocytic. This could be
elucidated by discovering the ligand that RLAOL binds to on the cell surface. The
endosomal fate of cytotxic compounds is crucial when delivering effective dosages of NP
encapsulated Paclitaxel. The endosomal internalization of FDA loaded NPs was shown
using an endosomal specific markers whose fluorescent intensity is dependent upon pH.
The mechanism of release could potentially be elucidated from the pH sensitive
endosomal marker we have chosen. The fluctuating acidity within the endosome caused
by the rupturing NP would alter the acidity levels in the endosome and thus reduce or
enhance the fluorescent intensity observed. This allows us to assess the fate of
endosomal internalized NPs as it pertains to potential mechanisms of endosome escape.

Release from the endosome is largely dependent upon the physical make-up of the
polymeric NP i.e. inorganic versus organic subunits and cationic properties [332]. | have
postulated what facilitates endosomal release of the NP complex. It has been shown that
pH sensitive polymeric NPs, like those made from polyethylenimine (PEI) or
polyamidoamines (PAA) can be protonated and degraded to assist endosomal escape
[331]. The initially acidic endosomal environment causes hyper protonation of the
degrading polymer and an influx of ions and water rupturing the endosome referred to as
the “sponge effect” [331, 332]. More analysis must be done to demonstrate endosomal

release by apparent “sponge effect” mechanisms. However, PLGA based NPs are
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chemically similar to PEI and PAA based NPs thus suggesting NPs escape from the
endosome is due to hyper-protonation of the terminal amine located on polyethylene
glycol chains protruding from the NP surface.

Third, 1 was able to demonstrate increased cell death at equitoxic dosages with
aptamer labeled Ptx loaded NPs versus Ptx alone as well as non-labeled Ptx NPs in vitro.
Aptamer directed NPs caused a higher incidence of drug induced cell death as suggested
by MTT proliferation assay and further demonstrated by Western blot analysis. Data
reported here with regards to cell proliferation following treatment with aptamer labeled
drug loaded NPs were consistent with in vitro data reported using epirubicin loaded
FeNO3; NPs in colon cancer [293], cisplatin loaded PLGA-b-PEG NPs in pancreatic
cancer [190], doxorubicin loaded gold NPs in breast cancer [191], and vinorelbine loaded
PLGA-PEG NPs in breast cancer [296].

The nanoparticles described provide a stable drug vehicle because: (i) they
provide an amphipathic structure that can exist in a colloidal suspension, (ii) allow for the
encapsulation of lipophilic drugs and other hydrophobic molecules, (iii) the structural
formation remains consistent in context of size distribution and zeta potential when
analyzing multiple batches of prepared particles, (iv) they degrade and release drug
payloads in acidic environments, such as endosomal structures, and (v) can be used for
active targeting following labeling of the surface with a cell specific ligand [197, 219,
279]. Moreover the metabolites formed by PLGA hydrolysis are lactic and glycolic acid
monomers which are rapidly processed by the body producing little to no systemic
toxicity and PLGA is approved by the Food and Drug Administration (FDA) [187, 196].

My studies concluded that the NPs described here showed minimal cytoxicity at high



96

concentrations. Additionally the labeling of NPs with RLAO1 demonstrated no cytotoxic
affects.

These data described here are promising when considering translation to clinical
models. However, the intrinsic benefit to encapsulation into polymeric NPs is that it
promotes solubility of Ptx as seen with nab-Paclitaxel [333]. Paclitaxel stocks (dissolved
in a polar aprotic solvent) are generally diluted in 50:50 CremophorEI® (CrEL, a non-
ionic surfactant polyoxyethylated castoroil) and ethanol with further 5-to-20 fold
dilutions in saline. Castor oil based solvents can limit efficacy by forming large polar
micelles in plasma altering drug pharmokinetics [334]. Additionally, CrEL solvent-based
formulations can be associated with systemic dose-limiting toxicities. It has been shown
that CrEL is biologically and pharmacologically active and leaches plasticizers from
standard intravenous tubing [334, 335]. Moreover CrEL has been shown to cause acute
hypersensitivity, increase blood viscosity, as well as intercalate into and disrupt the
plasma membranes of red blood cells, and can cause neuropathy which may lead to
demyelination and axonal degeneration [41, 336-340]. Our in vitro model using NP
encapsulated Ptx reduced any adverse effects seen with castor oil based solutions of
lipophilic drugs.

In conclusion | have shown that labeling of the NP surface with tumor specific
aptamers promotes internalization into target Caov-3 cells. This resulted in an increased
amount of fluorescent cells when treated with FDA loaded NPs and increased cell death
when treated with Ptx loaded NPs. Nanoparticle characterization can be shown by
agarose electrophoresis to demonstrate positive labeling of the NP surface. Data

described here suggest the feasibility and effectiveness of such aptamer directed drug
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therapy models. However the efficacy of aptamer labeled NPs must be tested in an in
vivo model to assess the feasibility of drug loaded aptamer labeled NPs as a front line
therapy. Moreover, such models will truly elucidate the effectiveness of aptamer labeled
NPs as a targeted cancer therapy and potentially show evidence of increased aggregation

at the tumor site due to the enhanced permeability and retention effect seen in tumors.



CHAPTER 4: IV VIVO MOUSE IMAGING DEMONSTRATING ENHANCED
RETENTION AND TARGETING CAPABILITIES OF RLAO1 LABELED
NANOPARTICLES USING XENOGRAFT TUMOR MICE

4.1. Introduction

The goal of this work is to determine if RLAOL labeled NPs can bind and be
retained by tumor cells in an in vivo mouse model. This will elucidate information about
aptamer stability and the ability to maintain specific targeting and binding capabilities in
the presence of endogenous nucleases. Firstly, I will demonstrate the circulatory pattern
of unlabeled NPs loaded with a fluorescent reporter to track NP kinetics after tail vein
injection. Next | will observe the differences in retention capabilities of aptamer labeled
and non-aptamer labeled Indocyanine green (ICG) loaded NP treatments. In parallel with
retention studies, | will investigate the efficacy of an aptamer labeled Ptx loaded NP
complex versus Ptx alone in tumor induced Nu/J mice. Lastly, | will demonstrate the
targeting capabilities of an aptamer labeled ICG loaded NP complex in a tumor induced
mouse model when treatments are administered through tail vein injections.
4.2 Materials and Methods

Paclitaxel and ICG Loaded PLGA Nanoparticles
Graciously provided by the Ogle lab, Chemistry Department UNCC
Paclitaxel
Paclitaxel was purchased from Ark Pharm Inc (Chicago, Illinois) and diluted in

DMSO (Sigma Aldrich) at 50 mg/mL. Additional dilution of Paclitaxel for working



99

doses was done in a 50:50 solution CremaphorEl and ethanol (Sigma Aldrich) at 1
mg/mL and diluted to working concentrations in PBS (1X).
In vivo Mouse Imaging

Nu/J mice (6 weeks, ~23 g) were purchased from The Jackson Laboratory (Bar
Harbor, Maine). All animal experiments were performed in accordance with protocols
evaluated and approved by the IACUC committee at UNC-Charlotte. Each mouse was
inoculated with 5.0 x 10° Caov-3 cells subcutaneously in the right-rear flank. Eight days
post inoculation all mice began the predetermined treatment regimen despite evidence of
a tumor mass. For biodistribution one cohort (n=4) of mice received a single dose of
either 25, 15, 10, or 5 mg/kg by weight of NP (2% ICG) and imaged at 10 min, 1, 4, 8,
12, 24, 48 hours post treatment. For retention studies two cohorts (n=4, n=5) of mice
received weekly subcutaneous injections at the tumor site of either aptamer labeled or
non-aptamer labeled 71 mg/kg ICG loaded NPs (.5% ICG) and imaged at 1, 4, 8, 12 24,
48, 72, and 96 hours post treatment. For drug studies one cohorts (n=4) of mice received
weekly subcutaneous injections at the tumor site of 71 mg/kg aptamer labeled Paclitaxel
loaded NPs (2% Ptx). Additionally one cohort (n=5) received an equal doses of Ptx-
CrEL alone. For aptamer targeting two mice received a single dose by tail vein of either
aptamer labeled or non aptamer labeled 350 mg/kg ICG loaded NPs (.5% ICG) and
imaged at 1, 4, 8, 12 24, 48, 72, and 96 hours post treatment. All mouse imaging was
done using an IVIS® Spectrum Pre-clinical In Vivo Imaging System (Perkin Elmer,
USA) with appropriate wavelength (745 nm, excitation wavelength and filter; 810 nm,
emission wavelength and filter. After 60 days following initial inoculation with Caov-3

cells mice were sacrificed by CO, asphyxiation and organs were harvested. Body weight
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and tumor size was measured before administering weekly treatment and tumors were
measured by digital caliper
4.3 Results
Biodistribution of ICG Loaded Nanoparticles

In order to establish nanoparticle kinetics and biodistribution in an in vivo model |
treated a single group of mice (n=4) with different doses of ICG loaded NPs (2% ICG).
Mice received injections through tail vein and were observed at indicated time points in
Figure 17 by an VIS Spectrum imager to assess NP localization throughout the body.
Additionally I was interested in seeing if there were any areas of increased absorption
that would not be typical i.e. liver, heart, and kidneys during normal circulation.

Fluorescent signal (10 min):

4 Observed in all mouse tails at the injection site except the mouse receiving
a 5 mg/kg dose.

4 Shows minimal perfusion away from the injection site.

Fluorescent signal (1 hour):

4 Shows minimal profusion away from the tumor site as seen at 10 minutes.

& No observed apparent change in the total area of fluorescent signal for all
mice.

& No detectable signal for 5 mg/kg dosage

Fluorescent signal (4 hour):

& Observed increase in the total area of fluorescence as well as area of max
fluorescent signal suggesting accumulation within the tail of mice
receiving 25 or 15 mg/kg dosage but no detectable level of fluorescence
throughout the body.

& Mice receiving dosages of 10 and 5 mg/kg showed a fluorescent signal
(max ~5000 counts) in the upper thoracic area suggesting movement away
from the injection site and accumulation of NPs within the heart.

Fluorescent signal (8 hour):

¢ Observed decrease in the total area as well as max area of fluorescence
within the tail suggesting profusion of NPs away from the injections site in
mice receiving 25 or 15 mg/kg dosages but no accumulation of NPs was
detected in expected organs.

& Mice receiving 10 and 5 mg/kg dosages showed continued accumulation
of NPs in the chest cavity.
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& The diffuse pattern of fluorescent intensity (max ~4500 counts) observed
in the mouse treated with a 5 mg/kg dosage suggests movement through
the lungs and heart of the mouse.

Fluorescent signal (12 hour):

4 Circulation to major organ systems observed in all mice.

¢ Mice receiving 20 and 15 mg/kg dosages show fluorescent counts (max
~4500 counts) in the lower thoracic region suggesting localization in the
liver or kidneys.

& Both higher doses resulted in a progressive but slower rate of profusion
away from the injection site and accumulation in vital organs when
compared to 10 and 5 mg/kg doses.

4 A downward shift in the fluorescent area away from the heart within the
thoracic cavity can be observed at 12 hour time points of mice receiving
10 and 5 mg/kg doses. This shift downward towards the abdomen
suggests an increased accumulation of NPs within the liver and kidneys.

Fluorescent signal (24 hour):

¢ Observed fluorescent signal within the tail is significantly decreased for all
mice. Mouse receiving 25 mg/kg injection shows increased absorption of
NPs in the hind legs and tissues surrounding the common and external
iliac veins.

& All mice show localization at the liver and lower abdomen.

& The pattern of fluorescence seen in the mouse receiving a 5 mg/kg
suggests accumulation of NPs in left kidney (max ~4000 counts).

Fluorescent signal (48 hour):

& Full body fluorescence can be detected in the 25 mg/kg dosed mouse with
observed absorption of NPs throughout the body and extremities.

¢ Residual NPs can be detected at the site of injection in the mice receiving
20 or 15 mg/kg dosage as well as accumulation in the liver.

& Mice receiving 10 and 5 mg/kg dosages show a complete depletion of
fluorescent signal within the tail at the injection site but persistent
fluorescence in the liver.

No time points were taken after 48 hours but data in Figure 19 suggest that ICG loaded
NPs can remain in tissue for up to 96 hours depending on site of injection and dosage.
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Figure 17: Biodistibution of ICG loaded nanoparticles by tail vein injection in female
mice. Mice were treated with 20, 15, 10, or 5 mg/kg doses by weight of nanoparticles
(2% ICG). All mice were anesthetized with isofluorene and imaged on an VIS Spectrum
imager using a 745 nm excitation wavelength and 810 nm emission filters.
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Aptamer Directed Indocyanine Green Nanoparticles

The goal of this study was to investigate the potential for RLAOQ1 to increase the
retention time of labeled NPs at the tumor site following direct injection. 1 will do this by
comparing the radiant efficiency observed after treatment with aptamer labeled ICG
loaded NPs (PLGA-ICG-RLAO01) versus non-aptamer labeled ICG loaded NPs (PLGA-
ICG) in xenograft tumor mice. Mice received weekly injections directly at the tumor site.
All mice from both cohorts grew visible tumors over the 8 week study (Table 1). Cohorts
I and 11 were treated with a NP dosage of 71 mg/kg (.5% ICG), anesthetized, and
observed (Table 5). Mice were non-sequentially observed at 0, 1, 4, 12, 24, 48, 72, and
96 hour time points throughout the 60 day study following injection to observe ICG
fluorescence. Additionally, mice were imaged before weekly ICG treatments to
demonstrate metabolism and clearance of ICG NPs from previous treatments.

Table 5: Mouse cohorts for in vivo imaging and aptamer labeled nanoparticle
encapsulated Paclitaxel drug treatment

Nanoparticle | Taxol or ICG | Number | Number of mice
Cohort . ) .
dosage equivalent of mice | completing study
Non-labelti.d icone | Mok 0.36 mg/kg 4 3
I
RLAO1 Labeled ICG 71 mg/kg 0.36 mg/kg 5 3"
NP
i
RLAO1 Labeled 71 mg/kg 1.3 mg/kg 4 4
Ptx NP
v 71 mg/kg Ptx only 5 5
Ptx alone

AA Mouse from cohort 1 died while anesthetized in week 4 (day 23) during data
collection.

*Two mice from cohort 2 died while anesthetized in week 6 (day 43) during data
collection.
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Figure 18 shows a graphical representation of radiant fluorescent signal detected
in mice following treatments with either aptamer labeled or non-labeled ICG loaded NPs.
In addition, a representative mouse is shown demonstrating the profusion of NPs away
from the injection site over 48 hours. Between 1 and up to 8 hours NPs show slow
profusion away from the injections site and surrounding tissue following injection with
aptamer labeled and non-labeled NPs (Figure 18). The radiant efficiency and total area
of detectable fluorescence diminished at 24 hours with non-labeled NP treatments and is
demonstrated by both imaging and qualitative data. The slow drainage and clearance of
NPs away from the injection site is likely due to the lack of vascularization and slow
absorption of NPs into the blood stream. | observed a more persistent fluorescent signal
at 24 and 48 hours, measured by radiant efficiency, at the tumor site with an aptamer
labeled NP versus a non-aptamer labeled NP (Figure 18). Furthermore, observed area of
max fluorescence (yellow coloring) remained higher at 24 and 48 hours when mice were

treated with aptamer labeled NPs and appeared to localize on the tumor.
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Figure 18: Long-term retention of aptamer directed versus non-aptamer directed ICG
loaded nanoparticles in a xenograft mouse model. Graphical representation of radiant
efficiency over time (Top). Mice were inoculated with 5.0 x 10° Caov-3 cells in the right
rear flank (red arrow) of female Nu/J mice and treated with either aptamer labeled or
non-aptamer labeled ICG loaded NPs (Bottom).
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Table 6: Post-mortem analysis of ICG loaded nanoparticle treated mice

PE%T_TCIG Spleen Liver  Kidneys Lungs Heart
Mouse 1 Enlarged Enlarged Speckled*
Mouse 4 Enlarged
Cohort 11
PLGA-ICG-RLAO1
Mouse 2 Enlarged Enlarged Speckled*
Mouse 3 Enlarged Enlarged

4 Evidence of tumor micrometastasis to the lungs

Paclitaxel Loaded Nanoparticles

The goal of this study was to investigate the potential for RLAO1 to increase the
retention time of Paclitaxel loaded aptamer labeled NPs at the tumor site in Nu/J mice.
This was demonstrated by comparing the reduction in tumor burden between mice
receiving weekly injections of aptamer labeled Ptx loaded NPs (PLGA-Ptx-RLAOQ1)
versus drug alone (Ptx, Table 5 and 7). In cohort 11, 3 of 4 mice grew tumors and 1
mouse from cohort IV grew a tumor. Tumor measurements were taken weekly. Mice
received a total of 7 injections over a 60 day period and there was an observed reduction
in tumor burden for both cohorts. Aptamer labeled NPs showed to be as effective as Ptx
treatments alone, but post hoc analysis showed that this difference was not significant.
Additionally, the poor tumor formation seen in cohort IV decreased statistical power. A
total of 9 mice survived the 60 day treatment protocol and were euthanized to harvest

organs. No abnormalities were seen during post-mortem analysis.
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Table 7: Observed reduction in tumor burden in mice treated with aptamer labeled
Paclitaxel loaded nanoparticles versus Paclitaxel alone*

Day
(PLG—C,:AO-rILC'EQIIQIIl popy |0 8 15 2 20 3 43 50 57
Mouse 1 0 324 372 491 173 522 987 6.54 4.87
Mouse 2 0 0 059 0.66 0.73 3.27 441 365 257
Mouse 3 0 0 0 0 0 0 0 0 0
Mouse 4 0 179 246 305 220 160 555 425 3.18
Cohort IV
(Ptx alone)
Mouse 1 0 0 0 0 0 0 0 0 0
Mouse 2 0 0 0 0 0.8 0 0 0 0
Mouse 3 0 067 0.78 093 130 074 156 1.16 0.68
Mouse 4 0 0 0 0 0 0 0 0 0
Mouse 5 0 0 0 0 0 0 0 0 0

*Tumor sizes measured in mm®

Single Dose Tail Vein Injection in Xenograft Tumor Mice

to Assess Targeting Capabilities of Labeled Nanoparticles

Two mice received a single tail vein dose of either labeled or non-labeled ICG

loaded NPs (1.75 mg/kg equivalent ICG). Fluorescent ICG was used to monitor the
circulatory kinetics of NPs (Figure 19) and any localization that may occur within the
mouse. Graphical data is shown that highlights the radiant efficiency in a specific region
of interest (ROI) on the mouse (Figure 19, top). Radiance levels were measured directly
at the tumor site to determine honing capabilities of RLAO1 labeled NPs. The images
show a complete 96 hour time course of the observed average radiant efficiency
following injection with either ICG aptamer labeled or non-labeled NPs (Figure 19,
bottom). No localization of ICG mediated fluorescence was seen at the tumor 1 hour post

injection (data not shown)
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Single dose tail vein injection with aptamer labeled and non-labeled ICG loaded NPs:
Fluorescent signal (4 hour)
€ 1CG NPs begin to localize at the tumor site in the mouse treated with
aptamer labeled NPs.
Fluorescent signal (8 hour)
€ Radiant efficiency rose 25% in the tail of both mice suggesting absorption
at the injection site
€ The mouse treated with labeled NPs displayed a significantly higher
fluorescent signal and larger area of fluorescence suggesting accumulation
at the tumor.
Fluorescent signal (24 hour)
€ Both mice showed depletion of fluorescent signal within the tail
suggesting clearance of NPs away from the injection site.
€ Max fluorescent signal localized at the tumor site and the area of total
fluorescence was larger for the mouse treated with aptamer labeled NPs
suggesting a higher amount of accumulation and increased absorption.
Fluorescent signal (48, 72, and 96 hour)
€ The mouse receiving aptamer labeled NPs showed a persistent fluorescent
signal at the tumor while the mouse receiving non-labeled NPs displayed
no levels of detectable fluorescence as measure by radiant efficiency.
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Figure 19: Biodistribution of ICG loaded nanoparticles in an ovarian tumor xeonograft
mouse following tail vein injection. Graphical representation of radiant efficiency above
background over time (Top). Mice were treated with either aptamer labeled or non-
aptamer labeled ICG loaded NPs by tail vein injection (Bottom).
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4.4 Discussion

It was my intention to elucidate NP kinetics with regards to overall physiological
circulation that include areas of NP accumulation and absorption in vivo. Additionally, I
wanted to investigate aptamer stability, targeting capabilities, and the potential to
promote prolonged retention at the tumor site in the context of an aptamer labeled NP. In
the present investigation an efficient strategy to obtain data on the biodistribution of ICG
loaded NPs introduced by tail vein injection has been reported. Indocyanine Green is
useful for imaging due to its characterization as a near infrared (NIR) fluorescent dye that
utilizes wavelengths in the range of 700-900 nm [341]. This is particularly useful in
imaging allowing for a high signal-to-background ratio as well as excellent tissue
penetration thereby providing a means to detect contrast material at a depth of several
millimeters within tissue [341, 342]. ICG infrared frequencies penetrate tissue layers that
allows ICG based angiography to image deeper patterns of circulation when compared to
fluorescein based angiography [343]. Additionally, imaging is enhanced due to ICG
plasma protein interactions that tightly bind one another to promote retention within the
vascular system [331, 343, 344]. Moreover, since ICG is approved by the FDA, the
clinical translation of ICG based imaging is rapidly advancing as there has been 206
active or concluded clinical trials to date that have used ICG to image colorectal cancer
[345], head and neck cancer [346], and breast cancer [343]. More recently, fluorescence-
based image guided surgery (IGS) has shown potential to promote clean margins after
tumor debulking. Real time NIR imaging during mouse surgeries have been conducted

to ensure the complete excision of malignant tissue [342] and a 2014 phase Il study
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(NCT02027818) assessing the pre- and postoperative analysis of ICG accumulation
levels localized at the tumor site following injection in patients with breast cancer.

| was able to track measurable ICG signals and observed accumulation in major
organ systems (heart, liver, and kidney). In assessing the feasibility of NPs as a small
molecule vehicle, it would seem that the structural integrity of the particles is maintained
in the system. The typical half-life of ICG is ~3 minutes and is quickly removed from the
circulatory system by the liver [344], thus a potential explanation of the persistent
accumulation in mouse livers for all dosages over a 48 hour period. However, the
imaging data clearly indicates that ICG loaded NPs administered by tail vein are present
within the mouse up to and beyond 48 hours suggesting no apparent increased
degradation of NPs in an in vivo model. A more rapid reduction of fluorescent signal
would have suggested increased degradation of NPs releasing ICG into the blood stream.
Although it is likely some NPs were degraded leaking ICG throughout the body, this
persistent ICG signal is indicative of structurally intact NPs within the blood plasma and
liver. The mice also showed no evidence of overwhelming systemic toxicity with NPs
nor NPs conjugated to aptamer RLAOL. Even high dosages of NPs were well tolerated
by the mice. In addition, no significant sign of toxicity on the major organs was observed
in terms of changes in body weight but two mice did present with enlarged livers and
spleens that received NP based treatments. Circulatory patterns and organ inflammation
were consistent with NP based findings in Wu et. al. where by PEG-PAMAM NPs were
loaded with a similar NIR dye (Cy3) and introduced by tail vein [347]. This enlargement
could be due to the consistent filtering of ICG by these organs and not specifically due to

NP accumulation. No mice within cohort 11l receiving Ptx loaded PLGA NPs showed
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any organ abnormalities and it is known that the monomeric units of organic NPs are
quickly metabolized by cells (Krebs cycle). Itis clear that higher dosages of NPs (25
mg/kg & 15 mg/kg) lead to slower profusion rates away from the injection site, decreased
rate of circulation, and increased absorption by tissue surrounding major arteriole
networks and within the extremities.

| attempted to determine the potential increased absorption or retention of aptamer
labeled NPs versus non-labeled NPs if any. This was also done by NIR imaging where
by fluorescent signal was observed in mice receiving subcutaneous injections of NP
treatments directly at the tumor site. I chose direct tumor injection of NPs due to the
feasibility of this as a clinical option for ovarian tumors. Intraperitoneal therapies have
been used for many years that include the use of Paclitaxel and help to diminish residual
disease following invasive tumor debulking [348, 349]. Although the location chosen for
administering the injection will inherently localize the NPs at the tumor site, the slower
rate of clearance away from the tumor site observed with aptamer labeled NPs
demonstrates the retention capabilities of RLAO1 labeled NPs. Additionally there is a
noticeable change in the area of max fluorescence between aptamer directed and non-
aptamer directed treatments. | attribute this to an increase of NP localization mediated by
aptamer-receptor interactions. This would reduce the rate of NP drainage away from the
tumor site with aptamer labeled NPs. Strongest max fluorescent signal for both cohorts
appear to be localized directly on the tumor suggesting retention by the EPR effect.
Despite all three surviving mice who received non-labeled ICG loaded NP treatments
(cohort I) growing palpable tumors, there was significantly less max fluorescent signal

after 24 and 48 hours when compared to aptamer labeled NP treatments (cohort I1).
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These data suggest increased localization and retention at tumors that remain for longer
periods of time. Such treatments can minimize cytotoxic effects to neighboring or distal
non-malignant tissue with proper dosing and direct administration into malignant tissue.

When investigating the efficacy of Ptx loaded NPs the data suggest that NPs
loaded with Ptx can be as effective as drug alone. | did observe a reduction in tumor
burden for both cohorts. However, because | was only able to induce a tumor in one
mouse from cohort 5 (Ptx alone), the post hoc power analysis indicated a low degree of
confidence. Further treatments with tumor induced mice will be needed to determine if
aptamer conjugated Ptx loaded NPs are more effective than drug treatments alone. The
data does suggest that this type of treatment is clinically feasible and warrants more
investigation. Furthermore, the observed increase of retention seen with aptamer labeled
ICG loaded NPs could correlate to Ptx loaded NPs as well.

| described earlier the increased cellular uptake of targeted therapies in the context
of a Ptx and FDA loaded NP labeled with RLAO1 in vitro (Chapter 3). To demonstrate
the potential targeting capabilities of RLAOL labeled NPs in vivo, tumor bearing Nu/J
mice were used to investigate the biodistribution of aptamer labeled ICG loaded NPs.
The results from VIS imaging showed that aptamer conjugated NPs administered by tail
vein injection promoted the accumulation of NPs at the tumor. The increase of localized
fluorescence is due to the addition of the RLAO1 aptamer that then enhances the EPR
effect often associated with tumor masses. The increased retention of drugs or NPs at the
tumor site is dependent on two important factors: (i) circulation time with regards to
kidney filtration meaning larger molecules will remain circulating longer, and (ii)

development of tumor masses large enough where vascularization is essential for
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sustained tumor growth [250, 350]. It has been shown that tumor masses as small as 1.5
mm?in total volume require an increase of angiogenesis for survival [351]. Additionally,
data suggests that observed accumulation of drug due to the EPR effect are typically seen
after 6 hours of circulation [250, 352]. Tumor sizes measured in this study were large
enough to promote an increase of vascularization. Furthermore, NPs used for this study
will circulate throughout the body for periods of 48 hours or longer as shown by the
normal biodistribution of unmodified NPs in non-tumor induced mice (Figure 17).
Taking all these data together highly suggests that the increase of fluorescent signal at the
tumor for aptamer labeled NP treatments was caused by the EPR effect. Although
increased fluorescent signal was seen at the tumor site for non-aptamer labeled NPs, there
was significantly less area of fluorescence, lower levels of max fluorescent counts, and
higher rates of profusion and lymphatic drainage away from the tumor site over the time
course.

| have established that this RLAOL labeled NP model was designed efficiently and
that labeled NPs are useful vectors for delivering targeted therapeutics and small
molecules to tumor in mouse models. Taken together the results described in the current
report demonstrate the following: (i) the use of NP encapsulated ICG provides
fluorescent data with little to no background noise often caused by mouse auto-
fluorescence providing an accurate assessment of NP kinetics in vivo, (ii) data suggests
that NPs and labeled NPs do not induce functional impairment to normal tissues and vital
organs (iii) PLGA based nano-vehicles clearly enhance the circulatory capabilities of
ICG and maintain structural integrity up to 48 hours, (iv) aptamer labeled NPs show an

increased retention that could improve the efficacy of current locally administered
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therapies, and (v) aptamer directed NPs can localize at the tumor site after long periods of

circulation attributed to the EPR effect.



CHAPTER 5: DISSCUSSION AND FUTURE DIRECTION

5.1 Project Summary

€ | have identified Caov-3 tumor specific aptamers that bind with apparent K
values calculated in the nM range. Aptamers RLAO1, RLA02, and RLA03
exclusively bind to target Caov-3 cell lines and not to analogous EOC cell lines
SW626 and SK-OV-3. More importantly when all three aptamers are conjugated
to a Cy5 fluorescent reporter and incubated with non-transformed HOSE 6-3 and
HEK?293 cells as well as a panel of malignant epithelial disorders no fluorescent
events are detected by flow cytometry or confocal microscopy.

€ | was able to utilize RLAO1 as a molecular chaperone by labeling the surface of
nanoparticles. | demonstrated that aptamer labeled NPs carrying Ptx are more
effective at limiting cell proliferation when compared to Ptx alone. NP labeling
with RLAOL increased internalization mediated by aptamer-receptor interactions.

€ |investigated the stability of aptamer RLAO1 in vivo when used to label ICG
loaded NPs. Additionally, I demonstrated the increased retention and targeting
capabilities of labeled NPs in xenograft tumor mice.

5.2 Potential Pitfalls of the Cell-SELEX Protocol

| was able to identify unique aptamers that bind to target EOC cancer cells with
Kq values that are measured in the nM ranged using Cell-SELEX. The Cell-SELEX
protocol can be used to identify aptamers for any chosen cell type. Advances in Cell-
SELEX selection and screening have made the number of potential aptamers virtually
limitless. However, a major challenge to Cell-SELEX is a scheme to identify aptamers
that can distinguish between tumor and highly similar neighboring non-tumor cell
populations of that largely share developmental ontogeny. The use of HOSE 6-3 cells
improves upon methodology previously described to identify Caov-3 aptamers (DOV3)

[93]. Non-malignant transformed ovarian epithelium provided a negative selection
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platform that most closely resembles biological normal ovarian tissue. Negative selection
using biologically normal cells promotes identification of aptamers that bind exclusively
to malignant tissues. More importantly the use of non-malignant epithelial cell lines for
negative selection is novel and no other reported ovarian tumor specific aptamer has been
identified this way.

A potential modification to the Cell-SELEX protocol in Chapter 2 could be the
addition of a single or mulitple cell lines to carry out negative selection. One example
could be to add both HEK293 cells as well as a liver cell line such as HepG2. Aptamers
identified by this method could demonstrate a decrease in local absorption and retention
in kidneys and liver cells, a common place of aptamer retention. Conversely,
transformed cells within evolving tumors can be heterogeneous, and how highly specific
aptamers can be effective against these tumors remains unclear when aptamers are
typically selected against cell lines. It would be interesting to observe any aptamer-cell
interactions for the aptamers described here on primary tumor targets to observed
potential compatibility of my in vitro selection methods with primary tumor explants.
Moreover, it would be feasible to apply the methods described here using primary tumor
explants as positive selection target cells to generate aptamer pools.

The selection process described utilized serous adenocarcinomas in a late stage of
development. As described in Chapter 1, ovarian cancer can originate from multiple
types of physiologically similar epithelial progenitors. The aptamers described here were
selected against adenocarcinoma serous EOC cells exclusively and the binding kinetics of
RLAO1, RLAO02, and RLAO3 showed minimal interaction with analogous SK-OV-3 and

SW626 cells. Either aptamer could preferentially bind to other sub-types due to the up-
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regulation of similar cell surface markers. A more comprehensive panel of EOC sub-
types could be used to determining the specificity of the aptamers described here.
Aptamers RLAOL, RLA02, and RLAO3 bind with high affinity to target cells, but for
aptamers to be considered relevant as an early detection diagonstic tool it is important to
show binding to pre-staged tumor cells Furthermore it would be interesting to test the
binding capabilities of RLAO1, RLAO2, and RLAO3 with a panel of immune specific
cells. For future in vivo modeling aptamer mediated treatment could disrupt immune
response cell signaling by binding and inhibiting interleukins or cause an immune
response by activating complement cascades or binding with toll-like receptors.
5.3 Potential Biological Effects of Aptamers

As discussed in Chapter 1 a number of aptamers have been selected against and
identified that bind to known cell surface biomarkers in vitro. Further analysis to identify
any dysregulation within cell signaling or metabolic pathways could be elucidated by
identifying the primary target molecule all aptamers identified by this study preferentially
bind to. While there are aptamers that show a correlation between binding and the
expression of a specific biomarker on the cell surface, many aptamers can simply display
a propensity for adherence. This could include one or multiple events that involve
binding with lipid rafts, hyper/hypo-glycosylated cell surface markers, upregulated
receptors (VEGF, folate, estrogen, Her2), glycoproteins, glycoclipids, or long
carbohydrate chains. ldentification of the target receptor would be instrumental in
determining if identified aptamers demonstrate any inhibitory or antagonistic

characteristics within key signaling pathways.
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Aptamers could interact with any number of signaling receptors as a first
messenger which includes immune receptors, insulin receptors, and G protein-coupled
receptors. Specific and non-specific aptamer binding could initiate secondary messenger
systems. For example the binding of aptamers to tyrosine kinase receptors could initiate
a response within the MAPKK pathway or JAK-STAT pathway promoting cellular
processes like proliferation, apoptosis, differentiation, or migration. The aptamers
described here showed no apparent cytotoxicity so it would seem that RLAO1, RLAOQ2,
and RLAO3 fail to bind with pro-apoptotic receptors. Alternatively, the aptamers
identified here could demonstrate antagonistic effects thus preventing downstream
signaling as seen with pegaptanib, potential inhibition of paracrine or endocrine
stimulation, or simply bind to the cell surface on lipid moieties or non-functional
carbohydrate chains. However, identifying which aptamers demonstrate specific or non-
specific binding will help determine what biological assays are feasibly relevant in the
future.

It is also not completely understood how aptamer RLAO1 could affect the tumor
microenvironment and the potential to promote metastasis. Accumulation of aptamers at
tumors could inhibit ligands or hormones over time. Such inhibition could promote or
inhibit detachment from the tumor mass. Long-term treatments with aptamers on cells in
vitro could elucidate information about this. | did show an increased incidence of
internalization with aptamer labeled NPs in vitro (Chapter 2) which correlated with in
vivo assays described in Chapter 3. This evidence would suggest that aptamer binding
and internalization are not significantly altered when comparing in vitro and in vivo

models. Thus in vitro aptamer treatments on targets cells followed by genome wide RNA
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sequencing transcriptome profiling looking for the up- or down regulation of transcripts
that can eventually alter cellular morphology and anchoring would help to identify
proteins of interest and determine if aptamers alter such pathways.
| was able to demonstrate the positive internalization of aptamers through the

endocytic pathway using an endosomal specific dye. However, no data has been shown
that describe the release of aptamers from the endosome, or the subsequent metabolism of
aptamers when in the cytosol. Two concerning factors potentially associated with
aptamer based diagnostics or therapies and cellular accumulation could include: (i)
random integration of DNA aptamers into the genome, and (ii) unintentional mMRNA
interference. Despite previous knowledge of stable aptamer secondary structures,
linearization of the single stranded aptamer due to endosomal pH or cytosolic nucleases
could promote non-specific binding with mRNA transcripts and disrupt ribosomal
translation. Although the aptamers described in this study are DNA and not RNA based,
this mode of disruption seems unlikely and has not been reported to date with DNA
aptamers. The potential of prolonged exposure to aptamer based treatments could lead to
eventual genomic integration. Despite aptamers existing as single stranded
oligonucleotides the potential to bind to complimentary short strands of degraded mRNA
could create double stranded molecules. Moreover, some chemotherapeutics molecules
will intercalate with DNA and is exploited to build aptamer-drug conjugates. Drug
metabolites can shuttle aptamers to the nucleus or aptamers within the cytosol could non-
specifically bind to nuclear bound proteins.

Aptamers RLAO1, RLA02, and RLAO3 do bind to target cells in their native form.

The addition of post sequencing modifications could alter the binding kinetics of these
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aptamers as well as cause cytotoxic or regulatory affects. For example, aptamer binding
can be altered by phosphothioate substitutions that have been shown to increase aptamer
binding with plasmid DNA and mRNA in vitro (Table 1). However, phospothioate
substitutions are also correlated with increase retention in both kidney and liver cells in
vivo. Since the conjugation of Cy5 dye to RLAO1 or RLAO1L covalent linkage to NPs
does not appear to demonstrate inhibition of binding when incubated with target cells, it
would suggest that the tethering of RLAO1 to small molecules does not alter binding
Kinetics.

In addition to looking at the effects caused by sequencing modifications of
aptamers in vitro, a multi-arm in vivo analysis that exposes mice to various
concentrations of modified Cy5-aptamer conjugates can provide data on several key
physiological barriers seen with aptamer treatments including: (i) general biodistribution
and areas of localization or absorption, (ii) ability to resist endogenous plasma nucleases
and overall degradation, (iii) circulatory half-life, (iv) overall toxicity of aptamers, and
(v) ability of aptamers to localize at tumor sites when administered to tumor models.
Non-specific nuclease degradation reduces maximum plasma concentration of circulating
aptamers. The high degree of conformational malleability of aptamers, including
available post sequencing modifications, could inhibit or enhance binding abilities.
While additions of LNAs or 2’-O-methyl substitutions could increase nuclease resistance,
post-transcriptional modifiers could increase hepatic toxicity and alter binding kinetics

depending on physiological factors such as pH and ion concentrations.
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5.4 Aptamer Sequencing

The ability to modify sequencing protocols and utilize machinery within our
facility provided a great advantage. The lon Torrent was an optimal platform knowing
we would not see a high degree of variability within the aptamer pool as well as knowing
the initial size of the sequence. Because of this a larger scale illumina platform was
determined to be unnecessary. Future sequencing utilizing illumina facilities could help
to identify potential problems that lead to low yields of aptamer sub-populations.
Additional analysis of sequencing data can help to identify all aptamer sub-populations.
Superficial searches for PCR priming sequences identified full length aptamers and thus
proved to be effective. However, coding to identify sequences showing various degrees
of homology are yet to be employed. In addition, sequence analysis of RLAO1 through
RLAOQ7 could show sequence homology that could prove to be cell line or receptor class
specific. For example aptamers whose sequences show a high degree of G-C rich
nucleotides could preferentially bind to particular receptors up-regulated on tumor cells.
Data mining on aptamers that preferentially bind to up-regulated ovarian tumor markers
such as folate or HER2 could elucidate more information showing sequence specific
binding. The identification of 7 aptamers that demonstrate biologically unique apparent
binding constants suggests | reached the final round of selection. Additionally the
process for monitoring aptamer selection with bacterial transformations and by the
increase of fluorescent activity when comparing successive aptamer pools by flow
cytometry was effective. Additional methods such as gel extraction and purification,
column affinity and purification, and streptavidin bead isolation of aptamer sequences

could be used to confirm recovery and enrichment.
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The current push to improve upon in silico modeling when designing single
aptamers or aptamer pools could be used to improve upon previously established
aptamers like RLAO1, RLAO2, and RLAO03. For example computer modeling would
predict changes in binding affinity after modifications like base substitutions. This could
improve up the current structures of aptamers which would help with stability and
resistance to endogenous nucleases as well as increase binding affinities. However,
knowing the preferential binding target of RLAO1, RLA02, and RLAO3 is necessary to
apply this strategy.

5.5 Aptamer-Nanoparticle Conjugates

Because | was able to collaborate on this project with Dr. Craig Ogle from the
Chemistry department at UNC-Charlotte, | was able to utilize their already established
formulation to make PLGA based NPs. The PLGA polymer allowed me to encapsulate
multiple hydrophobic drugs, such as Ptx, because of the amphipathic nature of the
particle. The PLGA particle demonstrates no auto-fluorescence and PLGA metabolites
are quickly processed and cleared by the body. In addition to being biodegradable and
showing high biocompatibility, PLGA is found in a variety of FDA approved therapeutic
devices and products. Nanoparticles formulated from other materials like silicon, silver,
or gold often possess intrinsic auto-fluorescent profiles that could have altered ICG based
visualization for xenograft mouse imaging. In addition there is a well-established safety
record with PLGA based NPs. | was also able to visualize NPs for size analysis by SEM
imaging which is important for predicting mechanistic modes of internalization. The
successful labeling of NPs with aptamers demonstrates the feasibility of using NPs as a

labeling platform and could be altered in several ways. One example would be the dual
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loading of NPs with both ICG and Ptx for future in vivo studies. Such models could help
to quantify drug doses localized at tumors. In addition to dual loading the potential for
dual targeting could promote additional internalization to what has been observed
(Chapter 2). Dual targeting and combinatorial loading of NPs could potentially lead to
treatments that circumvent multidrug resistance pathways.
5.6 Biological Significance and Future Challenges

The potential of aptamer development can lead to increased sensitivity of
diagnostics including visualization or isolation of malignant cells. Furthermore,
generating tumor specific aptamers could help differentiate between various tumor
subtypes. Multi-targeted aptamers specific to tumor sub-types could increase the positive
identification of malignant tissue with more accuracy that PCR identification of
biomarkers in serum. This could increase the general utility of Cell-SELEX identified
aptamers by employing them to assess specific information about the cell-surface
proteome. Aptamer arrays can give us a better understanding concerning the tumor
microenvironment and overall topography [353]. Clearly there is an invading presence of
aptamers as drugs for different targets and diseases. Since the initial description of
aptamers and aptamer technology in 1990, only one aptamer has been FDA approved and
is in use for therapeutics but not directed against cancer. In 2011 there were a total of
nine DNA/RNA based antagonistic aptamers undergoing phase I, 11, or 111 clinical trials
[79]. Four years later in 2015, twenty-six aptamer related clinical trials have been
developed, the majority of which have been completed. In large part this slow move
from translational benchtop to market reflects the anti-cancer drug model as a whole;

only an estimated 0.5% - 3% of drugs tested in the laboratory eventually lead to FDA
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approval. Continued development of Cell-SELEX protocols along with the development
of in silico modeling will lead to more efficient techniques for developing targeting
aptamer pools.

Off-target or unanticipated effects including induction of opposite effects, e.g. cell
killing versus migration or differences between sexes may prove to be barriers to large-
scale therapeutic development without intensive pre-clincial testing. Even despite this
testing, a disconnect between promising early studies and less effective clinical trial
outcomes has been frustrating to the field. The nucleolin AS1411 aptamer showed
excellent efficacy in laboratory studies and phase | clinical trial, yet phase Il results were
significantly less compelling and the study was terminated.

The power of NP labeling through the combination of nanoparticle and aptamer
technologies may be thwarted by the need to bring together multiple entities with
potentially competing financial and commercial interests. By contrast, single aptamer
therapeutics as well as drug loaded nanoparticles have progressed to clinical trials and
may come to market more quickly. Despite these challenges, the financial outlook and
continued interest by the biotechnology industries remains highly positive. The
achievement of pegaptanib has given the aptamer field a boost, and the aptamer market is
poised to grow on par with antibodies in the next 10-15 years at an estimated growth rate
of 49% [276]. The global aptamer market was valued at $236 million in 2010 and
increased to $287 million in 2013 [79] and is expected to reach $2.1 billion by 2018
[276]. However, it should be noted that previous global growth estimates proved overly
positive; in 2010 it was estimated the market in this year would be valued at $1.9 billion

[79], but this has been significantly adjusted to under $500 million [276]. As aptamer
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screening techniques and efficiency continue to be optimized, they will provide the
ability to identify aptamers unique to each individual’s tumor and development of

personalized medicine.
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Abstract

Ovarian cancer is often diagnosed in late stages with few treatment options and
poor long-term prognosis. New clinical tools for early detection of ovarian malignancies
will significantly help reduce mortality and improve current long-term survival rates.
The objective of this work was to identify ovarian tumor specific single-stranded DNA
aptamers that bind to malignant ovarian tumor cells and internalize with high affinity and
specificity. Aptamers can identify unique tumor biomarkers, can aid in early detection
and diagnosis of neoplastic disorders, and can be functionalized by conjugation to small
molecules. To identify aptamers from random single-stranded DNA pools (60 bases
long), we used whole Cell-SELEX (Systematic Evolution of Ligands by Exponential
enrichment) to enrich and isolate tumor specific aptamers that bind to tumor specific
receptors in their native state on the cell surface. Next Generation sequencing identified
seven novel aptamers, and detailed analysis of three are described. Aptamers bound to,
and were internalized by, target Caov-3 cell populations but not non-target non-malignant
ovarian epithelial HOSE 6-3 cells or multiple other epithelial tumor cell lines. Further,
aptamers showed unique binding affinities with apparent dissociation constants (Kg)
measuring in the sub-micromolar range supporting their physiological relevance and
potential use in clinical applications.

Introduction

Epithelial ovarian cancer (EOC) is one of the most common and highly malignant
diseases affecting women. In 2014 almost 22,000 new cases of EOC will be diagnosed
with over 14,000 EOC related deaths in the Unites States alone [1]. Since the majority of
EOC are diagnosed at stage Il or later, there are fewer treatment options for patients and
poor long-term prognosis with a 5-year mean survival rate of 44%. Moreover, the relative
survival rate decreases to 27% when EOC is diagnosed at stage I11 which constitutes
almost 62% of all new cases each year [1]. Current treatment regimens include surgical
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resection of malignant tissue followed by adjuvant platinum-taxane combination therapy
giving a high rate of initial response, but 60% to 75% of patients demonstrate local
recurrence [2,3].

There remains limited understanding of the pathogenesis of ovarian tumors due to
the heterogeneous nature of the disease. Subtypes include serous, endometrioid,
mucinous, clear cell, transitional cell, squamous cell, mixed epithelial, and
undifferentiated [4]. Further, the origin of tumors is difficult to understand since the
physical development of cyst-like structures within the ovary is uncharacteristic of
normal epithelial ovarian tissue [5], and at least a portion of serous ovarian tumors likely
originate within the fallopian tube [5].

Genome wide studies on the proteome and transcriptome abnormalities of EOC
generated a large number of potential tumor biomarkers, including CA-125 and WFDC2
(HE4) proteins [6-8]. A widely accepted Risk of Malignancy Index (RMI) is used to
differentiate between a malignant and benign abdominal mass [9]. The criteria used
include a woman’s age, ultrasound score, menopausal status, a clinical impression score,
and serum CA-125 count. The Risk of Malignancy Algorithm (RMA) improved upon
RMI by including an additional biomarker HE4 [10], and the OV A1 blood tests includes
a panel of five biomarkers which include CA125, HE4, transferrin, prealbumin, and 32
microglobulin [11]; however, comprehensive serum studies evaluating the effectiveness
of RMI, ROMA, and OVAL blood tests have given conflicting results and still fail to
promote early detection of EOC [6,12].

Alternative approaches to generate more sensitive diagnostic tools to aid in early
detection of EOC include recognition of novel or existing tumor markers and membrane
structures in their native state on the cell surface of EOC cells. Aptamers are single-
stranded (ss) DNA/RNA oligonucleotides that fold into complex secondary and tertiary
structures that enable them to bind with antibody-like properties to multiple targets.
Aptamers have been used as probes for diagnostic identification of tumors in vivo, as
single molecule antagonists, and as directed therapy agents when conjugated to
chemotherapeutics or small molecule vehicles both in vitro and in vivo [13-19]. The
potential clinical significance of aptamers has grown significantly [20] with reports of
several clinical trials including Macugen (pegaptanib) to inhibit VEGF-165 mediated
ocular neovascularization in age related macular degeneration (AMD) [21,22], and
Fovista, the anti-PDGF-f3 aptamer to treat wet AMD [23]. Additional antagonistic
aptamers disrupt complement component 5 (ARC1905) [24], bind tumor specific
antigens such as B-cell receptors on human lymphoma and leukemia [25], as well as a
pro-apoptotic AS1411 aptamer that targets nucleolin and inhibits nuclear factor-xB and
Bcl-2 [26,27]. Since biomarkers on the surface of specific tumor subtypes is not always
known, protocols such as whole Cell-SELEX (Systematic Evolution of Ligands by
Exponential enrichment) can be used to screen for unique aptamers based on their ability
to bind to the target tumor cells. Notably, aptamers have been identified by whole Cell-
SELEX that can bind to the HGC-27 gastric cancer cell line and to paraffin-embedded
primary gastric tumor sections [28].

To identify epithelial ovarian cancer cell-specific aptamers we adopted and
modified whole Cell-SELEX and identified aptamers that distinguish between neoplastic
epithelial cells and non-transformed epithelial cells. We identified novel target-specific
DNA aptamers recognizing human epithelial ovarian adenocarcinoma cells with no prior
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knowledge of target molecules. These aptamers specifically recognize target cells with
an apparent equilibrium dissociation constant (K4) measured in the nanomolar range but
show minimal interaction with physiologically similar epithelial tumor cells and non-
transformed cell lines. Further, that aptamers internalize into target cells thus have the
potential to be utilized clinically as a diagnostic tool for detection, visualization including
metastasis, or for direct delivery of chemotherapeutics for treatment.

Materials and Methods

Cell Lines. The human ovarian adenocarcinoma cell lines Caov-3 (HTB-75), SK-OV-3
(HTB-77), and SW626 (HTB-78) were obtained from ATCC (Manassas, VA) and
maintained in tissue culture 37°C 5% CO,. Caov-3 cell lines were maintained in
Dulbecco’s minimal essential medium (DMEM, GIBCO) supplemented with 10% fetal
bovine serum (FBS, GIBCO) and 1% penicillin—streptomycin (GEMINI). SK-OV-3 cell
lines were maintained in McCoys5a media (ATCC) supplemented with 10% FBS (heat-
inactivated, GIBCO), 1% penicillin—streptomycin (GEMINI). SW626 cell lines were
maintained in Leibovitz media (ATCC) supplemented with 10% FBS (heat-inactivated,
GIBCO), 1% penicillin—streptomycin (GEMINI), and 1% sodium bicarbonate (7.5% w/v,
Cellgro). The pancreatic carcinoma cell line Hs766T (ATCC, HTB-134) and Suit-2 [29],
human cervical adenocarcinoma HeLA (ATCC, CCL-2), breast adenocarcinoma cell
lines MCF-7 (ATCC, HTB-22) and MDA-MB-231 (ATCC, CRM-HTB-26), murine
embryonic fibroblast NIH/3T3 (ATCC, CRL-1658) were all maintained in DMEM
supplemented with 10% FBS (heat-inactivated, GIBCO), 1% penicillin—streptomycin
(GEMINI). Normal epithelial cell lines HEK-293 (ATCC, CRL-1573) maintained in
DMEM supplemented with 10% FBS (heat-inactivated, GIBCO), 1%
penicillin—streptomycin (GEMINI). The HPV immortalized human ovarian epithelial
(HOSE 6-3) cells [30] maintained in Medium199/MCDB105 media (1:1, Sigma Aldrich)
supplemented with 10% FBS (heat-inactivated, GIBCO), 1% penicillin-- streptomycin
(GEMINI), 1% sodium bicarbonate (7.5% w/v, Cellgro).

Whole Cell-SELEX. An HPLC-purified ssDNA aptamer library (Integrated DNA
Technologies (IDT)) contained a centralized random sequence of 20 nucleotides flanked
by fixed 5’ and 3’ 20 nucleotide sequences for PCR enrichment (5°-
CTCCTCTGACTGTAACCACG-N2-GCATAGGTAGTCCAGAAGCCA-3’). 2 uL of
the aptamer library (100 uM) in TE was added to 8 uL. H,O with target Caov-3 cells.
Samples were denatured 95°C 5 min and cooled on ice for 5 min before treating target
cells. Cooled suspension were added to 980 uL binding buffer (BB, PBS (GIBCO)
supplemented with 1% w/v Bovine Serum Albumin (BSA, Cellgro), 4.5 g/L glucose
(Sigma Aldrich), 5mM MgCl, (Sigma Aldrich). Aptamers were incubated on a
monolayer of Caov-3 cells (seeded at 2.0x10° 48 hrs prior, 37°C 5% CO,) in T25 flask
4°C 30 min under constant agitation in the absence of competitor. After washing with
PBS (3X) for 1 min, adhesive cells were collected. Cells with aptamers were centrifuged
12,000 rpm 2 min in microcentrifurge. The supernatant was discarded and bound
aptamers were eluted 95°C 5 min in 50 pL 1X PBS. Eluted aptamers were collected,
resuspended in 950 uL. BB and used for negative selection against HOSE 6-3 cells
(seeded at 2.0x10° 48 hrs prior, 37° 5% CO,) in T25 flask 4°C 30 min under constant
agitation in the absence of competitor. 1 mL of BB was collected and aptamers eluted by
ethanol precipitation resuspended in 20 pL. TE. The collected aptamers were amplified by
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PCR (GE HEALTHCARE illustra PuReTaq Ready-To-Go PCR beads): Primer A: 5°-
gaggagactgacattggtgc, Primer B: cgtatccatcaggtcttcgga-5°, Cycle: 94°C 5 min, (35 cycles)
94°C 30 sec, 62°C 30 sec, and 72°C 45 sec, followed by elongation 72°C 10 min. PCR
product was concentrated using DNA Clean & Concentrator™-5 (Zymo Research) and
the total volumes of recovered aptamers were used for proceeding rounds of selection.
Concentrations, as detected by NanoDrop, were significantly less than initial starting
concentration at the conclusion of round 1. Subsequent treatment concentration of
aptamers was maintained (~100 ng) following elution of aptamers and PCR enrichment.
The first and second rounds of SELEX did not utilize the counter selection step, but were
introduced during the 3", 5™, 7" and subsequent odd rounds of selection. A total of 15
rounds of whole-cell SELEX were performed on the target cell line. Wash strength was
enhanced gradually from 1 to 2 min and flask sizes increased from T25 to T75 following
and including round 10 of positive selection. To monitor the presence of aptamers
through rounds of selection, aptamers from rounds 5, 8, and 12 were cloned into
Escherichia coli by manufacturers’ recommendations using a One Shot TOPO10A
cloning kit (Invitrogen) then analyzed by Sequetech DNA Sequencing Service (Mountain
View, California). Global sequence panels were obtained after 15 rounds of selection by
lon Torrent Next Generation Sequencing (University of North Carolina-Charlotte).

Next Generation lon Torrent Sequencing. 100 ng dsDNA PCR products was confirmed
by Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen) and were used as template in
the lon Xpress Plus Fragment Library Kit (Invitrogen) following the protocol for short
amplicons. Amplification of the prepared library was required; therefore the protocol to
amplify and purify the library was followed. The amplified library was quantified using
the Kapa Biosystems Library Quantification Kit for the lon Torrent platform on a Bio-
Rad MyIQ iCycler to determine the Template Dilution Factor (TDF) to be used with the
lon PGM Template OT2 200 Kit and the OneTouch 2 instrument. After emulsion PCR,
the clonally amplified sample was run on the lon Torrent PGM instrument using the lon
PGM Sequencing 200 Kit v2 and a 314 chip. Run conditions included 260 flows on the
PGM instrument for sample 1 and 500 flows for sample 2.

Flow Cytometry (Binding Kinetics). To test the binding capacity of selected ovarian
aptamers-RLAO1, RLAO2, and RLAO3 were obtained from IDT labeled with a Cy5
fluorescent dye. The binding affinity of aptamers was determined by incubating cell lines
on 6-well plates (seeded at 1.0x10°, incubated 48 hours) with varying concentrations of
CyS5 labeled aptamer. 25uL aptamer pool in TE was added to 1 mL of cell line specific
media and incubated at 37°C 5% CO; 2 hours agitating slightly every 30 min. Cells were
then washed twice with 2 mL 1X PBS, scraped in 1 mL 1X PBS, and filtered through a
35um nylon mesh cell strainer polystyrene tube (BD Falcon). Cells were subjected to
flow cytometric analysis within 1 min and fluorescent events were determined with a
Becton Dickinson LSRFortessa Flow Cytometer by counting 50,000 events. A Cy5
labeled randomized unselected 60mer oligo was used as negative control. Mean
fluorescent events (n=3) were recorded and used to calculate an apparent dissociation
constant (Kq) for specific binding. The Ky of the fluorescent aptamers were obtained by
fitting the dependence of fluorescence intensity of specific binding on the concentration
of the ligands to the equation Y = BmaeX"h/(Kgh + X*h) using GraphPad Prism software
(2236 Avenida de la Playa, La Jolla, CA 92037). When calculating respective K4 values
baseline fluorescence for untreated cells was not pre-subtracted off since detected initial
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auto fluorescence made no significant impact on the calculated Ky values.
Concentrations of Cy5-aptamer conjugates were brought to 1600 nM to saturate the
system and obtain sigmoidal curves giving the most accurate Kq4 values for post hoc
analysis.

Flow Cytometry (Endosomal internalization). To determine the percent internalization of
Cyb-aptamer conjugates pHrodo® Red Transferrin Conjugate was used (Invitrogen).
Aptamers (500 nM) were added to 1 mL cell specific media and incubated on Caov-3
cells (6-well plates seeded at 1.0x10° 48 hrs prior, 37° 5% CO,) and observed at 30, 60,
90, and 120 min post treatment. 30 min before pre-determined time points staining with
endosomal specific marker pHrodo® Transferrin Conjugate was done by the
manufacturers’ recommended protocol (25 pg/mL). Cells were then washed twice with 2
mL 1X PBS, scraped in 1 mL 1X PBS, and filtered through a 35um nylon mesh cell
strainer polystyrene tube (BD Falcon). Cells were subjected to flow cytometric analysis
within 1 min and fluorescent events were determined with a Becton Dickinson
LSRFortessa Flow Cytometer by counting 100,000 events. Percent internalization was
calculated by the following equation: (# of dual Cy5 pHrodo Red events - # of pHrodo
Red untreated background)/ # of Cy5 events.

Confocal Imaging. Cells were seeded at 5.0x10* per well/plate and incubated 37°C 5%
CO,48 hrs. 2uL CyS-aptamer conjugates at concentration ranges of 1 UM to 25 uM was
added to 1 mL cell specific media and incubated on target cells 37°C 5% CO, 2 hours
agitating slightly every 30 min on a 35, 0/20 mm glass bottom culture dish and 35, 0/10
mm glass bottom 24 well plate (Greiner bio-one). Cells were washed with PBS (3x) and
fixed with 2ml heptane (1:8.25 PBS: 37% Formaldehyde (Sigma Aldrich)) 37°C 10 min.
For endosomal internalization specific microscopy, cells were treated with pHrodo® Red
Transferrin Conjugates by the manufacturers’ recommended protocol 30 min before
fixing. Endosomal internalization was observed at 30, 60, 90, and 120 min time points
post initial treatment with Cy5-aptamer conjugates. Cells were washed with PBS (3x)
and fixed with 2ml heptane (1:8.25 PBS: 37% Formaldehyde (Sigma Aldrich)) 37°C 10
min. Subsequent staining of fixed cells was performed with DAPI (10 ng/uL, 10 min), or
cell membrane stain Wheat Germ Agglutinin Alexa 488 conjugate (1pg/uL, 10 min,
Invitrogen) using standard procedures. Imaging of the cells was done with an Olympus
FluoView 1000 confocal microscope using DAPI (blue), Alexa448 (green), pHrodo®
Red (orange), and Cy5 (red) filters.

Results
Identification of Caov3 specific aptamers

Whole Cell-SELEX was utilized to identify aptamers that bind and internalize
into Caov-3 ovarian epithelial adenocarcinoma cells [31,32]. The Caov-3
adenocarcinoma cell line corresponds to late stage ovarian epithelial cancer and has been
shown to express upregulated tumor biomarkers such as NB/70K, Ca-1, CEA, and Ba-2
[33]. To ensure aptamer target cell specificity, rounds of negative selection were carried
out on human papilloma virus (HPV) immortalized human ovarian surface epithelial cells
(HOSE 6-3) [30]. Morphologically HOSE 6-3 cells exhibited structurally identical
cytoskeleton filaments with that of normal ovarian epithelial cells and show no up-
regulation of known ovarian tumor specific markers such as CA-125 after
immortalization [30]. The non-transformed immortalized HOSE 6-3 cell line has
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demonstrated to be non-tumorigenic when inoculated into nude mice after 20 passages
[30]. The use of HOSE 6-3 cells for negative selection was deemed significant for
potential in vivo therapeutic applications in which aptamers would need to bind to
malignant cells but not to neighboring non-tumor cells of otherwise similar cell type or
origin. Potential aptamers were identified from an initial randomly generated SSDNA
60bp oligonucleotide library in a dual positive and negative selection process consisting
of selection rounds followed with PCR enrichment prior to the subsequent round.
Negative selection was performed at rounds 3, 5, 7, 9, 11, and 13 which promoted
identification of aptamers highly specific to malignant cells.
Monitoring aptamer selection and identification of ovarian tumor-specific aptamers

In order to confirm that full-length aptamers were being selected for and enriched
through consecutive rounds, we used TOPO cloning. Complete 60mer aptamer
sequences were identified after rounds 3, 8, and 12 of whole Cell-SELEX. Clones
analyzed from round 3 showed 11 distinct aptamer species with one subgroup
representing 67% of the population. Sequencing of clones from round 12 of selection
provided 10 distinct aptamer species with one of these aptamer species representing 33%
of the sequenced population. Additionally, the enrichment process was also monitored
by way of flow cytometry with Cy5 labeled aptamers. Aptamers were amplified from
indicated rounds of Cell-SELEX (Figure 1) by PCR using a 5’-Cy5 labeled primer and a
anti-sense 5’-biotin labeled primer. The removal of the 60mer aptamer anti-sense strands
was done by denaturing the double stranded PCR product (95°C 5 min) and isolating
biotin labeled strands with streptavidin with subsequent exposure to a magnetic field.
This ensured that the remaining supernatant was rich with Cy5 labeled aptamers. The
Cyb labeled aptamers (100 ng) were incubated with target Caov-3 cells, collected by
scraping, and analyzed by flow cytometry. Baseline fluorescent values were determined
using a Cy5 labeled initial random library (red). A right shift in the fluorescent cell
population can be seen when fluorescently labeled aptamers from rounds 3, 8, and 12 of
Cell-SELEX were incubated with Caov-3 cells (Figure 1). This shift in fluorescent
populations indicates enrichment of cell specific aptamers that bind and internalize into
cells. Moreover, the observed difference in Cy5 fluorescently labeled Caov-3 cell
populations significantly increases when comparing aptamer pools from round 3 (blue) to
round 8 (orange) of Cell-SELEX (Figure 1). The observed shift in fluorescently labeled
Caov-3 cell populations seen between round 8 and round 12 (green) aptamer pools is
significantly less which suggests that aptamer pools are nearing the threshold of potential
aptamer enrichment. In order to characterize the complete aptamer population we used
Next-Generation lon Torrent (NGIT) sequencing. We obtained 53% loading efficiency
resulting in over 293,000 ssDNA reads. From an initial random pool of approximately
4% sequences, NGIT sequencing identified 7 full-length aptamers (Table 1) within the
aptamer pool, and here we report on three of these aptamers RLA01, RLA02, and
RLAO3. Given the flow cytometry data and the identification of 7 unique aptamers in
sequencing data from our initial randomized pool, we terminated our Cell-SELEX
protocol after 15 rounds.
Specificity of aptamer binding and internalization to target cells

Flow cytometry was used to quantify aptamer binding activity. RLAO1, RLAO2,
and, RLAO3 were evaluated to determine the binding kinetics of each and calculate
apparent equilibrium dissociation constants (Kq). The aptamers were conjugated to
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cyanine dye Cy5 on the 5’ end to enable detection by flow cytometry and quantify the
number of cells that bind to the target aptamer. Additionally, a random scrambled
aptamer also conjugated to Cy5 was used as a negative control to demonstrate specificity
(Table 1). Target EOC Caov-3 cells as well as EOC cell lines SK-OV-3 and SW626
were treated with increasing molar concentrations of Cy5-aptamers for 2 hr. Following
washing of excess unbound aptamer, cells were analyzed by flow cytometry to quantify
Cy5 fluorescence. To establish baseline fluorescence, untreated Caov-3 cells were also
analyzed and gating of the background fluorescence was set to 0.01% of the total
population analyzed (data not shown). As expected, no fluorescent events above the
background gate were observed when Caov-3 cells were incubated with the random
scrambled aptamer at concentrations (1 nM to 1.6 uM; data not shown). RLAO1,
RLAO02, and RLAO3 all demonstrated a dose-dependent increase (1 nM to 1.6 uM) in
binding to target Caov-3 cells as demonstrated by the increased number of fluorescent
events (Figure 2A, B, C, closed circles, respectively). Binding of each of the aptamers to
Coav-3 cells was highly specific since minimal binding events were detectable by flow
cytometry when any were incubated with either of the analogous epithelial ovarian tumor
cell lines SK-OV-3 or SW626 (Figure 2). Similar to Caov-3, SK-OV-3 cells are derived
from epithelial ovarian adenocarcinoma, but also characterized as resistant to multiple
cytotoxic drugs [34]. Although SW626 was isolated as an ovarian adenocarcinoma,
genome expression evidence recently indicated it likely originated as a colorectal tumor
metastasized to the ovary [35]. From the flow cytometry data (Figure 2), respective
apparent Kq4 values for RLAOL, RLA02, and RLAO3 to Caov-3 cells were calculated in
the nanomolar range as 365.3 + 24.14 nM, 225.5 + 48.29 nM, and 505 + 70.64 nM,
respectively (Table 2).

Aptamer specificity was further demonstrated by comparison of Cy5-aptamer
binding to a large panel of cell lines. Incubation with both 400 nM (Figure 3A-blue) and
800 nM (Figure 3A-green) Cy5-RLAO1 for 2 hr produced a right shift in the fluorescent
Caova3 cell population over untreated cells, consistent with an increase in aptamer-cell
interaction. By contrast minimal shift of the population above baseline was observed
with either non-transformed HOSE 6-3 cells or kidney epithelial HEK293 cells when
incubated with increasing molar concentrations of Cy5-RLAOQ1, Cy5-RLAO02, or Cy5-
RLAO3 (Figure 3A). This was further demonstrated by confocal microscopy as seen in
Figure 3C. Aptamer-cell interactions were observed with Cy5-RLAO1 when incubated
with SK-OV-3 and Hela cell lines (Figure 3D), and apparent K4 values of 627.1+ 65.67
nM and 645.3 + 60.91 nM were determined (Table 2). Although flow cytometry
confirms aptamer-cell binding for both HeLa and SK-OV-3 cell lines, the average
fluorescent events observed were significantly less for both when compared to RLAO1
binding to Caov-3 cells and showed no interaction with the scrambled aptamer at equal
doses (Figure 3D).

Specificity of all three aptamers was further demonstrated with a large panel of
immortalized non-malignant epithelial and multiple malignant epithelial cell lines
including two malignant pancreatic epithelial carcinomas (Suit-2, Hs766t), two mammary
epithelial adenocarcinomas (MCF-7, MDA-MB-231), one cervical epithelial
adenocarcinoma (HelLa), two ovarian epithelial adenocarcinoma cell lines (SK-OV-3,
SW626), as well as kidney epithelial cells (HEK293), and murine fibroblast NIH/3T3
cells. Kidney epithelial tissue was chosen because kidneys play a major role in removal
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of organic waste from the bloodstream thus would impact potential clinical use by
intravenous delivery of aptamers. Aptamer-binding events were minimal or undetectable
as shown by flow cytometry when incubated with malignant cell lines in increasing molar
concentrations (Table 2). Binding of aptamers was also time dependent (Figure 3B).
Increasing incubation time of Cy5-RLAO1 with Caov-3 cells from 2 hr to 4 hr produced
275% more fluorescent events while fluorescent events in HOSE 6-3 cells remained
similar to baseline controls (Figure 3B).

Specific binding and internalization of RLA01, RLA02, and RLAO3 to Caov-3
cells was demonstrated by flow cytometry and confocal imaging (Figure 4). Cell
membranes were identified by Wheat Germ Agglutinin conjugates labeled with Alexa
Fluor® 488 enabling identification of two key cellular structures: (i) the cell membrane
where Cy5-aptamer conjugates are predicted to localize upon initial target recognition,
and (ii) the internal endosomal membranes where aptamers are expected to localize to if
efficiently internalized into cells. Images of aptamer specific binding and endosomal
internalization were assessed as early as 30 min and up to 2 hours post initial treatment of
Cyb-aptamer conjugates ranging in dosages of 1 uM to 25 uM. Supporting the flow
cytometry data, no internalization at any dose was observed with scrambled aptamer
(Table 1). Aptamers RLAOL, RLA02, or RLAO03 (pseudo-colored yellow) localized on
and around membranes of Caov-3 cells (Figure 4A). The observed Cy5 fluorescent
signals appeared at or near the membranes similarly to that of the Alexa Fluor® WGA
stain. All three aptamers localized to the cell membranes (Figure 4A). In addition, all
three localized to multiple compartments within the cytoplasm proximal to the
membranes suggesting endosomal internalization. Internalization of Cy5-aptamer (500
nM) conjugates was measured by flow cytometry at 30, 60, 90, and 120 minutes post
initial treatment with aptamer RLAO1 on Caov-3 cells (Figure 4B). Additionally, the
percent of internalization events over the same range of time is shown in Figure 4C.
These data were further confirmed by confocal imaging. We used the endosomal marker
pHrodo® Red Transferrin Conjugate to identify co-localization of Cy5-aptamer
conjugates (5 uM) and endosomal structures. As seen in Figure 4D pHrodo® Red
stained endosomal structures (pseudo-colored red) co-localize with Cy5 fluorescent
aptamers (pseudo-colored yellow). These data are highly suggestive that the
internalization of aptamers into Caov-3 cells is regulated by endocytic pathways.
Moreover, Z-stack imaging (20 stacks, 2 um range) further demonstrated Cy5
fluorescence within cells consistent with internalization of aptamers (Supplemental
Figure 1A and B). Thus, confocal imaging of all three Cy5-aptamer conjugates
demonstrated fluorescent activity consistent with the average max fluorescent events
observed by flow cytometry (Figure 2A, B, C and Figure 4).

Confocal imaging was also employed to further demonstrate aptamer specificity.
The three Caov-3 target aptamers were incubated with a panel of selected EOCs,
malignant epithelial, and non-malignant immortalized cell lines (Supplemental Figure 2).
Consistent with the flow cytometry histograms shown in Figures 3A Cy5-RLAO1,
fluorescent events were not detected above baseline untreated control levels when
increasing molar concentrations of Cy5-RLAOQ3 were administered to non-malignant
HOSE 6-3 and HEK?293 epithelial cell lines (Supplemental Figure 2). Additionally,
incubation of Cy5-RLAO3 conjugates with malignant epithelial cell lines produced
minimal fluorescent events similar to those of untreated control samples. Overall, the full
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range of Cy5-RLAOQ3 concentrations used for incubation with malignant epithelial cells
showed no fluorescent events after a 2 hour incubation period, and this was further
supported by confocal imaging (Supplemental Figure 2). Cy5-RLAO2 conjugates
produced similar data to the Cy5-RLAO3 conjugates. Cy5-RLA02 demonstrated no
binding to the panel of malignant and non-malignant cell lines (data not shown). Despite
observing detectable fluorescent events when SK-OV-3 and HelLa cell lines were
incubated with increasing molar concentrations of RLAO1 (Figure 3D), data obtained by
flow cytometry against the panel of malignant and non-malignant cell lines showed no
total fluorescent events above untreated control baseline levels, also supported by
confocal imaging (data not shown).
Predicting tertiary structures of aptamers

In order to predict the most stable structure for RLA01, RLA02, and RLAO3, we
used UNAfold (Rensselaer Polytechnic Institute). Ranking of the stability for aptamers
RLAO1, RLA02, and RLAO3 is based on Gibbs free energy and yielded 4G values of -
2.4,-4.91, -4.24 kcal/mol respectively. RLAO1 and RLAOQ2 exhibit a large central loop
with small hairpin structures radiating from the main loop. RLAO03 will form a longer
structure consisting of a double hairpin with a central loop. Figures detailing the top
energetically stable secondary structures of aptamers RLAO1, RLA02, and RLAO03 are
available in supplemental data (Supplemental Figure 3).

Discussion

As expected, all three aptamers RLAOL, RLA02, and RLAO03 bound with high
affinity to the target Caov-3 cells used in the initial screen for their identification. RLA02
and RLAO3 demonstrated exclusive specificity with minimal to undetectable interaction
with any of the malignant or non-malignant epithelial cell lines tested except the target
Caov-3 cells. It is interesting to note that RLAO1 showed binding interactions with both
SK-OV-3 and HeLa cells, as compared to controls. However, the max fluorescent events
observed in the other cell lines were lower than the binding kinetics to Caov-3. One
possible explanation for these results could be the existence of a commonly shared
receptor among the three cell lines expressed at highest levels in Caov-3 cells and
moderate or low levels on the other two. A second explanation could be structurally
similar or related proteins are present on the membranes of the three cell lines with
RLAO1 having the highest binding affinity for the one that is expressed on Caov-3 cells.
Ovarian surface epithelium and cells in the Mullerian tract are derived from common
embryonic coelomic progenitors [36]. Since Caov-3 and SK-OV-3 cells were isolated
from ovarian epithelial tissue it is likely that a common receptor is shared between the
two cell lines. However, a study comparing EOC cell lines involving karyotyping,
surface markers, and drug resistance indicated that Caov-3 cell lines display a unique
genetic lesion on the long arm of chromosome 3 (del(3)(p13:) not seen in SK-OV-3 cell
lines [33,37]. This could result in altered morphology in common surface structures such
as dysregulated glycosylation of common receptors on Caov-3 versus SK-OV-3 cells.
Additionally, the heterogeneity observed in EOC development could further explain
common expression of surface structures seen in ovarian tumor subtypes and cervical
carcinomas which are known to originate from squamocolumnar junctions of the cervix
[38]. Data suggest that ovarian tumors manifest from cells expressing Millerian tract
differentiation. Although fallopian, ovarian, and pelvic cancers are treated as three



165

distinct neoplastic diseases, it is believed that the majority of them originate from a
common Mullerian progenitor and/or distal fimbrae tubes of the ovary [5,36,39-41]. Itis
possible that these malignant cell lines share a common receptor that is up- or down-
regulated depending on particular context, abnormality, or in response to external stimuli
such as hormones. SK-OV-3 cells originate from an epithelial adenocarcinoma similar to
Caov-3 cells; however they also demonstrate levels of resistance to multiple cytotoxic
drugs including platinum-taxanes [33,34] and thus could differ from Caov-3 at a
minimum in their expression of ABC multiple drug resistance (MDR) transporters on the
cell surface. However, similarity of characteristics of these cell lines is in their origin in
the female reproductive tract rather than as epithelial cells per se since no binding events
were detected by either flow cytometry or confocal imaging when RLAO1 was incubated
with epithelial cells from other tissues.

The three aptamers have apparent Ky values in the nanomolar range which show
that they bind with high affinity to target cells. Physiologically relevant apparent
equilibrium dissociation values for therapeutic molecules are considered to be in the
nanomolar to picomolar range. Initial dosing of pegaptanib (Macugen) to inhibit
VEGF;65 in HUVEC cells had an ICsg value between 0.75-1.4 nM with total inhibition of
VEGF65 binding observed at 10nM [42]. However it is important to note that pegaptanib
is an inhibitory aptamer with a single agonist and was developed in a sequential process
in the presence of a purified target molecule only [43]. Another non-SELEX identified
aptamer AS1411, formerly ARGO100, showed initial inhibition of MDA-MD-231 cell
proliferation after a 15uM dose [44,45]. Several aptamers have been identified through
positive and negative whole Cell-SELEX. The reported DOV-3 aptamer with an apparent
Kq 132 £32nM [46] identified as binding to Caov3 cells, similar to this study, was
counter-selected against malignant cervical HeLa cells which may not be as relevant for
identification of ovarian tumor specific aptamers. Additional whole Cell-SELEX
aptamers with nanomolar Kq values target Axl (GL21 aptamer apparent Ky 221nM) [47],
B-cell receptors of Burkitt’s lymphoma cell lines (TDO05 apparent Ky 74.7 £ 8.7 nM)
[25,48], and liver cancer MEAR cell line (TLS6 apparent K4 157.0 £ 16.9 nM) [49]. In
addition to reporting apparent K4 values in the nanomolar range, our reporting of higher
total fluorescent events over a range of aptamer doses supports use of these aptamers as
attractive candidates to chaperone chemotherapeutic drugs or small molecule vehicles
directly to tumor sites. We hypothesize that the number of events observed by flow
cytometry directly correlates to effective dose of aptamer-drug conjugates internalized.
This could increase the efficacy of current treatment protocols by delivering more
cytotoxic drugs to the tumor while reducing systemic cytotoxic side effects typically seen
with them.

Further, confocal imaging clearly supports significant internalization of aptamers
into specific cell types. Typically it is believed that aptamers internalize into cells via
canonical endosomal pathways. Our raw confocal images utilizing an endosomal specific
marker, as well as Z-stack, generated images support colocalization of Cy5-aptamer
signal to internal endosomal membranes.

The three aptamers are similar in their 5’ and 3’ sequences that were used as
anchors for PCR amplification during Cell-SELEX. Despite these known identities, the
aptamers have different stable predicted structures and hairpin loops that would produce
unique surfaces for interactions with target cell membranes. Further support that these
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aptamers are unique comes from the independent equilibrium binding kinetics of each on
Caov-3 cells. The confocal imaging was consistent with the total fluorescent events
observed by flow cytometry using Cy5 conjugated aptamers with highest levels of
internalized aptamer observed with RLAOL, followed by RLAO3, and lowest with
RLAOQ2. Further, RLAO1 was determined to bind to a broader spectrum of cell types, as
discussed above. Although others reported identification of ovarian carcinoma specific
aptamers, sequence alignment of the three described here shows that they are unique from
those previously reported. In order to be most physiologically relevant for future
therapeutic uses, it is believed that aptamers should interact with the target malignant
cells and not other non-malignant cells which would be neighboring cells and likely of
the same original cell origin. Notably, our adapted Cell-SELEX protocol included
negative selection against non-malignant ovarian epithelial cells. Flow cytometry and
confocal analysis supported non-reactivity of the aptamers to non-malignant epithelial
cells of both ovarian and kidney origin. By contrast to this report, others utilized HelLa
cells, a known neoplastic immortalized line for negative selection [46]. That our protocol
yielded aptamers unique from those previously reported highlights that individual Cell-
SELEX strategies used will be a key factor in determining what aptamers are identified.
Large bioinformatics approaches for comparison of multiple parallel aptamer pools and a
large panel of cell types could reveal similar sequence patterns for aptamers that bind to
related disorders.

In conclusion, we modified whole Cell-SELEX to identify three DNA-based
aptamers that bind with high affinity to the EOC cell line Caov-3 but importantly not to
the non-malignant epithelial HOSE 6-3 cell line. The modified protocol described here is
unique in that we identified EOC aptamers specific to Caov-3 following negative
selection against a non-transformed epithelial cell line. Specificity of all three aptamers
was shown across a panel of tumor types including breast, cervical, and pancreatic
malignancies. Additionally the differences in aptamer binding kinetics demonstrated
here can be used to infer particular molecular characteristics of the target cells. The
identified aptamers can potentially be used to enhance the sensitivity of current clinical
diagnostic tools to identify ovarian neoplasms. The lack of interactions observed with
non-tumor epithelial cells suggests that aptamer-based therapies can minimalize
interaction with non-malignant tissues and improve upon the incidence of false positive
results regarding benign versus malignant diagnosis or to potentially deliver cytotoxic
drugs to distal tumor sites in the body. Thus, overall, our data suggest these aptamers are
attractive candidates for further analysis to direct and localize chemotherapeutics to
tumor sites and potentially aid in the early diagnosis of ovarian malignancies.
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Abstract

Conventional delivery of chemotherapeutic agents leads to multiple systemic side
effects and toxicity, limiting the doses that can be used. Development of targeted
therapies to selectively deliver anti-cancer agents to tumor cells without damaging
neighboring unaffected cells would lead to higher effective local doses and improved
response rates. Aptamers are single-stranded oligonucleotides that bind to target
molecules with both high affinity and high specificity. The high specificity exhibited by
aptamers promotes localization and uptake by specific cell populations such as tumor
cells, and their conjugation to anti-cancer drugs have been explored for targeted therapy.
Advancements in the development of polymeric nanoparticles allow anti-cancer drugs to
be encapsulated in protective nonreactive shells for controlled drug delivery with reduced
toxicity. Nanoparticles themselves of various formulations have been used extensively in
industrial, commercial, and biomedical applications. Conjugation of aptamers to
nanoparticle-based therapeutics may further enhance direct targeting and personalized
medicine. Here we present how the combinatorial use of aptamer and nanoparticle
technologies has the potential to develop “smart bombs”, highlighting recent studies
demonstrating efficacy for the direct targeting of particular tumor cell populations to
synergistically improve outcomes of conventional anti-cancer treatment.

Keywords: aptamers; nanomaterials; targeted delivery; targeted therapeutics; multidrug
resistance; drug-loaded nanocarriers
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I. Introduction

Recent statistics project a total of 1,658,370 new cancer cases and 589,430 cancer
deaths to occur in the United States in 2015 [1]. The majority of primary solid tumors are
treated by invasive surgery to remove accessible malignant tissue, followed by adjuvant
nonselective chemotherapy and/or radiation therapy with high dose-limiting toxicities [2,
3]. The development of personalized or targeted therapeutic strategies may minimalized
the adverse side-effects seen with systemic treatments. Distinct expression of surface
receptors or biomarkers give individual cancer subtypes unique molecular signatures that
may be identified and bound by antibodies, antigen-binding fragments, small molecules,
or aptamers [4-6].

Aptamers are short single-stranded DNA or RNA oligonucleotides that bind to
target molecules with high affinity and specificity. Aptamers have more generally been
used as reagents for identifying cell surface proteins and for cell typing [7] The
emergence of multiple library screening protocols to identify aptamers with therapeutic
potential has led to an abundance of both agonistic and antagonistic aptamer-based
therapies[8]. Rapidly, aptamers are being investigated as a valid alternative to antibodies
in vivo as targeted therapeutics alone or as targeted delivery agents for
chemotherapeutics, small interfering RNAs, and molecular imaging probes [9].
Additionally, nanocarriers are emerging as a fundamental means for transporting small
molecules systemically while increasing bioavailability [10]. Delivery of therapeutic-
loaded nanocarriers is enhanced when the surface is functionalized, i.e. conjugated to cell
specific targeting ligands such as aptamers [11, 12]. Such “smart bombs” may overcome
the challenges of conventional systemic anti-cancer treatment regimens and lead to
higher local doses, more effective tumor cell death, reduction of subsequent treatment
rounds, and reduced relapse rates [13]. This review presents current data that explores the
development of biomarker-based aptamer therapies, particularly those utilizing
nanoparticle vehicles for customized drug delivery in anti-cancer approaches.

I1. Aptamers as anti-cancer therapeutic agents
A. Identification of Clinically Relevant Aptamers

Aptamers have an average length of 40-80 nucleotides that bind with high affinity
and specificity to specific protein or non-protein targets by folding into complex
secondary and tertiary structures. Commercially available aptamers can be engineered to
a desired length and offer a variety of post sequencing modifications that allow for
aptamer design flexibility. Post sequencing modifications can increase stability to
promote bioavailability or conjugate a fluorescent reporter to terminal ends that could be
used for in vitro tracking. Aptamers display a conventional binding behavior similar to
that of antibodies with dissociation constants (Kd) measuring on the order of uM to pM
ranges [14, 15]. The initial descriptions of aptamers as ligands that bind to specific
targets or cells were reported more than 20 years ago [16, 17]. In contrast to early
aptamers engineered against known specific ligands, a major advantage of aptamers for
biomedical applications is that they may be identified through random library screens
without knowledge of their direct ligand on the cell membrane surface. Systematic
evolution of exponential enrichment (SELEX) was initially described as in vitro
identification scheme to enrich of a small pool of cell-specific aptamers from randomly
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generated libraries identified through binding to specific cell types and counter-selected
against negative cell types. SELEX protocols have been continually modified and
improved to in vivo screens and localization and internalization-specific screens [7, 15,
18-21]. Aptamers identified by SELEX can bind to small molecules or proteins in their
native structure on the cell surface [15, 22, 23]. Information on the structural interface
between target and the tertiary structure of aptamers can provide information regarding
catalytic binding moieties and lead to modifications that improve design and delivery
[24] [25] [26]. While SELEX screening is based on binding interactions to the cell
surface, other positive and negative screening approaches have been based on cell
internalization into target cell populations as shown effectively in a prostate cancer cell
model [21]. To date a number of aptamers have been reported and are in various stages of
preclinical and clinical development (reviewed in [27-30]).

Aptamers possess several advantages over antibodies or small molecules
(reviewed in [27]) for their therapeutic targeting potential [9]. Biologically, aptamers are
(1) smaller in size promoting greater tissue penetration, (2) generally considered non-
immunogenic, and (3) demonstrate rapid renal clearance [8, 26, 31, 32]. Commercially,
aptamers are chemically synthesized; thus they (1) can be readily modified to alter
targeting kinetics, (2) are readily and cheaply produced with low batch variability, (3) can
be transported at ambient temperatures, and (4) remain stable for long periods even under
adverse conditions [26, 27, 33-36].

Despite the advantages of aptamer-based treatments and promising results in
vitro, it is still debated if their efficacy will be reduced in vivo due to lack of
bioavailability, unstable circulation time, minimal cellular internalization, or
susceptibility to nuclease attack [5, 15, 31]. Post-sequencing modifications can increase
structural integrity to promote bioavailability within the blood stream such as conjugation
of larger molecules such as cholesterol or polyethylene glycol (PEG; PEGylation) to the
aptamer [37]. It has been shown that 40 kDa PEGylated aptamers have a higher
circulatory half-life than non-PEGylated aptamers, and the extended systemic exposure
appears to facilitate distribution of aptamers to distal tissues and highly perfused organs
[31]. Additionally, structural substitutions on DNA or RNA purine or pyrimidine
moieties decrease susceptibility to nuclease attack and chemical degradation as well as
improve pharmacokinetics [38]. Table 1 describes the effective uses of nucleic acid base
modifications to aptamers. However, a key drawback for the synthesis of integrated
modifications is the requirement of a polymerase capable of adding bulky groups rather
than standard wild-type T7 RNA and Taqg polymerases with high specificity [37].
Multivariate T7 RNA polymerase can synthesize 2’-modified nucleotide triphosphate
nucleic acid aptamers that include 2’-azido, 2’-O-methyl (A, C, and U), and 2’-fluoro
pyrimidines [37, 39, 40]. Many reported modifications (see Table 1) utilize a
combination of wild-type T7 polymerase and Taqg polymerase. The T7 polymerase
variant Y639F and the multivariate Y639F/H784A polymerase can be used in a
combinatorial manner to add bulky groups that increase an aptamer’s half-life in vivo of
up to 23 hours [38, 39, 41].

B. Potential Aptamer Toxicity

Aptamer toxicity can vary in species and be altered by post sequencing
modifications (Table 1). Physiologically high doses of oligonucleotides (>100ug/mL)
have triggered adverse immunogenic effects in non-human rodent and primate models
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[65-68]. When antisense oligonucleotides are dosed systemically in rodents, injury to the
liver and kidneys is often seen as this is a major site of oligonucleotide accumulation [68,
69]. Swayze et. al. showed that antisense oligonucleotides (ASOs) accumulate in the liver
confirmed by post-mortem liver necropsy with subsequent histopathological microscopy
as well as increased serum levels of aminotransferases ALT and AST. Moreover they
looked at ASOs containing either 2'-O-methyl or linked nucleic acid (LNA)
modifications and found that LNA modified aptamers showed increased levels of
hepatotoxicity for multiple sequences targeting three different biological targets (Mus
Amuscus PTEN, TNFRSF1A, and apo-lipoprotein B) in additional to a mismatch control
ASO with no target [69]. Multiple adverse effects have been seen with phosphorothioate
modifications as well. Further continued chronic exposure to phosphorothioate modified
ASOs resulted in plasma accumulation which could affect coagulation of the blood [65].
Both high and low concentrations of ASOs in the liver can cause adverse hepatic
function, but individual ASOs can exhibit unique hepatotoxic potential [68, 69].
Hagedorn et. al. developed computer based software to evaluate and distinguishing
between locked nucleic acid modified oligonucleotides with low or high potential for
hepatotoxicity [70]. Slow intravenous infusions are likely to lower circulatory plasma
levels decreasing accumulation versus direct injection and to reduce these effects [66].
Additionally, RNA and DNA based oligonucleotides have promoted immune-stimulatory
effects through toll-like receptors 3, 7, 8, and 9 signaling [71]. Such immunological
responses could result in hyperplasia in the lymph nodes, mononuclear cell infiltration,
and accumulation of basophilic granules. At least with phosphorothioate modifications,
granule formation is seen in kidney and liver epithelial cells that are responsible for
filtration and clearance of antisense oligonucleotides and their metabolite species [67, 72-
74]. However these studies utilized naked aptamers and conjugation to therapeutics or
nanoparticle delivery vehicles has altered both bioavailability and toxicity profiles.

C. Aptamers as single antagonists

Aptamers alone have been shown to bind to target molecules on cell surface
membranes and typically internalize into cells via canonical endocytosis pathways [20,
75]. Similar to canonical protein-protein interactions, aptamer-target molecule
recognition and interaction can lead to inhibition of target molecule activity or function.
Aptamer-target interactions have been shown to be sufficient to block signaling pathways
important in cell proliferation, and thus identification of molecules with this property has
been long recognized for their therapeutic potential [76]. It has been well established that
the aptamer pegaptinib will inhibit the VEGF¢5 isoform without effecting similar
isoforms necessary for physiological vascularization [77]. Pegaptinib has been used to
target the retina in cases of age related macular degeneration where VEGF 45 is elevated
under hypoxic conditions [77, 78]. Given the high prevalence of VEGF activation in
multiple tumor types, this approach could be explored in combination with current front-
line chemotherapeutics for cancer treatment [79].

Similar paradigms have been used to study aptamers that target additional signal
transduction pathways. The Axl tyrosine kinase receptor has been recognized as a
potential anti-tumor therapeutic target for the last decade [80, 81]; several small molecule
and protein inhibitors and an anti-Axl monoclonal antibody have been described [82-84].
The aptamer GL21.T binds to AxI and inhibits phosphorylation of Erk and Akt
downstream targets, inhibits cell migration and invasion, and reduces tumor growth in an
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in vivo xenograft lung tumor model [85]. PDGFR[] tyrosine kinase receptor is
overexpressed in multiple tumor types including glioma [86, 87]. The same group that
identified GL21.T now reports an aptamer Gint4.T selectively binds to PDGFR[J but not
other tyrosine kinases. Aptamer Gint4.T inhibits dimerization and ligand dependent
signaling, inhibits cell migration and proliferation, induces differentiation, and reduces
tumor growth in an in vivo xenograft glioblastoma tumor model [88]. The anti-C5
aptamer ARC1905 is a potent inhibitor of factor C5 of the complement cascade, and
inhibition of this signaling pathway prevents the formation of pro-inflammatory
fragments inhibiting the release of angiogenic stimulating molecules [89].
D. Aptamer-based Photodynamic Therapy

Photodynamic therapy (PDT) uses a photosensitizer or photosensitizing agent
that, after injection, is exposed to a specific wavelength of light to produce a form of
oxygen that kills nearby cells. PDT is currently available for prostate, breast, and
esophageal cancers [77, 90-94]. Newer models linking PDT to aptamers for targeting are
being explored in translational studies. Aptamer TDO5 was identified using SELEX
targeting the Burkitt’s lymphoma Ramos cell line [95] then conjugated to the
photosensitizer reagent chlorin eg (Ceg) to create an aptamer-photosensitizer conjugate
(APS) [96]. When this APS was incubated with target Ramos cells and followed by light
irradiation, >70% of cells exhibited cell death as determined by propidium iodide
incorporation, and overall 50-60% more cell death in target cells was observed when
compared to four control cell lines (CEM, T-cell leukemia; K562, human bone marrow;
NB4, human acute promyelocytic leukemia; HL60, promyelocytic leukemia). Randomly
generated aptamers conjugated to Ceg photosensitizer exhibited little to no cell death in
target cells showing both the efficacy and the high specificity of the complex [96].
Similarly, the nucleolin targeting guanine-rich aptamer AS1411 has been conjugated to
six molecules of the cationic porphyrin TmPyP4 that intercalates into the G-quadruplex
structures of AS1411 [97, 98]. When MCF7 breast cancer cells were incubated with
AS1411-TmPyP4 complexes, an average of 30% more cell death was observed as
compared to incubation with TmPyP4 alone. Similar results have been obtained with
systems that utilize MUC-1 aptamers for targeting of epithelial cancer cells, aptamer R13
for targeting lung carcinoma, and protein kinase 7 (PTK7) aptamer sgc8 for targeting T-
ALL [97, 99-101]. Also, Han et al. have developed a novel aptamer-based DNA
nanocircuit which not only targets Ramos cells but demonstrates an amplified
photodynamic therapeutic effect [102].
E. Aptamer-based anti-viral therapies

Aptamer-target molecule recognition and inhibition of target activity has been
exploited in anti-viral therapies [103-105]. In at least one model system, aptamer-virus
interactions act at the initial infection step and potentially inhibit mechanisms necessary
for virus internalization [106]. Human papillomavirus (HPV) is linked to high incidence
of cervical cancer worldwide as well as multiple other neoplastic diseases [107]. More
aggressive types of HPV, such as HPV-16, express the E6 and E7 oncoproteins that
degrade the tumor suppressor p53 and disrupt cell cycle checkpoints by destabilizing
phosphorylated Rb [108]. Several other groupsm have isolated aptamers that internalize
into cells and bind to the E7 oncoprotein as well [107-110]. 2’-fluoro modified aptamer
A2 showed affinity for the N-terminal residues of E7, a reduction in E7 and pRb
interactions, and increased cell mediated apoptosis of human epithelial cells [108, 110].
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Additionally, Gourronc et. al. isolated aptamers that demonstrated variable rates of
internalization when incubated with E6/E7 HPV-16 transformed human tonsillar
epithelial cells (HTECs) as compared to internalization into primary HTECs [107].
F. Aptamer-drug conjugates

Not all aptamer-target molecule interactions are inhibitory. Direct conjugation of
aptamers to chemotherapeutic compounds through chemically labile linkers or self-
assembly DNA drug nano-structures facilitate internalization into specific tumor cells
[20, 75, 111]. Aptamer A10 recognizing prostate-specific membrane antigen (PMSA)
conjugated to epirubicin [112, 113] led to increased cellular internalization and cell
toxicity when administered in vitro to LNCaP (PMSA™) cells as compared to PC3
(PMSA) cells [113]. The PTK7 T-ALL (T-cell acute lymphoblastic leukemia) aptamer
sgc8c has been covalently conjugated to doxorubicin or daunorubicin via a functional
thiol group at the 5” terminus [75, 114]. The bond between aptamer and drug is mediated
by a hydrazone linker that has a nucleophilic attraction for the terminal carbonyl on the
doxorubicin molecule [75], and the hydrazone linker promotes release of the drug in the
acidic conditions of an internalized vesicle [115]. Aptamer sgc8c-doxorubicin conjugates
were as effective as doxorubicin alone demonstrating approximately 80% cell death in
CCRF-CEM T-ALL cell line within 48 hours post-exposure. Moreover, incubation with a
randomly synthesized aptamer-doxorubicin complex prevented internalization and
demonstrated less than 25% toxicity [75]. Similarly, doxorubicin has been conjugated to
aptamers HB5 for breast cancer, EpCAM for retinoblastoma, TSL11 for liver cancer, and
MAS3 against MUC-1 for lung and breast cancers [116-119]. However, it should be noted
that thus far all of these have only been tested in cell lines.

IVV. Nanoparticles as targeted delivery modalities for cancer
A. Nanoparticle formulation

Nanoparticles can be manufactured from organic or inorganic materials with sizes
ranging from 10-200 nm in length and/or diameter. The relatively small size of
nanoparticles makes them optimal delivery vehicles as they can be phagocytosed by the
cell through clathirin-mediated endocytosis and fluid phase pinocytosis [120, 121].
Nanoparticles are formulated from a variety of materials into a wide range of structures
including lipid-based liposomes, polymer-based particles or micelles, poly-amido-amine
dendrimers, silica-based particles, carbon-based nanotubes, protein based nanoparticles,
and metallic nanoparticles or nanotubes[122, 123]. (We will hereafter refer to all
collectively as nanoparticles.) Nanoparticles are produced either by a process that
involve the breakdown of larger particles through milling, or by the assembly and
precipitation that allow for incorporation of multiple molecules within their cores or
tailored surface functionalities [124, 125]. The use of poly (lactic-co-glycolic acid)
(PLGA) polymer-based nanoparticle vehicles offers an FDA-approved biodegradable
drug carrier that is metabolized by the body into monomeric subunits [121]. By contrast,
carbon-, copper-, and manganese-based nanoparticles have limited solubility and have
shown accumulation and toxicity in vivo in multiple organs.

Molecules such as chemotherapeutics, vaccines, proteins, miRNAs, anti-fungals,
and inhibitors can be encapsulated within nanoparticles and delivered to target cells [120,
121, 126, 127]. Advancements have been made using nanoparticles as a means of
delivering chemotherapeutics such as Paclitaxel, docetaxel, cisplatin, doxorubicin, or
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radiotherapeutics to specific cell populations [101, 128, 129]. Nanoparticles that contain
chemotherapeutics demonstrate consistently increased accumulation within tumors over
free drug [15, 130-135] and also increase biodistribution to both primary tumors and
distant metastatic sites, increase bioavailability of hydrophobic agents and maximum
tolerated doses [99, 124, 136]. Depending on the type of monomeric subunits used to
form the nanoparticle, polymer encapsulation of chemotherapeutics can help to (1)
solubilize otherwise insoluble compounds, (2) minimize physiological drug degradation,
(3) increase blood circulation half-life, (4) prolong systemic activity by reducing
physiological secretion by the kidneys, and (5) prevent recognition of therapeutic
hydrophobic compounds by the reticulo-endothelial system [121, 137-139].

B. Polymeric nanoparticles

Nanoparticles derived from organic-based compounds can be used in a variety of
biomedical and clinical settings for both imaging and delivery of molecular payloads.
Polymeric nanoparticles can be constructed from a wide range of monomeric organic
molecules or commercially available synthetic compounds [121] including block polymer
constituents like PLGA, polystyrene (PS), and poly-ethelene-glycol (PEG) to form three
dimensional amphipathic structures. Polymer and copolymers are hydrolyzed into
metabolite monomers that are easily consumed by cells through normal respiratory
mechanisms such as the Krebs cycle [130]. PEGylation to nanoparticle formulations
further increases circulation time and bioavailability in the blood stream, and reduces
renal clearance and has a well-established safety record in both clinical and commercial
settings [140].

Polymer-based nanoparticles are spherical structures that range in size and can
exist in a colloidal suspension [141]. Their three-dimensional amphipathic cage-like
structure promotes encapsulation of most drugs and small molecules as well as solubility
of hydrophobic compounds [142, 143]. Structure and size can alter pharmaceutical
properties such as half-life, cellular uptake, and drug release kinetics [144]. Polymeric
drug encapsulation has been used for effective treatment for malignant gliomas for almost
20 years with intraparietal placement of carmustine wafers or carmustine-loaded
polymers for effective controlled drug release over time without adverse systemic effects
[145, 146].

C. Silica nanoparticles

Silica is found ubiquitously in nature in both single- and multi-cellular organisms.
The abundance of silanol groups within the silica matrix provides biocompatibility and
promotes affinity towards phospholipids facilitating uptake by endocytosis [147-149].
Mesoporous silica and core-shell silica-based nanoparticles can be easily produced and
modified to manipulate structural characteristics such as fluorescence, magnetism,
surface area, controlled drug delivery, and pore size [147, 150, 151]. Uniquely, silica
nanoparticles can promote slow or modulated release from their cores [152]. Modulation
of pore size altered the kinetics of paclitaxel release in vitro that correlated with early and
late (sustained) levels of apoptosis of MCF-7 (breast adenocarcinoma) cells in culture
[153]. Kinetics of drug release is governed foremost by the electrostatic interactions
between the drug and the silica surface while drug loading is dictated by pore and particle
size [148]. Secondary stimuli such as pH, heat, light, or hydrolysis of structural
scaffolding can be used to promote delayed or sustained release of bioactive materials or
chemotherapeutics such as doxorubicin [152, 154-156]. Variation of material
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composition within the particles can also modulate release activity; hybrid porous silica-
calcium phosphate nano-composite particles were developed to demonstrate an initial
burst release of 5-FU followed by sustained release of a therapeutically relevant dose (up
to 32 days) and decreased tumor growth in vivo using a subcutaneous 4T1 breast cancer
xenograft mouse model [157].

Similar to polymer-based nanoparticles, silica-based nanoparticles allow
functionalization through covalent linkage of targeting molecules on their surface.
Functionalization promotes solubility, prevents degradation, and increases delivery of
encapsulated compounds [154, 158]. Dextran coating is associated with increased
biocompatibility in mice and increased sensitivity for tumor imaging [159]. Conjugation
of MUC-1 specific RNA aptamers to the surface of silica nanoparticles has been used to
identify MCF-7 breast cancer cells in vitro [160]. A red salt crystalline reporter (RUBPY)
incorporated in silica nanoparticles allows for quantification of the amount of aptamer
species available on the nanoparticle surface as well as the amount of internalization into
MCEF-7 cells [160]. They also demonstrated a reduction in photobleaching likely due to
electrostatic interactions when organic dyes are absorbed between the porous landscape
of the silica core and shell [160]. Additional detection assays have utilized a-thrombin
aptamers and a nucleolin aptamer conjugated to fluorescein-loaded mesoporous silica
nanoparticles in MDA-MB-231 (breast adenocarcinomal) cell lines [161, 162]. In
combinatory photodynamic and photothermal therapy [163, 164] a dual phototherapeutic
effect was observed by near infrared irradiation of phthalocyanine, as well as 5-fold
decrease in KB cell (cervical carcinoma) viability in a dose dependent manner, and a
reduction in tumor burden with a 100% survival ratio in an in vivo S180 sarcoma
xenograft mouse model [164].

D. Inert metallic nanopatrticles

Inert metals (gold Au, silver Ag) are used in multiple diagnostic modalities for
basic biological and biomedical research including imaging, oligonucleotide delivery,
detection, photodynamic therapies, biosensors, and drug encapsulation and release [165-
167]. Additionally, both Au and Ag nanoparticles have been evaluated for imaging and
drug delivery modalities [168-171]. Both Au and Ag nanoparticles demonstrate high
permeability often showing retention at tumor sites due to the permissive and incomplete
vascularization of tumors [172]. The permeability of these particles has been
demonstrated in vitro with a model micro-vasculature membrane analogous to the blood-
brain barrier. A linear progression and size dependence of Au nanoparticle permeability
was demonstrated over 20 hours that could be most beneficial to patients with malignant
brain tumors unable to undergo surgical tumor excision [173]. Au and Ag nanoparticles
are readily linked to biomaterials, amino acids, proteins, aptamers, and short
oligonucleotides through thiol and amine group linker mediators to promote both cellular
internalization and potentially higher tolerated doses of therapeutics [174].

Both Au and Ag nanomaterials exhibit intrinsic anti-angiogenic properties that
may be exploited in anti-tumor therapeutics [175, 176]. Au nanoparticles inhibited the
heparin-binding domain of VEGF65 in human umbilical vascular endothelial cells
(HUVECS) as well as VEGFgs-induced migration and RhoA activity [177]. Similar
results were obtained with Ag nanoparticles on bovine retinal endothelial cells (BRECs)
and in vivo studies using mice and rat models implanted with VEGF+/VEGF- matrigel
plugs [176]. C57BL/6 mice administered Ag nanoparticles (500nM) in matrigel plugs for



179

7 days exhibited no significant vascularization and demonstrated results similar to those
mice administered anti-angiogenic pigment epithelium-derived factor. BRECs treated
with the angiogenic stimulating compound Streptozotocin and Ag nanoparticles showed
reduced AKT phosphorylation, and little to no angiogenic response when compared to
Streptozotocin treatments alone. These results suggest that Ag nanoparticles themselves
may mitigate multiple angiogenic and proliferative cellular pathways characteristic of
malignant cells [176]. In support of this, reduction of fibroblast growth factor (FGF-2)-
mediated angiogenesis has been shown in both chick chorioallontoic membrane models
and in mouse matrigel models. Further, an increase in toxicity with cisplatin-loaded Au
nanoparticles in both lung epithelial and colon cancer cell lines was reported [178, 179].
Recently one group has demonstrated a unique internalization mechanism whereby gold
Au nanoparticles coated with an amphiphilic organic monolayer can spontaneously insert
into lipid bilayers on the cell surface through hydrophobic—hydrophobic contact between
the core of the bilayer and the monolayer of the Au nanoparticle dependent on the
stochastic protrusion of an aliphatic lipid tail into solution [180].

Because of the increase in the commercial use of Ag, cytotoxicity of Ag exposure
has been studied extensively. Ag nanomaterials exhibit many of the same properties
observed with Au nanomaterials and produce minimal cytotoxicity and accumulation in
respiratory and systemic organs [169, 181-184] as well as some antioxidant properties by
interacting and depleting reactive oxygen species and peroxidase metabolites at the
cellular level [185-187]. However, in one study, Sprague-Dawley rats highly dosed with
Ag nanoparticles (~20pg/m?) showed both respiratory and renal accumulation while rats
receiving 0.04pg/m? showed no adverse effects [182]. Results may be governed by
specific preparation, particle surface modulations, and even sex differences [173, 188-
190]. Sub-chronic inhalation of Au nanoparticles in Sprague-Dawley rats showed that
both females and males accumulated NPs (diameter 4-5nm) in lungs in a dose dependent
manner, accompanied by tissue histological changes, macrophage infiltrate, and
inflammatory response, but accumulation in the kidneys only in females [182]. Au
nanoparticles, at least, demonstrate a size-dependence on physiochemical properties. In
lung cancer tumor cell lines A549 and 95D cells, incubation with 10nm Au nanoparticles
promoted endocytosis and growth inhibition. However, despite the growth inhibition, cell
invasion increased and correlated with increased expression of matrix metalloprotease-9
and intercellular adhesion molecule-1 [191]. By contrast, larger particles of 20nm and
40nm did not promote invasion pointing to the need for intensive pre-clinical testing
[191].

V. Aptamer-Nanoparticle Conjugates: “Smart Bombs” and Translation to Bedside
A. Aptamer-nanoparticle conjugates show preclinical promise

By themselves, internalization of nanoparticles into target tumor cells depends
largely on passive targeting that is based on the enhanced permeability and retention
effect that is dependent on leaky vasculature or dysfunctional lymphatic drainage
characteristic of tumors [101, 192]. Similar to small molecules, antibodies, and antigen-
binding fragments (reviewed in [27]), aptamers have been used to functionalize
nanoparticle surfaces and promote active targeting to tumor cells through multiple
endocytosis mechanisms. The generation of such dual-functional “smart bomb”
complexes that are both loaded with anti-tumor drugs and also conjugated to aptamers
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have multiple clinical advantages and their development by both basic research teams and
biotechnology industry has increased in the past several years (Table 2) [28, 29, 193,
194]. First, such a design will preferentially, or even exclusively, target tumor cell
populations. Second, such a design facilitates active rather than passive targeting with
both target cell recognition and endocytosis of the complex. Third, such recognition and
internalization may circumvent multidrug resistance (MDR)-based chemoresistance
mechanisms [195-197]. Although density of aptamer coating on nanoparticles is central
to the Kkinetics of cell binding and internalization, ratios need to be optimized for each
model system. It has been demonstrated in at least one report that with a polymer-based
system, excessive linkage of aptamers to the nanoparticle surface may mask PEG
composition, thus altering surface charge and decreasing tumor cell uptake [194, 198].

Several groups have reported using aptamers to target nanoparticles to cells while
also controlling release kinetics of therapeutics through “gating* whereby short ssDNA
that forms hairpin structures prevent the release of the encapsulated biomolecule, and
presence of complementary ssDNA sequences or binding molecules present inside target
cells remove the hairpin structure and permit biomolecule release. In one such study,
treatment with camptothecin-loaded nanoparticles gated by an ATP-specific aptamer
showed a 40% higher incidence of cell death in MDA-MB-231 (breast adenocarcinoma)
cell lines as compared to a fibrocystic normal MCF-10a cell line [207]. The higher
incidence of cell death was attributrf to the higher metabolic synthesis of ATP in the
cancerous cells [207]. Porous nanoparticles may be gated by strongly-bound
biomolecules within the pores. One group gated mesoporous silica nanoparticle pores
with desthiobiotin-avidin molecules. While T-ALL (T-cell acute lymphoblastic leukemia)
aptamer sgc8c conjugated to their surface promoted interaction and internalization into
PTKY expressing CEM cells (acute lymphoblastic leukemia), the subsequent cytosolic
interaction of desthiobiotin-avidin with vitamin H, a hallmark of some tumor types,
ungated the pores to allow release of encapsulated doxorubicin [202]. In a similar
approach to controlled release, folic acid-conjugated mesoporous silica nanoparticles
containing the photosensitizing agent TmPyP4, “capped” the TmPyP4 molecules through
interactions with a G-quadruplex DNA species [216]. The folic acid promoted tumor
targeting to folate receptors that are commonly overexpressed on the surface of multiple
tumor cell types [217-220]. After internalization, light irradiation generated reactive
oxygen species that caused cleavage of the DNA cap and release and activation of
TmPyP4 to facilitate cell killing in HepG2 liver cancer cell line as compared to folate
receptor-deficient murine 3T3 cells [216]. Other groups using temperature and affinity
modifications have demonstrated in vitro controlled release of neomycin from multiple
aptamer-conjugated Au nanoparticles, suggesting that these too could be utilized in
therapeutic strategies [170]. Due to the plasmonic resonance and low quantum yield of
Au, optical illumination will promote highly efficient conversion of photon energy into
heat. Exploiting this property, Au nanoparticles conjugated to both the T-ALL (T-cell
acute lymphoblastic leukemia) PTK7 aptamer sgc8c and doxorubicin demonstrated
efficient internalization into the CCRF-CEM T-ALL (T-cell acute lymphoblastic
leukemia) cell line [171]. Further treatment with a continuous 532 nm wave laser
stimulated release of doxorubicin into cells and increased cell killing [171].

Similar to the traditional combination therapies using chemotherapeutics,
combinatorial approaches with nanoparticle delivery have shown to be more effective
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particularly against late stage or chemoresistant tumors [221-223]. Given that standard
cancer treatment regimens include combination therapy, an advantage of nanoparticles as
delivery vehicles is that individual cores can encapsulate multiple therapeutic compounds
for ensured simultaneous delivery to an individual target cell [213]. One group reported
synthesis of polymer nanoparticles that carry precise molar ratios of doxorubicin,
camptothecin, and cisplatin. Additionally, the design of the nanoparticle allowed for the
photo-triggered release of all three drugs from the polymer vehicle [224]. These particles
showed effective internalization into OVCAR3 (ovarian adenocarcinoma) tumor cells
and significantly increased cytotoxicity following 365 nm UV light exposure [224]. In a
second study, PSMA specific aptamers were conjugated to polyethyeneimine-PEG
nanoparticles to deliver both doxorubicin and Bcl-xL shRNA to an LNCaP (prostate
adenocarcinoma) PSMA upregulated cell line [215]. Combination therapy with
nanoparticles loaded with both doxorubicin and Bcl-xL shRNA was 60% more cytotoxic
than either treatment with doxorubicin alone or with nanoparticles with encapsulated Bcl-
XL shRNA alone [215]. In addition the co-delivery of both compounds had a synergistic
cytotoxic effect when compared to LNCaP cells treated with a mixture of doxorubicin
and shRNA polyethyeneimine -PEG nanoparticles simultaneously [215]. Additionally,
Au nanoparticles have been used to show potential for gene regulation when their surface
is labeled with anti-sense oligonucleotides show to knockdown endogenous EGFP in
C166 (murine endothelial) cells [225], [226]. Similar methodology was used to inhibit
luciferase activity in HeLa (cervical adenocarcinoma) cells [227] and there is a continued
effort to develop DNA based nano-structures to regulated gene expression [228, 229]

B. Clinical Trials: Aptamers as Agents but No “Smart Bomb” Testing Yet

Despite the large amount of promising initial data (see Table 2), the move from
benchtop to bedside with aptamer-directed anti-cancer therapies has been slow. Aptamer-
nanoparticle conjugates either alone or as “smart bombs” loaded with chemotherapeutics
have not yet reached phased clinical trial stages of development [194]. However aptamers
as single antagonists and various chemotherapeutic-loaded nanoparticle formulations
have been clinically tested.

To date there have been 27 clinical trials that utilize aptamers as single
antagonists, although the majority of these do not target cancer but rather utilize
pegaptanib and E10030 to inhibit VEGF¢s5 in age related macular degeneration and
related diseases [63, 230, 231]. Four studies determining the efficacy of single aptamer
therapies for cancer-related malignancies were completed in the last eight years, one with
EYEOOland three with AS1411. PEGylated aptamer EYEOO1 has high affinity toward
isoforms of VEGF, and the genetic mutation found in Hippel-Lindau (VHL) disease up-
regulates the production of VEGF. An open label phase I study concluded in 2008
piloted the use of anti-VEGF therapy (EYEQ0O01) in 5 patients as a treatment for retinal
angioma associated with late stage VHL (NCT00056199). The nucleolin AS1411
aptamer [232] readily internalizes into cells, and is believed to have intrinsic pro-
apoptotic properties at least in part through disruption of Bcl-2 mRNA transcripts, as
demonstrated in breast cancer cell lines MCF-7 & MDA-MB-231 [98]. A phase I trial
(NCT00881244) of patients with nonspecific advanced solid tumors determined tolerable
dosage profiles and pharmacokinetics followed by a single arm phase 11 trial
(NCTO00740441) as a neoadjuvant therapy in patients suffering from metastatic renal cell
carcinoma (MRCC), as well as an open-label randomized controlled dose escalating
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phase 1l trial (NCT00512083) as an adjuvant therapy in combination with cytarabine in
patients with primary refractory or relapsed AML (acute myeloid leukemia). Subsequent
additional arms of the trial were granted concerning patients with AML between the
years 2009 to 2011 but were terminated (NCT01034410). Unfortunately no study results
have been posted for any of the completed trials but the continued progression of aptamer
development and the push toward aptamers as primary treatments is encouraging.

C. Clinical Trials: Nanoparticles as Delivery Agents for Anti-Cancer Therapy

Currently nearly 300 clinical trials deliver chemotherapeutic or alternative
cytotoxic payload encapsulated by nanoparticles to patients with solid tumors and
recurring malignancies (clinicaltrials.gov). The majority of ongoing trials utilize
paclitaxel-loaded micelles (nab-paclitaxel, ABI-007) composed of a negatively charged
albumin shell which creates both an amphipathic surface to promote cell interaction as
well as a hydrophobic core which promotes solubility of lipophilic paclitaxel and reduces
cytotoxic allergic reactions [233]. Adjuvant nab-paclitaxel has been investigated as a
treatment for pancreatic, breast, ovarian, melanoma, peritoneal, lung, bladder, gastric, and
esophageal cancers.

Other formulations include: (i) paclitaxel-loaded PEG-polyaspartate copolymers
(NK105) [234] that are currently in a multi-national phase 11 clinical study comparing
NK105 versus Paclitaxel in patients with metastatic or recurrent breast cancer
malignancies (NCT01644890); (ii) Rapamycin-loaded albumin-based micelles (nab-
rapamycin) structurally identical to nab-paclitaxel were used in a phase | trial for
advanced non-hematologic malignancies (NCT00635284); (iii) an active phase Il trial
with docetaxel-loaded polystyrene nanoparticles (BIND-014) used in patients with non-
small cell lung carcinoma (NSCLC, NCT02283320); (iv) campothecin loaded
cyclodextrin polymeric nanoparticles (CRLX101, C-VISA BikDD) were used in a
completed phase 11 trial in patients with advanced metastatic NSCLC (NCT01380769),
and two currently recruiting phase I/11 trials in combination with Bevacizumab for
recurrent ovarian and peritoneal cancer (NCT01652079) or in combination with
Capecitabine for rectal cancer (NCT02010567); (v) campothecin semisynthetic analogue
irinotecan hydrochloride has been loaded into nanoliposomes (nl cpt-11) and albumin
nanoparticle (FOLFIRABAX) used in phase | (NCT00734682) or I/11 trials
(NCT02333188) respectively in patients with multiple malignant disorders; and finally
(iv) an alternative approach using direct linkage of Au nanoparticles to platinum-based
oxaliplatin and PEGylated-TNF allowed higher tolerated doses and possibly treatment
efficacy in a phase I trial [235].

The incorporation of gene therapy plasmids or small interfering RNA (siRNA)
into lipid-based nanoparticles for anti-tumor targeting has become one of the more
promising areas of translational development. The anti-cyclin G1 gene construct (Rexin-
G) in a stable lipid particle suspension had promising results in both phase I and phase Il
trials for breast (NCT00505271), soft tissue sarcoma (NCT00505713), osteosarcoma
(NCT00572130), and pancreatic cancer (NCT00504998) but no results have been
reported. Despite this success, anti-cyclin G1 Rexin-G is a paradigm in the length of time
to bring new therapeutics to bedside. Cyclin G1 was identified more than a decade ago,
followed by laboratory mouse studies, Phillipine FDA approval (2007) [52]. A similar
gene therapy approach with FUS1 tumor suppressor gene expression plasmid-loaded
nanoparticles for lung cancer has also reached phase I trials (NCT01455389).
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Incorporation of siRNA into lipid-based nanoparticles include: (i) anti-myc DCR-MYC
currently in two phase I/11 trials for patients with advanced solid tumors, multiple
myeloma, lymphoma, hepatocellular carcinoma non-Hodgkins lymphoma
(NCT02110563 & NCT02314052); (ii) anti-PLK1 TKM-080301 currently in phase |
trials for liver tumors [236], and anti-ribonucleotide reductase CALAA-01 previously in a
phase 1a/1b trial for non-specific solid malignancies that initially gave promising results
with similar pharmacokinetic profiles to treatments in rat, mice, and primate models but
which was subsequently terminated prematurely [209].

New experimental treatment approaches synergize the advantages between
nanoparticle technology and ionizing radiation for anti-cancer therapy. Hafnium oxide
nanoparticles (NBTXR3) have a high electron density enable the transfer of high dose
energy to target cells following ionizing radiation treatments. The increased radio-
enhancement could increase the efficacy of current radiation therapies while maintaining
low exposure levels in neighboring tissues[237], [238]. A NBTXR3 intra-tumor
implantation phase | trials was recently concluded in patients with soft tissue sarcomas
(NCTO01433068) as well as phase Il trials in progress for patients with soft tissue
sarcomas (NCT02379845) will ascertain the efficacy of nanoparticle-based ionizing
radiation therapy.

Several nanoparticle-based technologies are in clinical trials for imaging of
tumors that aid not only in early detection and diagnosis but also in direct surgical
removal of malignant tissue or cells. MagProbe is a clinical tool for detection of multiple
hematopoietic malignancies including acute leukemia. Phase I trials began in 2011 with
an estimated enrollment of 60 patients and was concluded in December 2013 but no
results have been disclosed (NCT01411904). The system utilizes ultra-small
superparamagnetic iron oxide nanoparticles conjugated to a CD34 antibody [239]. The
inherent magnetic property enables both a more sensitive assay for detecting minimal
residual disease as well as the isolation of CD34+ malignant cells from relatively small
bone marrow samples. In theory this method can be used to clear these tumor cells from
patients.

V1. Future Challenges and Outlook

Since the initial description of aptamers and aptamer technology in 1990, only
one aptamer has been FDA approved and is in use for therapeutics but not directed
against cancer. In 2011 there were a total of nine DNA/RNA based antagonistic aptamers
undergoing phase I, Il, or 111 clinical trials [28]. Three years later in 2014, twenty-seven
aptamer related clinical trials have been developed, the majority of which have been
completed. In large part this slow move from translational benchtop to market reflects the
anti-cancer drug model as a whole; only an estimated 0.5% - 3% of drugs tested in the
laboratory eventually lead to FDA approval.

Advances in SELEX selection and screening have made the number of potential
aptamers virtually limitless. However, a major challenge to SELEX is a scheme to
identify aptamers that can distinguish between tumor and highly similar neighboring non-
tumor cell populations of that largely share developmental ontogeny. Conversely,
transformed cells within evolving tumors can be heterogeneous, and how highly specific
aptamers can be effective against these tumors remains unclear. Off-target or
unanticipated effects including induction of opposite effects, e.g. cell killing versus
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migration or differences between sexes may prove to be barriers to large-scale therapeutic
development without intensive pre-clincial testing. Even despite this testing, a disconnect
between promising early studies and less effective clinical trial outcomes has been
frustrating to the field. The nucleolin AS1411 aptamer showed excellent efficacy in
laboratory studies [98, 211] and phase I clinical trial, yet phase Il results were less
compelling and the study was terminated.

The power of “smart bomb” delivery through the combination of nanoparticle and
aptamer technologies may be thwarted by the need to bring together multiple entities with
potentially competing financial and commercial interests. By contrast, single aptamer
therapeutics as well as drug loaded nanoparticles have progressed to clinical trials and
may come to market more quickly. Despite these challenges, the financial outlook and
continued interest by the biotechnology industries remains highly positive. The
achievement of pegaptanib has given the aptamer field a boost, and the aptamer market is
poised to grow on par with antibodies in the next 10-15 years at an estimated growth rate
of 49% [193]. The global aptamer market was valued at $236 million in 2010 and
increased to $287 million in 2013 [28] and is expected to reach $2.1 billion by 2018
[193]. However, it should be noted that previous global growth estimates proved overly
positive; in 2010 it was estimated the market in this year would be valued at $1.9 billion
[28], but this has been adjusted to under $500 million [193]. As aptamer screening
techniques and efficiency continue to be optimized, they will provide the ability to
identify aptamers unique to each individual’s tumor and development of personalized
medicine.
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Abstract

Elevated reactive oxidative species (ROS) are cytotoxic, and chronic elevated levels of ROS have
been implicated in multiple diseases as well as cellular transformation and tumor progression.
However, the potential for a transient and minimally toxic episode of ROS exposure, or a minimal
threshold dose of ROS, to initiate disease or cellular transformation is unclear. We examined both
transcriptional and phospho-proteomic responses of murine embryonic stem (ES) cells to a single
brief exposure of minimally toxic hydrogen peroxide (H»O5). The cellular response was distinct
from those induced by either an acute exposure to H,O» or the topoisomerase 11 poison etoposide.
Analysis of tumorigenesis-related transcripts revealed a significant up-regulation of oncogenes and
down-regulation of tumor suppressors. Analysis of the phospho-proteomic response demonstrated
insulin-signaling induction, including insulin receptor Y972 hypophosphorylation, similar to
insulin-resistance mouse models and observed in diabetic patients. In addition, ES cells were more
resistant to ROS than differentiated cells, and retained their transcriptional self-renewal signature,
suggesting stem cells have a higher potential for ROS-mediated mutagenesis and proliferation in
vivo. These results are a direct demonstration that even brief and non-toxic exposures to ROS may
induce transduction of insulin resistance and transformation signaling in stem cells leading to
diabetes and cancer.

Keywords

reactive oxygen species; oxidative stress; DNA damage; stem cells; gene expression; microarray;
proteomics; insulin; diabetes; cancer

Introduction

Reactive oxygen species (ROS) are produced by metabolizing molecular oxygen to produce
hydroxyl free radicals (OH), superoxide anions (O,—), singlet oxygens (10,), and hydrogen
peroxide (H,0,). ROS are generated by endogenous reduction of oxygen, by the
mitochondrial respiratory pathway, as well as by exogenous exposure to UV or
environmental damaging agents [1]. Superoxides produced by NADPH oxidase activity are

Copyright © 2011, Bioinfo Publications
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quickly dismutated by superoxide dismutases (SODs) to the more stable H,O,. ROS levels
in cells are highly regulated. Increases in ROS above basal cellular concentrations lead to
oxidative stress (OS) [2]. OS is thought to damage 20,000 bases per day per human cell and
be one of the major causes of DNA damage and mutation [3,4].

At submicromolar concentrations, ROS act as proliferation and growth signaling molecules.
Elevated levels of ROS induced by mutations of metabolic enzyme genes, ischemia/
reperfusion, chemotherapy, or chronic exposure to 10-100uM H,05 induce multiple effects
ranging from cell cycle arrest to death, depending on the cell type [5,6]. High levels of ROS
have been implicated in human diseases including cancer, diabetes, cardiac disease,
neurodegeneration, and aging [4,7,8]. In support of this, high levels of OS induced by
metabolic enzyme deficiency are associated with head and neck cancers as well as child T-
cell leukemia [9,10]. High concentrations of H,O, (3mM) can induce multiple insulin-like
effects in rat adipose tissue including phosphorylation of the insulin receptor (INSR) subunit
at E80 and Y20 [11]. However, the potential for a transient and minimally toxic episode of
ROS exposure or what minimal threshold dose of ROS to initiate disease or cellular
transformation is unclear.

Upon differentiation of embryonic stem (ES) cells, superoxide production, cellular levels of
intracellular ROS, and DNA damage levels increase. At the same time, expression of major
antioxidant genes and genes involved in multiple DNA repair pathways is downregulated
[12], and DNA repair by homologous recombination is reduced [13]. Thus, elevated ROS
may promote tumorigenesis in more differentiated somatic cells indirectly through increased
illegitimate repair of the ensuing DNA damage. It is not clear how susceptible stem cells are
to a single brief exposure of ROS, particularly at minimally toxic doses not expected to
induce apoptosis.

A significant body of literature exists on the transcriptional response of multiple cell types to
high toxic or low chronic doses of ROS [14-23] but not the impact of a single minimally
toxic ROS episode. In addition, the immediate coordination of both transcriptional and post-
translational responses in response to ROS is not understood. In this study we measured the
immediate cellular response of mouse ES cells to a single minimally toxic episode of
hydrogen peroxide (H,O5). The cellular response was distinct from those induced by either
an acute exposure to H,O» or by the topoisomerase Il poison etoposide. Parallel examination
of transcriptional profiles with the post-translational modifications of a significant though
limited number of signaling molecules demonstrated that a single minimally toxic exposure
to ROS is sufficient to induce significant increases in oncogenic and metastatic pathways
and specifically induce insulin signaling, similar to insulin-resistance mouse models and
observed in diabetic patients. Despite the significant signaling changes induced by ROS,
cells maintained their stem cell signatures suggesting a mechanism for maintenance,
survival, and transformation in early stem cell pools.

Growth arrest, cytotoxicity, and DNA fragmentation

ES cells were exposed to a minimally toxic 100 M hydrogen peroxide (H,O>) for 15 min.
Dose was chosen as H,O5 concentrations up to 50uM have been reported in human plasma
and 100 M H,05 induces ROS levels similar to those observed in ischemia/reperfusion or
respiratory burst conditions [24]. Alternatively, cells were exposed to 5mM hydrogen
peroxide (H,0,) or 20 M etoposide for 30 min. 5mM H,0, induces ROS levels similar to
those observed in vivo during acute inflammatory reactions. Etoposide is an inhibitor of the
topoisomerase Il religation reaction and a known inducer of DNA double-strand breaks
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(DSBs). 20 M etoposide is in close agreement with pharmacokinetic studies demonstrating
peak patient plasma levels [25].

As expected, ROS and DSBs induced a dose-dependent response of cell cycle arrest and cell
death. Cell cycle profiles by BrdU analysis of cells exposed to all three conditions
demonstrated G2 cell cycle arrest through 6 hrs post-exposure and release by 24 hrs post-
exposure (data not shown). Cells exposed to etoposide demonstrated an intra-S phase arrest
at early times and release by 24 hrs post-exposure. The lack of a significant G1/S arrest was
expected since ES cells have a defective p53-mediated stress response [26-28]. 100uM
H»0, induced minimal cell death; however, doses beyond 200uM induced significant cell
death by 24 hrs post-exposure (IC5o=5mM), relative to controls, Fig. (1A).

Pulse field gel electrophoresis along with S1 nuclease digestion confirmed ES cells had a
dose-dependent ssSDNA digestion of chromatin DNA that led to 0.3-1 Mb fragments,
capable of inefficient religation and cell survival [29]. There was minimal sSSDNA
fragmentation following 100 M H,0, and more significant fragmentation at higher toxic
exposures, Fig. (1B). 50 kb DNA fragments were not detectable following acute 30 min
exposure up to 10mM of H,O,. Only when ES cells were exposed to 100 M of H,05
continuously for 24 hrs were 50kb DNA fragments produced, but without oligonucleosomal
fragmentation, Fig. (1C).

Transcriptional response

Immediate cellular transcriptional response following a transient minimally toxic exposure
to ROS was determined using Affymetrix MG-U74VerA chips and MS 5.0 and GeneSpring
software comparing four samples exposed to the minimally toxic H,O,, five samples
exposed to acute H,O,, and three replicate control samples. Among all conditions, 2742
transcripts were found significantly altered (p<0.05), and, of these, 501 (433 known, 68
unknown) transcripts had a two-fold or greater change. Real-time RT-PCR results of 19
selected transcripts were concordant with microarray results. Correlation coefficient values
for 16 of 19 transcripts were r(100)=0.71 and r(5)=0.78 for the two exposures to ROS, Table

0.

Transient exposure to a minimally toxic dose of H,O, was sufficient to induce down-
regulation of 185 transcripts and up-regulation of 175 transcripts. The response signature
was distinct from a transient exposure to an acute dose that induced down-regulation of 114
transcripts and up-regulation of 62 transcripts. Overall, only 19 transcripts were commonly
down-regulated and 12 transcripts commonly up-regulated by the two exposures (31 total;
Table (2), Fig. (2B)) suggesting major differences, rather than common mechanisms, of
immediate cellular response between minimally toxic and acute ROS exposure. A distinct
cellular response to ROS exposures was further supported by an inverse dose effect in 11
transcripts, similar to studies in mammalian cells and yeast exposed to low or acute doses of
irradiation [30,31] (Out of 360 transcripts altered following minimally toxic ROS and 176
following acute ROS, the expected false discovery rate would be 0.25%, or 2 transcripts).
Four transcripts (calml4, cdknlc, S100a6, gap43) were significantly decreased after
minimally toxic ROS but increased after acute ROS, as compared to untreated samples.
Conversely, seven transcripts (phtrl, dab2, bhmt2, prgl, sox17, gata6 and col4al) were
significantly increased after the minimally toxic ROS but decreased after acute ROS, as
compared to untreated samples.

Maintenance of stem cell markers

Transient minimally toxic exposure to ROS revealed no significant change in 14 of 19
common transcripts associated with stem cell populations and pluripotency including
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signature transcripts oct3/4, nanog and sox2, Table (3) [32]. Markers specific for
differentiation of ES cells upon LIF withdrawal were unchanged [33]. Three stem cell
transcripts with known roles in DNA or stress response (Mdr1/abcbl and ercc5 and gpx3)
were up-regulated following a minimally toxic dose of H,O,, Table (3) [12,34]. Increases in
SOD activity can reduce growth and malignant phenotypes of tumor cells in culture
although its mechanism of action is not well understood and can be inconsistent [23,35,36].
However, in this study, ROS led to down-regulation of sod2, a stem cell marker identified
by Sartzki et al [12], suggesting the promotion of growth and survival of mouse ES cells
following a single minimally toxic exposure. Two transcripts (gbx2 [37], c-myc [38]) were
down-regulated. Gbx2 is within the wnt pathway and not a known myc target gene ([39];
http://www.myccancergene.org/index.asp). Overall, these results suggest that pluripotent
stem cell populations have the capacity to respond to ROS while retaining their major self-
renewal signatures.

Oncogenic immediate transcriptional signature response

Transcriptional profiles were assessed by GO, Entrez, Locuslink, and Ingenuity Pathway
Analysis (IPA) (Ingenuity® Systems, www.ingenuity.com). Pathway analysis demonstrated
the minimally toxic and acute ROS stratified top significantly altered biological functions,
Table (4). IPA functionally classified all altered transcripts according to tumorigenesis,
DNA repair, cell growth/maintenance, development, cell cycle, and pro- or anti-apoptosis
(Table 3). IPA noted a significant number of altered transcripts classified in tumorigenesis
(139/360; 39%) following the single minimally toxic dose of H,O», specifically a significant
up-regulation of oncogenes and down-regulation of tumor suppressors, Table (4), Fig. (3).
Consistent with this, IPA noted a significant up-regulation of anti-apoptotic transcripts, Fig.
(3). The additional IPA classifications did not reveal significant clustering. These data
indicate a nonlinear relationship and strong association between ROS dose and oncogene
activation or tumor suppressor silencing, along with cell survival.

Oncogenic immediate post-translational signature response

To more completely assess the signaling pathways induced in stem cells by a transient and
minimally toxic exposure to ROS, we used Kinexus® phospho-proteomic screening
technology to analyze 92 phosphorylation sites covering 53 proteins in p53, Rb, p38/MAPK/
ERK, NF«B, PI3K/Akt and insulin-signaling pathways, Table (5). Reproducibility was
validated by detecting concordant normalized CPM values for common epitopes (Mapk1-
T185+Y187, Mapk3-T202+Y 204, p38Mapk-T180+Y182). Samples were exposed to 100 M
H,0, for 15 min, recovered in normal media for 1 hr, then harvested for analysis.
Specificity of the response was determined by comparison against a 15 min exposure to
5mM H,0, or 30 min exposure to 20 M etoposide. Based on an absolute cut-off of 300
normalized CPM, nearly two-thirds (52 of 92) of the epitopes had no detectable
phosphorylation in either control samples or following ROS or etoposide exposure. The
remaining third of epitopes (34 of 92) had a detectable baseline phosphorylation in control
samples. We focused on sites that were found differentially phosphorylated by at least 25%
with respect to controls. 85% (29 of 34) of these were altered one hour following exposure
to either ROS or etoposide, Table (5).

Overall, stem cell response to ROS was distinct from etoposide exposure and could be
stratified by dose, with a specific phosphorylation pattern induced by each. Only 5 of the 34
epitopes (15%) with baseline phosphorylation were post-translationally altered by both
H,0, and etoposide treatment--activating phoshorylation of CDC2 (CDK1) at T160/161 and
of p38a MAPK at T180+Y 182, activating dephosphorylation of the catalytic subunit of
protein phosphatase 1 (PPP1CA) at T320 and of MAP2K1 (MEK1) at T291, and inhibitory
phosphorylation of elF2B5 at S539. Decreased phosphorylation of elF2B5 would be
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expected as a consequence of slowed translation in response to DNA damage and stress.
These results suggest that the immediate response to DNA damage involves changes to

homeostatically phosphorylated proteins in ES cells rather than phosphorylation of new
ones, at least within the signaling pathways examined.

Eight epitopes were hypophosphorylated and 7 epitopes were hyperphosphorylated in
response to 100 M H,0,. Consistent with the IPA analysis of transcriptional response,
exposure to 100 M H,0» uniquely induced hypophosphorylation of protein kinase C related
kinase (Prk1) at T778 associated with cell migration and tumor metastasis and
hyperphosphorylation of Npm1 at S4 associated with cell survival and growth, Table (5).

Transient exposure to minimally toxic 100 M H,O, uniquely led to dysregulated insulin
signaling activation observed by hypophosphorylation of insulin receptor (INSR) at Y972,
Table (5). This response was supported by increased phosphorylation of GSK3 at S21 and
increased phosphorylation of FAK/Ptk2 at S910, Table (5). The INSR juxtamembrane
autophosphorylation site Y972 promotes interaction and stability between INSR and
intracellular substrates [40] while FAK1 acts as an intracellular positive downstream
regulator of signaling. Hypophosphorylation of INSR at Y972, phosphorylation of FAK1,
and inhibitory phosphorylation of GSK3 at S21 have all been associated with insulin-
resistant signaling. Further, protein kinase B/Aktl plays a role in multiple signaling
pathways including insulin-stimulated GLUT4 membrane localization[41]. Partial activation
of Akt by S473 phosphorylation, essential for Akt activation, was observed in a dose-
dependent manner.

Discussion

Defining the cellular response of stem cells to ROS is critical to understanding the unique
sensitivity of stem cells to minimally toxic episodes of ROS exposure, or a minimal
threshold dose of ROS, to initiate disease or cellular transformation. In this study we directly
examined the response of ES cells to a single transient and minimally toxic exposure of ROS
and correlated the immediate transcriptional and post-translational modifications that
resulted.

ES cells demonstrated a high resistance to ROS consistent with previous work showing ES
cells withstanding extreme hyperoxic conditions (40% 0,) compared with cells grown under
normoxic culture conditions [12]. ES cells were more resistant to OS-induced high
molecular weight DNA fragmentation than differentiated cell types [29,42]. ES cells may
have an increased DNA repair capacity or endonuclease-protected higher order chromatin
similar to some cancer cell lines [43,44]. Consistent with this, the dose-dependent resistance
of ES cells to ROS-mediated cell death was similar to Caco2 colon cancer cells and elevated
compared to terminally differentiated primary glial cells [44,45]. Low and high dose ROS-
inducing therapies have different cytotoxicities and short- and long-term efficacies [46,47]
that are likely defined by the immediate cell-specific response to these treatments, similar to
the observations made here. Consistent with increased resistance of ES cells to ROS,
transcripts of the majority of canonical self-renewing genes were similarly unaffected by
100 M H,0,. Following this minimally toxic episode of ROS, we did not observe a
significant change in transcripts known to be affected following LIF withdrawal-induced
differentiation of ES cells [33]. However, a mild transcriptional signal of differentiation
could be discerned following acute levels.

Binning of significant biological functions determined that a minimally toxic ROS exposure
primarily affected transcription of tumorigenesis-related genes. We curated oncogenes and
tumor suppressors and found a significant proportion of oncogenes were up-regulated and
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tumor suppressors were down-regulated uniquely following 100 M H,0O». This is direct
evidence of an oncogenic transcriptional signature induced specifically following a transient
and minimally toxic ROS exposure. We did not observe any significant up-regulation in
transcripts of classical antioxidant or DNA repair genes following either minimally toxic or
acute dose, similar to studies in yeast models [14].

Results showed that early post-translational response to ROS affects mainly homeostatically
phosphorylated proteins rather than phosphorylation of new moieties. Focusing on regulated
resting state phosphorylated sites, we discerned no apparent paradigm of stem cell response
to multiple genotoxic exposures indicating that unique responses might be specific to each
compound. Consistent with the transcriptional data, transient exposure to a minimally toxic
dose of of H,O5 specifically increased oncogenic (e.g. hypophosphosphorylation of RAF1 at
S259, hyperphosphosphorylation of NPM1 at S4) and metastatic (hypophosphosphorylation
of PTK2 at S910) signals common to pathways leading to survival, growth and proliferation,
G2/M transition and migration.

We previously demonstrated that etoposide induces similar cytotoxic and genotoxic effects
as the minimally toxic ROS used here [48]; however, post-translational response to the two
agents was distinct. Early signaling induced by etoposide could be distinguished from that of
ROS through activation of B-catenin survival pathway and reduction of integrin and
migration signaling as well as an inhibition of the 47kD isoform of JNK. These data provide
evidence that a single exposure to mild ROS is sufficient to promote a distinct cellular
response marked by significant oncogenic signals that may intitiate cell transformation in a
surviving stem cell population.

We were surprised to observe activating marks of survival (e.g. hyperphosphorylated Akt at
S473), growth (e.g. hypophosphorylated 70kD RAF1 isoform at S910), and proliferation
(e.g. hyperphosphorylated Prkcm at S916 and hypophosphorylation of Ptk2 at S722) in ES
cells one hour following a transient exposure to ROS suggesting that ES cells’ initial
response to stress is to maintain a rapid growth rate and bypass DNA repair. This initial
rapid growth is then temporally followed by the well characterized induction of cell cycle
checkpoints and reduced E2F-dependent transcription, manifested by almost complete
dephosphorylation of Rb at S773, hyperphosphorylation of cdc2 at Y15, and supported by
transcriptional microarray data showing down-regulation of E2F targets such as foxd3.

This study demonstrated that a single minimally toxic exposure to ROS uniquely led to
dysregulated insulin signaling. The tyrosine kinase insulin receptor (INSR) is required to
mediate insulin signaling, and the early steps of INSR activation are well understood. INSR
is a heterotetrameric membrane glycoprotein composed of two and two subunits, linked
together by disulfide bonds with activation cascade initiated by binding of insulin to the
receptor’s extracellular B-subunit [49,50]. The INSR tyrosine kinase is activated upon
binding of insulin binds to the receptor’s extracellular B-subunit, initiating subunit
colocalization, conformational changes, autophoshorylation, and activation of the receptor’s
kinase activity on intracellular protein substrates [49,50]. Mutations in the INSR gene can
reduce receptor autophosphorylation and tyrosine kinase activity toward an exogenous
substrate, resulting in both in vivo and in vitro insulin resistance and diabetes mellitus [51-
56]. In our study, a transient minimally toxic exposure to ROS mediated by H,O, was
sufficient to induce immediate hypophosphorylation of Y972 providing a direct link
between ROS and insulin resistance. Y972F mutation has been shown to cause severe
impairment of downstream effector IRS-1 adaptor tyrosine phosphorylation and, thus,
downstream signaling of the insulin pathway [57]. Further, Y972 hypophosphorylation in
HEK cells was shown to be dependent on Grb14 which is over-expressed in insulin
resistance mouse models and human Type Il diabetic patients [58]. In support of the
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suggestion that appropriate insulin signaling is altered by ROS, we also observed an almost
2-fold increase in the inhibitory S21 phosphorylation of GSK3. GSK3 is active in a cell’s
resting state and inhibited by insulin, and complete inhibition of GSK3 by acute insulin
exposure occurs through phosphorylation of Ser21. It has been shown that over-expression
of GSK3 impairs insulin responsiveness while knockdown of GSK3 improves insulin action
[59]. GSK3 is elevated in patients with poorly controlled type 2 diabetes and animal models
of insulin resistance [60,61]. Taken together, our data shed new light on the possible
mechanism of even transient mild ROS exposure on hypophosphorylation of INSR and
insulin resistance [58,62,63].

Overall, this screen demonstrated that ES cell early response to ROS is dose dependent and
a single transient minimally toxic exposure is sufficient to promote an early post-
translational response with significant oncogenic signals supporting the transcriptional data.
In addition to new data related to stem cell signaling, this work supports the hypothesis that
cancer emanates from a transformed stem cell and underscores the potential role of even a
single exposure to ROS to promote this transformation. These data underscore the
importance of deciphering methods to either spare wild type stem cells from transformation
after ischemia/reperfusion or chemotherapy approaches or to target cancer stem cells.

Materials and Methods

DNA damage and oxidative stress

E14TG2a-derived mouse embryonic stem (ES) cells were cultured as previously described
[64,65]. 2 x 107 cells in suspension were exposed to one of the following: 2 ml PBS
containing 100uM or 5mM hydrogen peroxide for 15 and 30 min, 20uM etoposide (Sigma-
Aldrich; 20mM stock solution prepared in dimethylosulphoxide (DMSQO)) for 30 min, or
PBS alone. Cells were replated and recovered for 1 hr at 37°C in 5% CO2 before harvest.

Cell cycle analysis and growth arrest

5 x 10° cells were plated in 10 cm dishes and allowed to recover for 24 hr. Adherent cells
were harvested and viable cells determined by hemocytometer and trypan blue exclusion or
by BrdU labeling.

Pulse Field Gel Electrophoresis

Treated cells were suspended in embedding buffer (15mM Tris—HCI, pH 7.4, ImM EGTA,
60mM KCI, 15mM NaCl, 2mM EDTA, 0.5mM spermidine, 0.15mM spermine), embedded
in 0.8% low melting agarose at 40°C, casted in BioRad plugs (cat# 170-3622) (3 x 10° cells
per 50ul) then cooled for 1 min at —20°C. Lipid and protein extraction was performed by
two overnight incubations in extraction buffer (10mM Tris-HCI, pH 9.5, 10mM NacCl,
25mM EDTA, 1ImM EGTA, 1.5% SDS, 0.1% mercaptoethanol) at room temperature and
gentle rocking. Plugs were washed three times in TE pH 7.6 for two hours each followed by
RNA digestion with RNase for one hr at 37°C. Proteinase K digestion for 6 hours at 50°C
was followed by washing in TE pH 7.6 three times for two hours each. For single strand
break analysis, DNA plugs were digested with 3 units S1 nuclease for one hour at 37°C in
200 pl S1 nuclease buffer (30mM NaAc pH 4.6,100mM NacCl, 0.5mM ZnCl,). DNA breaks
were analyzed by field inversion gel electrophoresis (FIGE). Plugs containing purified DNA
were inserted in wells of 1% 0.5X TBE pulse field-certified agarose gel and resolved by
BioRad CHEF Mapper (cat# 170-3670) at 14°C 0.5X TBE buffer circulated by a pump, 20
min of forward voltage (6 v/cm) without field reversion. Resolution of DNA was
programmed as: forward voltage: 5 VV/cm, forward initial switch time: 0.3s, forward final
switch time: 30s, reverse voltage: 5 V/cm, reverse initial switch time: 0.1s, reverse final
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switch time: 10s, A= linear, Run time: 16 hours. Following electrophoresis, gel was stained
with ethidium bromide and DNA visualized by UV.

Microarray hybridization and analysis

Samples were exposed to H,O, for 15 min, recovered for 1 hr, then harvested for analysis.
cRNA derived from 10 ug of total RNA from treated cell samples was prepared and
hybridized to MG_U74Av2 oligonucleotide chip according to Affymetrix’s protocol. Prior
to filtering, unsupervised hierarchical clustering using standard correlation as a similarity
measure algorithm confirmed the relatedness of samples within treatment groups
(Supplemental Fig. S1A). “Absent” calls in at least 10 out of 12 samples were filtered,
leaving 6970 transcripts (out of 12,488) and consistent with previous data that ES cells
express approximately 30% of potential transcripts [66]. Analysis of variance in gene
expression between control group of replicates and one of the treated groups was performed
using the Welch t-test with a 2 fold or greater change and a p-value of 0.05 or lower. Per
gene and chip normalization was used as well as the Cross Gene Error Model. Gene
expression normalized values were analyzed using GeneSpring GX software (Agilent
Technologies). Data is available at http://www.ncbi.nlm.nih.gov/geo/ Accession number
#GSE18708 and http://biology.uncc.edu/Faculty/Richardson/index.htm. SYBR® green and
LightCycler® real-time RT-PCR was used to validate data.

Phosphoprotein Analysis

Samples were exposed to H,O, for 15 min, recovered for 1 hr, then harvested for analysis.
Cells were washed in ice cold PBS, lysed in 500 pl lysis buffer (150 mM NaCl, 20 mM Tris
pH 8.0, 0.5% (w/v) Nonidet P-40, 1 mM dithiothreitol (DTT), 20 mM (B-glycerophosphate,
1 mM NagVOy,, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml
leupeptin and 1 ug/ml pepstatin A) and sonicated for 30 sec pulsing 1 sec ON 1 sec OFF.
Cell debris was removed by centrifugation at 13,000 rpm for 15 min at 4°C. Protein
concentration was determined by the Bradford assay. Samples were performed in triplicates.
For phosphoscreening the Kinetworks™ platform was used (Kinexus--KPSS-2 and KPSS-4).
Images available at http://biology.uncc.edu/Faculty/Richardson/index.htm. 300 pg of total
protein were resolved on a 13% single lane SDS-polyacrylamide gel and transferred to
nitrocellulose membrane. The membrane was incubated with mixtures of up to three
antibodies per lane that react with a distinct subset of at least 95 known phosphorylated sites
on 53 cell signaling proteins of distinct molecular masses, then horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology). Blots were developed using
ECL Plus reagent (Amersham Biosciences) and signals were quantified using Quantity One
software (Bio-Rad). The overall early response to OS or etoposide is similar with a
Spearman correlation value of 0.94 between etoposide and low OS dose, 0.89 between
etoposide and high dose, and 0.90 between low dose and high dose. However, the
correlation of response with respect to treatment drops significantly to 0.3-0.4 when only
the affected epitopes are analyzed indicating that each treatment can be correlated with a
unique identifier.
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Fig. 1.

Response of ES cells in culture 24 hrs following exposure to minimally toxic ROS. A. Cells
were exposed to H,O, for 15 min, recovered in normal medium for 20 hrs, then the number
of viable cells in culture scored (dead cells were excluded by trypan blue). Data are the
average and standard deviation of at least 4 independent experiments. B. Dose-dependent
accumulation of single-strand breaks (SSBs) following exposure to H,O, for 15 min. Pulse
field gel electrophoresis of agarose embedded DNA without (—; DSB) or with (+; SSB and
DSB) S1 nuclease digestion. DNA fragmentation was not evident in samples exposed to
H,0, at lower doses. Fragmentation was observed at higher doses (ImM and 5mM). As
expected, visible fragmentation was detected in all samples, including untreated, following
S1 nuclease digestion. Visible fragments were within the 0.3-1 Mb range. C. Time-
dependent accumulation of 50 kb fragments following exposure (Exp) to 100 M H,0, with
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or without recovery (Rec). 50 kb fragments observed only after chronic 24 hour continuous
exposure and no recovery. M -- size standard marker.

Int J Genomics Proteomics. Author manuscript; available in PMC 2011 July 7.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

MOUZANNAR et al.

Page 13

- H0,

Fig. 2.

A. Relatedness of sample groups confirmed by unsupervised Pearson correlation clustering
of transcripts deregulated by two-fold between controls and replicate samples. Analysis
performed by GeneSpring data analysis software. B. Distinct gene expression signatures
induced by low and high doses of H,O,. Parametric t-test with unequal variance (Welch t-
test) analysis was performed by GeneSpring data analysis software.
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IPA clustering shows distinct response of ES cells to minimally toxic ROS. IPA clustering
was performed on statistically significant altered transcripts from four samples exposed to
100uM H,0», five samples exposed to 5mM H»0,, and three replicate control samples
analyzed by Affymetrix MG-U74VerA chips and GeneSpring software. A. Altered
oncogene and tumor suppressor transcripts following 100 M H,0,. B. Altered oncogene and
tumor suppressor transcripts following 5mM H,05. C. Altered apoptotic and anti-apoptotic

transcripts following 100 M H,0,. D. Altered apoptotic and anti-apoptotic transcripts
following 5mM H,0,.
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Table 2

Commonly regulated transcripts following minimally toxic and acute exposures to H,O»

Page 16

Fold change relative to no

treatment
100 uM 15
Gene Name Symbol GenBank min 5mM 30 min
upregulated
fibroblast growth factor binding protein 1 Fgfbpl AF065441 3.6 13.4
sarco(endo)plasmic reticulum calcium ATPase Atp2a2; SERCA2 | AF029982 2 6.3
Taglin; SM22 Tagln; Sm22a 768618 2.8 35
gastrulation brain homeobox 2 Gbx2 748800 10.5 34
Ngfi-A binding protein 1 Nabl U47008 2 3
GTL2, imprinted maternally expressed untranslated mRNA Gtl2 Y13832 4.6 3
BMP-4 gene Bmp4 L47480 53 2.8
Ngfi-A binding protein 2 Nab2 u47543 2.4 2.7
EST00652 AA407332 2.3 2.7
solute carrier family 25 (adenine nucleotide translocator), member 5 | Slc25a5 u10404 2.8 2.6
Dusp6 Dusp6 Al845584 2.8 24
cytochrome c oxidase, subunit Vlic Cox7c Al648091 3.2 2.4
myeloid-associated differentiation marker Myadm AJ001616 21 2.3
c-myc exon 3 c-myc L00039 5.44 2.2
stratifin Sfn AF058798 2.9 21
urokinase plasminogen activator receptor Plaur X62700 2.6 21
CCR4 carbon catabolite repression 4-like Ccrndl AWO047630 33 2
Nes Nes AW061260 3 2
ATPase, class VI, type 11A Atplla AA690863 2.2 2
downregulated

pleckstrin homology-like domain, family B, member 2 Phidb2 AW125043 12.6 2.2
receptor (calcitonin) modifying protein 2 Ramp2 AJ250490 6 2.7
zinc finger protein 143 Zfpl43 U29513 3.7 35
protein kinase, lysine deficient 1 Prkwnk1 AV319920 3.2 2.2
RIKEN cDNA 2310014L17, ubiquitin ligase 2310014L17Rik AAT94189 3 4.7
solute carrier family 23 (nucleobase transporters), member 3 Slc23a3 AV222871 2.7 21
(clone lambda-MG5.3) acid phosphatase type 5 gene Acp5; TRAP M99054 2.4 2.1
DnalJ (Hsp40) homolog, subfamily C, member 3 Dnajc3; hsp40 u28423 2.3 2
FBJ osteosarcoma oncogene B Fosb X14897 2.3 21
RIKEN cDNA 2310005014 gene, mitochondrion 2310005014Rik AW124582 2.1 25
sphingosine-1-phosphate phosphatase 1 Sgppl Al835784 2 2
sialic acid acetylesterase; yolk sac gene 2 Ysg2 U61183 2 21
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Transcriptional state of pluripotency genes following minimally toxic and acute exposures to H,O,

Table 3

Description Symbol Effect of OS does on Transcription
Embryonic stem cell specific gene 1 esgl No change

Octamer binding transcription factor oct3/4 No change

Zinc finger protein 42 zfp42 (rexl) | No change

Fibroblast growth factor 4 fgfd No change

SRY-box 2 sox2 No change

Nanog homeobox nanog No change

X-ray repair complementing 5 xrcch No change

Radiation repair 23 homolog rad23b No change

MutS homolog 2 (E. coli) msh2 No change

Zinc finger protein 42 zfpd2 No change

Teratocarcinoma derived growth factor, CRIPTO | tdgfl No change

Integrin alpha 6 itgab No change

Signal transducer and activator of transcription 3 | stat3 No change

Multidrug resistance /ATP binding cassette Mdrl/abcbl | 2x up low dose (2 isoforms)

Excision repair complementing 5 ercch 2x up low dose

Gastrulation Brain Homeobox 2 gbx2 10x down low dose; 3.4x down high dose
Forkhead homeobox D3 foxod3 5x down high dose

Undifferentiated embryonic transcription factor utfl 2x down low dose

myelocytomatosis viral oncogene homolog c-myc 5.4 down low dose; 2.2 down high dose
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Top significant functions and pathways affected by minimally toxic and acute exposures to H,0,.

Table 4

Low Dose Regulated Genes

Biological Function.

# transcripts

p-value?

Tumorigenesis 139 4,7x1079-3.8x1072
Cell Death 102 1.0x1074 - 3.8x1072
Cellular Development 81 1.0x107¢ - 3.8x1072
Gene Expression 74 2.3x1075 - 3.8x1072
Gastrointestinal Disease 55 1.8x1075 - 3.8x1072
Canonical Pathway

Whnt/ -Catenin Signaling 11 7.1x1073
Biosynthesis of Steroids 6 7.5%x1075

High Dose Regulated Genes

Biological Function # transcripts p-value

Tumorigenesis 49 1.9x1074 - 3.2x1072
Cellular Development 39 1.7x107° - 3.3x1072
Cell Cycle 36 2.6x1075 - 3.4x1072
Embryonic Development 19 1.7x1075 - 2.7x1072
Respiratory Disease 7 1.9x1074 - 2.9x1072
Canonical Pathway

Coagulation system 6 2.2x1072

VEGF Signaling 5 4.9x1072

Riboflavin Metabolism 4 1.8x1072

Cell Cycle: G1/S Checkpoint 3 3.9x1072
Commonly Regulated Genes

Biological Function # transcripts p-value

Tumorigenesis 13 1.7x1075 - 3.3x1072
Cellular Development 7 1.9x107° - 3.2x1072
Neurological Development 7 1.9x1075-2.9x1072
Cell Cycle 4 1.7x1075 - 2.7x1072
Neurological Disease 2 2.6%1075 - 3.4x1072
Canonical Pathway

Coagulation 6 2.2x1072

VEGF Signaling 5 4,9x1072

Riboflavin Metabolism 4 1.8x1072

Cell Cycle: G1/S Checkpoint 3 3.9x1072
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Fisher’s exact test
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APPENDIX F:
DOUBLE-STRAND BREAK REPAIR BY INTERCHROMOSOMAL
RECOMBINATION: AN IN VITRO REPAIR MECHANISM UTILIZED
BY MULTIPLE SOMATIC TISSUES IN MAMMALS
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Double-Strand Break Repair by Interchromosomal
Recombination: An In Vivo Repair Mechanism Utilized by
Multiple Somatic Tissues in Mammals

Ryan R. White', Patricia Sung? C. Greer Vestal', Gregory Benedetto'!, Noelle Cornelio', Christine
Richardson™

1 Department of Biology, University of North Carolina-Charlotte, Charlotte, North Carolina, United States of America, 2 Developmental Biology, Sloan-Kettering
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Abstract

Homologous recombination (HR) is essential for accurate genome duplication and maintenance of genome stability.
In eukaryotes, chromosomal double strand breaks (DSBs) are central to HR during specialized developmental
programs of meiosis and antigen receptor gene rearrangements, and form at unusual DNA structures and stalled
replication forks. DSBs also result from exposure to ionizing radiation, reactive oxygen species, some anti-cancer
agents, or inhibitors of topoisomerase |l. Literature predicts that repair of such breaks normally will occur by non-
homologous end-joining (in G1), intrachromosomal HR (all phases), or sister chromatid HR (in S/G2). However, no in
vivo model is in place to directly determine the potential for DSB repair in somatic cells of mammals to occur by HR
between repeated sequences on heterologs (i.e., interchromosomal HR). To test this, we developed a mouse model
with three transgenes—two nonfunctional green fluorescent protein (GFP) transgenes each containing a recognition
site for the I-Scel endonuclease, and a tetracycline-inducible I-Scel endonuclease transgene. If interchromosomal
HR can be utilized for DSB repair in somatic cells, then |-Scel expression and induction of DSBs within the GFP
reporters may result in a functional GFP+ gene. Strikingly, GFP+ recombinant cells were observed in multiple organs
with highest numbers in thymus, kidney, and lung. Additionally, bone marrow cultures demonstrated
interchromosomal HR within multiple hematopoietic subpopulations including multi-lineage colony forming unit—
granulocyte-erythrocyte-monocyte-megakaryocte (CFU-GEMM) colonies. This is a direct demonstration that somatic
cells in vivo search genome-wide for homologous sequences suitable for DSB repair, and this type of repair can
occur within early developmental populations capable of multi-lineage differentiation.
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Introduction

Faithful repair of DNA damage, including double-strand
breaks (DSBs), is crucial to genome stability and normal cell
survival and proliferation [1]. Chromosomal breaks can occur in
a programmed manner through meiosis, immunoglobulin class-
switch recombination, and V(D)J recombination [2-4]. In
addition, reactive oxidative species may promote
10,000-20,000 DNA damaged sites per cell per day [5-7], and
DNA replication errors or stalls may promote another 10-50
DSBs per cell [8,9]. Exposure to ionizing radiation (IR),
alkylating agents, and chemotherapeutic drugs such as
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topoisomerase Il inhibitors also promote chromosomal breaks
[10-14]. Some environmental and/or dietary compounds may
promote DSBs, and the recent observations that bioflavonoids
can stabilize DNA DSBs and lead to illegitimate repair and
genome rearrangements in cultured cells underscores the
importance of understanding DSB repair processes in vivo
[15-18].

DSBs are potent inducers of recombination and increase
both homologous recombination (HR) and non-homologous
end-joining (EJ) events by several orders of magnitude [19,20].
These two major DSB repair pathways differ based on their
requirement for a donor DNA template with significant
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sequence homology; thus, their relative activity changes with
each stage of the cell cycle. Studies in multiple organisms have
demonstrated that EJ is most efficient in G1 and in noncycling
somatic cells while homology-directed DSB repair is favored in
both S/G?2 utilizing a sister chromatid and intrachromosomal HR
[19,21-26]. In vivo systems have been developed to detect EJ,
sister chromatid, and intrachromosomal HR that arise both
spontaneously and in response to induced DSBs [27-30].
Homologs are utilized for HR-directed DSB repair with lower
efficiency although this is increased in organisms that exhibit a
high degree of mitotic pairing, supporting the hypothesis that
proximity of homologous sequences is an important factor in
determining template choice [31-33]. While repair of specific
DSBs by more distant homologous repeat sequences on
heterologous chromosomes (i.e. interchromosomal HR) has
been examined in vivo using mitotic yeast and tobacco [34,35],
studies in mammalian cells have been limited to cultured cell
assays [36—-39]. Whether repair of DSBs in vivo in mammals
occurs by interchromosomal HR at significant and detectable
frequencies has not been demonstrated.

If cells are exposed to irradiation, chemotherapeutic agents,
or even environmental factors and metabolites, multiple DSBs
at unlinked loci will occur in the same cell at the same time.
Repair of multiple breaks using interchromosomal HR in vivo
has the potential to result in reciprocal exchanges that may be
viable, inherited by daughter cells in the next cell division, or
inherited through the germ line. Genome analysis of plants
suggests that translocations are a regular mechanism of plant
evolution [40,41]. In mammals, one third of the genome is
composed of repetitive elements [42]. The presence of Alu
elements elevates recombination rates [43], and Alu-Alu
mediated recombination has been associated with founder
mutations and evolution [44-49]. In somatic cells,
translocations can be tumorigenic, and are a hallmark of
human hematopoietic malignancies and some soft-tissue
sarcomas [36,50-56]. Thus, such events would likely be
suppressed in somatic cells in vivo where a selective pressure
exists to maintain genome stability and avoid immortalization.
Specialized cell types within mammals may preferentially utilize
different pathways of repair, particularly as more differentiated
cells spend less time in S phase of the cell cycle [57-60] or as
proliferation rates change with age [61,62].

To directly test the potential for multiple DSBs to promote
interchromosomal HR in vivo in mammals, we developed a
mouse model with three transgenes--two nonfunctional green
fluorescent protein (GFP) reporter transgenes each containing
a recognition site for the I-Scel endonuclease, and a
tetracycline-inducible I-Scel endonuclease transgene. Induced
expression of I-Scel and the resulting induction of DSBs within
the GFP reporters may produce a functional GFP gene if
interchromosomal HR is utilized for repair. In this system, GFP
+ recombinant cells were observed in all seven organs
examined--pancreas, liver, spleen, kidney, thymus, heart, and
lung--with highest numbers in thymus, kidney, and lung. Bone
marrow cultures demonstrated interchromosomal HR within
multiple colony types including early progenitor CFU-GEMM.
This is a direct demonstration that somatic cells in vivo
maintain the potential to search genome-wide for homologous
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sequences suitable for DSB repair, and this type of repair can
occur within progenitor populations capable of proliferation and
multi-lineage differentiation.

Results

In vivo mouse model

Constructs were designed to introduce two defective green
fluorescent protein (GFP) genes and a tetracycline-responsive
(TET-ON) inducible I-Scel endonuclease gene construct onto
heterologous chromosomes in the mouse genome. 1S-GFP
and 2S-GFP reporter constructs each contain a unique 18bp
restriction site for the endonuclease |-Scel [63,64] in the 5’ and
3" ORF regions, respectively, with 460bp homology to each
other between the two restriction sites (Figure 1A). The TET-
ON [-Scel endonuclease gene is on a single auto-regulated bi-
directional expression vector with the tet operator regulating
both a TK-rtTAN repressor of the transactivator gene (vector
kindly provided by Craig Strathdee) [65] and an I-Scel gene
(Figure 2A) [64,66]. Presence of the transgenes within mice
was shown by both Southern Blotting and PCR of DNA isolated
from tail tips. Founder mice containing each transgene were
crossed with wild type, and those that inherited single insertion
sites at Mendelian ratios and with the lowest copy number as
estimated by both Southern blotting and Q-PCR as compared
against a standard (Figure 1B and Methods) were maintained
for further breeding. Taken together these analyses estimated
4-5 copies of 1S-GFP and 2-4 copies of 2S-GFP. Mice were
screened for an intact I-Scel site at both the 1S-GFP and the
2S-GFP reporters using PCR primers that flank each I-Scel site
and digestion of the PCR product with I-Scel endonuclease
(Figure 1A, 1C). Individually 1S-GFP and 2S-GFP positive lines
were crossed to each other, and then crossed to the I-Scel
transgenic line over generations, and inheritance of the three
transgenes in expected Mendelian ratios supports unlinked
loci. Breeding resulted in triply positive transgenic GS lines for
analysis.

DSB-induced interchromosomal HR occurs in mouse
embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were harvested at day
E13.5. MEFs from each GS mouse were divided and cultured
in one of 3 conditions: (1) cultured in media without DSB
induction, (2) cultured in the presence of tetracycline (2 pg/mL)
to induce DSBs through I-Scel expression, or (3) transfected
with 30ug I-Scel expression vector CBAS [20] to induce DSBs
through I-Scel expression. I-Scel RNA transcripts and protein
were detectable by RT-PCR and Western blotting, respectively,
following addition of tetracycline to culture media of MEFs
(Figure 2B) or to H,O provided transgenic mice in subsequent
experiments (see below).

Individual GFP+ MEFs were detectable by inverted
fluorescent microscopy as early as 4 days following the
addition of tetracycline (Figure 3A). Cells were analyzed by
fluorescent activated cell sorting (FACS) 6-10 days post-
tetracycline. Untreated MEFs had an undetectable number of
GFP+ cells. By contrast, intermediate/bright GFP+ cells were
greater than 12% of the treated cells (compared against
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Figure 1. Structure and confirmation of the 1S and 2S GFP transgenes. (A) For each construct schematic, the numbers of
bases are indicated to show the lengths of homology between the two as well as the relative positions of the engineered I-Scel
restriction sites. The 3'UTR sequences of the two constructs do not share homology and are indicated as a hatched box of 1270 bp
for 1S-GFP and a grey box of 535 bp for 2S-GFP; these non-homologous sequences allow for PCR amplification specific to each
transgene. Nested PCR primer pairs used for verification of intact construct sequences and for analysis of GFP+ hematopoietic
colonies are indicated. Primers 1F-4R followed by 2F-3R amplify sequence flanking the I-Scel site in 1S-GFP. Primers 1F-7R
followed by 5F-6R amplify sequence flanking the I-Scel site in 2S-GFP. (B) Southern blotting to estimate copy number utilized a
GFP ORF DNA fragment of 3.1 kb and diluted to pg amounts that approximated 0, 0.2, 1.0, and 5.0 copies per genome spiked into
10ug non-transgenic mouse DNA. Genomic DNA from single transgenic mice (either 1S-GFP or 2S-GFP) was digested with
restriction endonucleases within the GFP promoter and ORF of both transgenes to yield a 3.1 kb fragment. Band intensities are
consistent with 4-5 copies of 1S-GFP and 2-4 copies of 2S-GFP, and were confirmed with Q-PCR data on the same samples (data
not shown). (C) PCR reactions flanking each DSB site in the two GFP constructs confirm intact I-Scel recognition sites. Nested PCR
as described in Materials amplified each transgene shown in the left side lane of each image. Digestion with I-Scel endonuclease
produced the expected sizes indicated in the middle lane of each image. Right side Marker lane PhiX.

doi: 10.1371/journal.pone.0084379.g001
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Figure 2. Structure and confirmation of the tetracycline inducible I-Scel transgene. (A) For details of the bicistronic I-Scel
transgene construct refer to [65]. (B) MEFs derived from GS mice were cultured in media supplemented with TET at 2ug/mL for 48
hours. Total protein extracts were harvested and analyzed by Western blotting. By 48 hours post-TET, detectable quantities of |-
Scel endonuclease can be observed. As a negative controls, total protein extracts were harvested from cultured E14 ES cells or
uncultured MEFs from GS mice. Loading control: Western blotting for B-actin.

doi: 10.1371/journal.pone.0084379.g002

untreated cells with a gate set at 0.1%; n=12) (Figure 3B).
Individual GFP+ cells were FACS sorted and confirmed to be
GFP+ by inverted fluorescent microscopy (Figure 3C).

DSB-induced interchromosomal HR occurs in vivo in
multiple somatic cell types

GS mice at least 3 months of age (n=47) were administered
tetracycline through H,0 for 21d to allow an extended period of
I-Scel expression and subsequent induction of DSBs. Mice
were then taken off tetracycline for 7d-21d prior to analysis.
This waiting period would restrict analysis to viable GFP+ cells
after cells with unstable repair structures would be cleared from
the in vivo tissues. A total of seven organs--pancreas, liver,
spleen, kidney, thymus, heart, and lung--were analyzed for
GFP+ recombinants by FACS (Figure 4). Mice were analyzed
in batches, and each batch included an age-matched non-
transgenic mouse (n=8). Gates for determination of GFP+ cells
were set such that negative controls had <3 events per million,
and then the same gates were used to score GFP+ cells from
GS tetracycline-treated mice. This analysis directly
demonstrated that GFP+ cells, as determined by >3 GFP+ cells
per million by FACS, were readily detectable in multiple tissues
from 40 of the 47 mice treated and analyzed (Figures 4,5;
Table S1). Despite variance in GFP+ numbers detected
between mice, all organs had significantly increased GFP+
cells as compared to the age-matched negative controls
(Figure 5). For comparison, constitutively expressing EGFP
mice consistently contained >45% GFP+ cells in all tissues
examined (data not shown) [67]. These data demonstrate that
somatic cell types in vivo retain the potential to repair DSBs
with a homologous sequence on a heterologous chromosome.
Furthermore, the potential for interaction between sequences
on heterologous chromosomes in wild-type cells has not been
eliminated by epigenetic factors or chromatin remodeling
associated with differentiation programs.

Additionally, age-matched GS mice that were not
administered tetracycline were analyzed (n=15). 13 of 15 of
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these mice had undetectable levels of GFP+ cells in all organs
examined, similar to the non-transgenic controls. However, two
of the 15 mice contained GFP+ populations of cells in multiple
tissues (data not shown). In these mice, it is possible that the |-
Scel transgene became activated. Alternatively, it is possible
that an early progenitor cell in utero underwent spontaneous
interchromosomal HR giving rise to a GFP+ progenitor cell that
contributed to multiple tissues, or was a cell type that gave rise
to cells capable of infiltrating multiple organs, e.g. circulating
hematopoietic cells.

Impact of aging on DSB-induced interchromosomal HR
in multiple somatic cell types

Close examination of the variance of numbers of GFP+ cells
detected in tetracycline-treated GS mice indicated that 7 of the
47 mice contained no detectable GFP+ cells in any organs
analyzed, similar to non-transgenic controls. All 7 mice were
older. Thus, we separated analysis of the 47 mice GS mice into
two age cohorts, young (£ 5months old, n=16) and old (= 8
months, n=31) (Figures 6A and 6B, respectively). Regardless
of age, statistically significant numbers of GFP+ cells were in
most organs examined, as compared to negative control mice.
Comparison of GFP+ cell numbers by age (Figure 6C)
indicated that in 5 of the 7 organs examined (pancreas, kidney,
spleen, lung, and thymus), overall numbers of detectable GFP+
cells were lower in the cohort of older mice (Figure 6C). The
decrease in detectable number of GFP+ cells was significant in
3 of these (pancreas, lung, thymus). However, two organs
(heart and liver) appeared to have an overall slight increase in
numbers GFP+ cells in older mice, although the trend did not
reach statistical significance. Decreases in transgene
expression levels with age has been observed in multiple other
models. A similar mechanism of transgene shutdown may be
involved in this model, but only occur in a subset of tissue
types. It is possible that certain organs contain specific cell
types or progenitor cells capable of DSB-induced
interchromosomal HR, even within older mice. Further
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Figure 3. Analysis of GFP+ MEFs post-TET. (A) Phase contrast and matched fluorescent microscopy images of MEFs in culture
—magnification 400X. Top row-untreated MEFs. Second row-96 hrs post-electroporation with I-Scel expression plasmid. Third and
fourth rows-96 hrs after addition of tetracycline to the culture medium (+TET). (B) Representative FACS plot of MEFs with GFP
positivity in log scale on the x axis plotted against number of cells on the y axis. Upper plot--untreated MEFs. Lower plot-- +TET
treated MEFs. In this sample, the GFP+ population is 12.4%. (C) Confirmation of GFP+ cells after FACS single cell sorting for GFP+
MEFs. Cells within the GFP+ gate indicated in B lower panel were sorted and then viewed by fluorescent microscopy—
magnification 400X.

doi: 10.1371/journal.pone.0084379.g003
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Figure 4. Representative FACS analysis plots of three GS mice for spleen, pancreas, kidney, liver, and thymus. GFP
positivity is shown on log scale on the X axis plotted against nonspecific PerCP-Cy5-5 on the Y axis to visualize individual cells.
Age-matched negative control mice were not provided TET (-TET). Two representative age-matched mice contain all 3 transgenes

and were provided TET as described in text (+TET). Establishment of gates is described in text.
doi: 10.1371/journal.pone.0084379.g004
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Figure 5. Quantitative analysis of GFP+ cells in all mice analyzed. The number of GFP+ cells in each organ of analyzed mice
was determined. Establishment of gates is described in text. From FACS analysis, the average number of GFP+ recombinant cells
per million cells and the standard deviation of each was calculated for seven organs and represented in bar graph form. Negative
controls are shown in red bars (n=8), and +TET are shown in green bars (n=47). H=heart, P=pancreas, Li=liver, K=kidney,
S=spleen, Lu=lung, T=thymus. Organs with statistically significant increased numbers of GFP+ cells groups are indicated by **

above the error bars.
doi: 10.1371/journal.pone.0084379.g005

determination of the specific cell types that are GFP+ within
each of the mice could provide this information.

Given the variance in GFP+ numbers detected between mice
(Figures 5, 6; Table S1), statistical significance of the
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probabilities associated with covariance among the traits was
calculated for each pair of traits separately in the young and old
cohorts (Table S2). In the young cohort, only a single strong
positive correlation of covariance between spleen and kidney
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Figure 6. Quantitative analysis of GFP+ cells by age. (A) In the young mouse cohort (age<5.5 months), negative controls are
shown in red bars (n=5), and +TET are shown in grey bars (n=16). Organs with statistically significant increased numbers of GFP+
cells groups are indicated by ** above the error bars. (B) In the older mouse cohort (age>8 months), negative controls are shown in
red bars (n=11) and +TET are shown in black bars (n=31). (C) Comparison of +TET young mice (grey bars) versus +TET old mice
(black bars) from A and B. Organs with statistically significant different numbers of GFP+ cells by age are indicated by ** above the
error bars. For all panels, H=heart, P=pancreas, Li=liver, K=kidney, S=spleen, Lu=lung, T=thymus.

doi: 10.1371/journal.pone.0084379.g006
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(p=0.002) was noted. In the old cohort, a larger number,
although weaker, of positive correlations of covariance were
noted; these were between heart and pancreas (p=0.021) or
thymus (0.021), as well as between spleen and kidney (0.021)
or thymus (p=0.021).

DSB-induced interchromosomal HR occurs in vivo in
hematopoietic multi-lineage progenitor cell types

Hematopoiesis is characterized by a hierarchy of cells, with
hematopoietic stem cells (HSC) possessing the highest
proliferative potential and thought to be the targets of aberrant
interchromosomal DSB repair events leading to mutagenic
chromosomal rearrangements. Our previous in vitro studies
demonstrated that early stem and progenitor cells are more
proficient than terminally differentiated myeloid cells in
repairing DSBs by interchromosomal HR [68]. Here, we
determined the potential for hematopoietic multi-lineage
progenitor cells to utilize this mechanism of repair in vivo. GS
mice (ages 3-5 months) were administered tetracycline, then
bone marrow cells harvested, and subsequently seeded into
methylcellulose colony forming assays that support proliferation
of myeloid, erythroid, or B-cell progenitors [68-70]. Total
numbers of hematopoietic CFUs were scored and classified
based on their morphology, and individual GFP+ CFUs
determined by inverted fluorescent microscopy (Figure 7).
Mature colonies derived from individual precursors included the
colony forming unit- granulocyte-erythrocyte-monocyte-
megakaryocte (CFU-GEMM), granulocyte-monocyte (CFU-
GM), granulocyte (CFU-G), monocyte (CFU-M), erythrocyte
(CFU-E), and pre-B (CFU-pre-B). Colonies that contain mixed
cell populations are presumed to derive from immature
progenitor cells capable of differentiation into multiple cell
types. Colonies that contain a single cell population are
presumed to derive from more differentiated progenitors that
only have the capacity to expand a single cell type.

Following DSBs, GFP+ recombinants were readily obtained
from all sub-populations assayed. Strikingly, the results parallel
observations previously made in studies of DSB-induced
interchromosomal HR using genetically engineered murine ES
cells differentiated in vitro into hematopoietic colonies [68]. The
highest average number of GFP+ recombinant colonies (32 +
15) was observed in the multi-potent CFU-GEMM cells scored
by this assay (Table 1). Observed numbers of GFP+
recombinants decreased with increased differentiation status
with the lowest average number of GFP+ recombinant colonies
(5 £ 5) observed in the terminally differentiated but actively
proliferating monocytic cells (p value = 0.02) (Table 1). The
average frequency of recombination in this in vivo system was
estimated to be 8.0 x 10®° in CFU-GEMM cells, 5.5 x 10 in
CFU-GM cells, 6.5 x 10® in CFU-G cells, and decreasing to
1.25 x 10 in CFU-M cells. Overall these data demonstrate that
both multipotent and terminally differentiated cell types retain
the potential to repair DSBs with a homologous sequence on a
heterologous chromosome in vivo.

Because CFU represent clonal populations, the recombinant
HR repair products could be verified at the sequence level.
DNA was extracted from individual BM colonies, and nested
PCR used to amplify across the two I-Scel endonuclease DSB
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repair sites (Figure 1A). Because the 3' UTR ends of the
transgene sequences are unique, primers could selectively
amplify each of the two transgenes (Figure 1A). A total of 22
individual BM colony PCR products were cloned and
sequenced. Because each transgene is inserted in multiple
copies, PCR will amplify both GFP+ recombinant and parental
non-recombinant copies of the transgenes. These were
distinguishable following TA cloning and sequencing of multiple
TA clones from each BM colony PCR. This analysis verified
that all 22 BM colonies contained a repaired GFP+ wild-type
sequence on at least one allele. In 6 of 22 colonies this
analysis detected HR repair at only one allele (4 at 1S-GFP
and 2 at 2S-GFP). In 16 of 22 colonies this analysis detected
HR repair at both alleles; however given the multiple copy
inserts, these likely represented independent events.

Discussion

This study presents an in vivo model that directly
demonstrates that DSB-induced interchromosomal HR occurs
at readily detectable rates. GFP+ recombinant cells were
readily detectable in a broad range of somatic cell types.
Variability in numbers of GFP+ recombinant cells was observed
between the multiple somatic cell types and mice in all cohorts
examined. Such variability could be due to differences in GFP
expression, recombination rates, clonal expansion of individual
GFP+ recombinants, or I-Scel transgene induction, expression,
or stability. This mouse model initiates 1-Scel expression in vivo
using a single bicistronic TET-ON system [65]. The
experiments in MEFs with this system show strong and specific
induction, but in vivo kinetics could be different. In addition,
individual mice self regulate feeding and thus vary dosage to
tetracycline. However, similar inter-mouse variability in the in
vivo mouse model of spontaneous intrachromosomal/sister
chromatid HR suggests that I-Scel is not the major determinant
of these results [30].

Intrachromosomal HR may occur if homologous repeat
sequences lie on the same chromosome in the same direct
repeat orientation such as repetitive elements within several kb
of each other. Several studies have used Arabidopsis and N.
tabacum models to detect spontaneous and DSB-induced
sister chromatid and intrachromsomal HR with spontaneous
frequencies estimated at 10 to 10 [29,35,71,72] and up to
10,000X stimulation by I-Scel expression [29,35]. Further,
similar to in vitro findings, SSA was a predominant mode of
DSB repair with ectopic joining contributing to a smaller subset
of repair events [35]. In mice, spontaneous intrachromosomal
and sister chromatid HR have been demonstrated utilizing a
yellow fluorescent protein (YFP) reporter or LacZ/B-
galactosidase reporter construct [27,30,73—76]. These studies
demonstrated median spontaneous HR frequencies of 5 per
108 cells in the pancreas [30,73-76]. lonizing radiation or the
interstitial cross-linking agent mitomycin-C led to an increase of
recombination suggesting that non-specific DNA damage is
also sufficient to promote intrachromsomal HR, at least in
pancreatic cells [75]. Although comparisons between different
model systems are difficult, these results are surprisingly
similar to the findings presented here suggesting that both
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Figure 7

CFU-GEMM

CFU-M

CFU-Pre-B

Figure 7. DSB-induced GFP+ recombinants in hematopoietic subpopulations isolated from bone marrow of GS
mice. Colonies were scored by inverted fluorescent microscopy and faint background fluorescence of negative controls was
subtracted out of total repair frequency. Representative phase contrast and fluorescent microscopy images of GFP+ recombinants
from bone marrow CFC assay. Granulocyte-erythrocyte-macrophage-megakaryocyte (GEMM), Granulocyte-macrophage (CFU-
GM), Granulocyte (CFU-G), Macrophage (CFU-M), Pre-B cell (Pre-B), and Burst forming unit-erythroid (BFU-E). Magnification
400X.

doi: 10.1371/journal.pone.0084379.g007

types of HR repair are utilized with roughly the same overall Cytologic studies indicate that nuclei are ordered, and
efficiency, although likely in different cell types or at different chromosomes/genomes generally exist within defined nuclear
stages of the cell cycle [60]. territories [77,78], and single DSBs remain stable in these

defined regions [79,80]. Genetic studies seem to support this
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Table 1. DSB-induced interchromosomal HR in

hematopoietic progenitor cell populations.

# GFP colonies’

Bone Marrow CFC  Expt1 Expt2 Expt3 avg. GFP colonies
CFU-GEMM 47 17 32 32+15

CFU-GM 31 0 35 22+19

CFU-G 23 49 7 26 + 21

CFU-M 0 4 10 5+5pvalue = 0.02°
CFU-Pre B 37 21 27 28+8

BFU-E 8 0 40 16 + 21

GS mice were administered tetracycline via drinking H2O for 14d. Mice were then
sacrificed, and femur bone marrow cells isolated and seeded into methylcellulose
colony forming assays. Cells were plated at 1.0 x 105 cells/plate. Each experiment
included 4 technical replicates and the total number of colonies is shown.

a. GFP+ colony numbers were normalized to account for variation of overall plating
efficiency (total number of CFC of each type) between mice.

b. Number of GFP+ CFU-M colonies observed was statistically significantly lower
as compared to the number of GFP+ CFU-GEMM observed (student’s T test).

doi: 10.1371/journal.pone.0084379.t001

model as repair of a single DSB in mouse and human cells
does not promote large scale genome rearrangements
between heterologs, although they can be associated with
regional loss of heterozygosity (LOH) and insertions with
sequences of unknown origin [20,31-33,81]. Similarly, multiple
DSBs on the same chromosome do not significantly promote
large-scale genome rearrangements in mouse or human cell
lines, although the efficiency of repair decreases as the
distance between two DSBs increases (up to 9 kb apart)
[82,83].

By contrast, cytological analysis indicates chromosome
movement is more fluid in DNA repair deficient cells [79].
Chromosome movement has also been observed in the
presence of multiple induced DSBs on heterologous
chromosomes in mitotic yeast [84] or following global exposure
of cells to ionizing radiation or topo Il inhibitors [85-87], leading
to foci suggestive of repair centers (“repairosomes” [84,88]).
The steps by which such repairosomes are initiated by
chromatin remodeling programs as a normal step in DNA repair
or the biological understanding of how translocations are
formed within the ordered nucleus remain unclear [2,89,90]. It
is not clear if chromosome movement is in response to multiple
breaks in different loci or after prolonged or persistent damage.
The established nuclear matrix and chromatin loop structures
may also influence choice of recombination partners during
DSB repair [89]. In support of the cytologic data, our genetic
study here indicates that in vivo interaction of DNA sequences
and recombination is promoted by multiple DSBs.

A wider range of HR mechanisms are used to repair DSBs
on heterologous chromosomes as compared to
intrachromosomal HR. In addition, intrachromosomal HR is not
typically associated with the genome rearrangements observed
in human tumors. DSBs in cultured ES cells and multiple in
vitro differentiated hematopoietic cell types can stimulate
interchromosomal HR as a repair pathway [68]. We observed
with this in vivo system that repair by HR in multiple
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hematopoietic lineages is also quite prevalent with observed
GFP+ numbers decreasing with differentiation. Similarly, in
most organs the number of GFP+ cells decreased with age.
These data support other hypotheses that differentiation and
age will determine different pathways of repair or utilize
apoptotic programs with different frequencies [57-60].

Topo Il is an essential cellular enzyme that catalyzes
changes in DNA topology via its cleavage-religation
equilibrium. Topo Il inhibitors convert topo Il into a DNA-
damaging enzyme by disrupting the cleavage-religation
equilibrium, resulting in accumulation of DSBs, activation of
DNA damage sensors, cell cycle arrest, and initiation of
apoptosis or repair. A wide range of agents, including some
chemotherapeutic agents, are classified as topo Il inhibitors,
and exposure to these is associated with development of
secondary leukemias [91,92]. However, they also include
benzene metabolites, bioflavinoids, anthraquinone laxatives,
podophyllin resins, quinolone antibiotics, pesticides, many
phenolic compounds, as well as certain fruits, tea, coffee, wine,
soy, and cocoa [11,12,93]. The recent observations that
bioflavinoids can stabilize DNA DSBs and promote illegitimate
repair and genome rearrangements in cultured cells has led to
the hypothesis that exposure to these agents in utero or
through unregulated high doses as dietary supplements may
promote leukemia [15—18]. Further study of this in vivo system
could determine the potential for exposure to such agents at
early stages of development to promote HR in vivo and their
long-term impact.

Rearrangements resulting from DSB repair that occurs in
germ cells can have evolutionary implications. It has been
observed that topoll has a role in DSB formation in spermatids
[94], and chromatin loop organization is similar between
spermatids and somatic cell types [89]. These observations
have led to the suggestion that DSB repair pathways and
partner choice may be more similar in meiotic and mitotic cells
than appreciated and has the potential to result in
rearrangements leading to genome variation [89,95]. That this
may be universal across multiple kingdoms, is supported by
genome analysis of plants that suggests translocations are a
regular mechanism of plant evolution [40,41]. In addition,
mutation fixation has been implicated during DSB repair in the
first zygotic cell division in mice [96]. Our demonstration that
interchromosomal HR occurs in vivo in response to DSBs at
just two loci in a broad range of cell types, particularly
progenitor cells, is a novel finding and lends further support to
the idea that exposure to the growing list of environmental
agents, dietary supplements, or groundwater contaminants that
induce or stabilize DSBs may promote potentially tumorigenic
rearrangements, accelerate genomic variation, and influence
evolution.

Materials and Methods

Ethics Statement

All studies were approved by IACUC (protocol #AAAA0123
Columbia University; protocol #08-035 University of North
Carolina at Charlotte). All studies were conducted under
supervision of appropriate regulatory bodies and in accordance
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to established NIH guidelines for ethical treatment of animals in
research.

Transgenic Mice

Transgenic mice for study were generated by establishing
three independent transgenic lines of mice: (1) the tetracycline-
regulated I-Scel expression gene, (2) 1SGFP with I-Scel cut
site 1, and (3) 2SGFP containing I-Scel cut site 2 (1). TET-I-
Scel — Xbal-Pstl fragment of CBAS containing the I-Scel gene
[64,66] sequence was inserted into Nhel-BamHI digested
pBIG3i bicistronic tetracycline-regulated vector (kindly provided
by Craig Strathdee) [65]. DNA was digested with BspHI and the
fragment was provided to the Columbia University Transgenic
Mouse facility (2). 1SGFP - Sacll-Hindlll fragment of
pCAGGS-NZE-GFP containing the GFP sequence was sub-
cloned into Sacll-Hindlll digested pBluescript SK+, creating
SKRGFP(Sac2H3). Single-stranded oligomers BHI-A1-IScel-
Ncol P1 (5-
GATCTGGATCCACCGGTCGCAATTACCCTGTTATCCCTAC
CATGGAGTAC-3') and  BHI-A1-IScel-Ncol P2 (5-
GTACTCCATGGTAGGGATAACAGGGTAATTGCGACCGGT
GGATCCAGATC-3’) were annealed and digested with BamHI
and Ncol. This BamHI-Ncol fragment containing the I-Scel
recognition site was ligated into the BamHI-Ncol digested
SKRGFP, creating SKRGFP(Sac2H3)A1-S. The Sacll-Hindlll
fragment of SKRGFP(Sac2H3)A1-S was subcloned back into
the Sacll-Hindlll digested pCAGGS-NZE-GFP plasmid, to
create pCAGGS-GFPA1-S. DNA was digested with Sall and
Pstl, and the 3433 bp fragment was provided to the Columbia
University Transgenic Mouse facility (3). 2SGFP -- A Pvull site
was engineered in pPCAGGS-NZE-GFP using annealed single-

stranded oligomers GFP-Pvu2-1 (5-
CGCCGACCACTACCAGCTGAACACCCCCATCGGCGAC-3)
and GFP-Pvu2-2 (5-

GTCGCCGATGGGGGTGTTCAGCTGGTAGTGGTCGGCG-3
‘and QuikChangell Site-Directed Mutagenesis Kit (Stratagene),
following manufacturer’s protocol, creating pGFP-Pvu2. Single-
stranded oligomers SCE1 (5’-Phos-
ATTACCCTGTTATCCCTA)and SCE2 (5’-Phos-
TAGGGATAACAGGGTAAT-3’) were annealed and ligated into
the Pvull blunt end digested pGFP-Pvu2, creating pGFP-Pvu2-
S. DNA was digested with Sall and Pstl, and the 3433 bp
fragment was provided to the Columbia University Transgenic
Mouse facility. The Columbia University Transgenic Mouse
facility generated transgenic mice in F1 (C57BL/6J-CBA)
hybrids, and mice were transferred to University of North
Carolina at Charlotte.

The two GFP lines were intercrossed and the resulting line
crossed with mice containing the tetracycline regulated I-Scel
expression transgene. The resultant triply positive transgenic
line was denoted “GS” and used for further study. Genotyping
for presence of all three transgenes was performed by PCR
and Southern blotting of mouse tail tip genomic DNA and
subsequent digestion of PCR products with I-Scel
endonuclease (New England Biolabs) to confirm intact I-Scel
sites. Amplification was performed by 94°C 5 min; followed by
40 cycles of 94°C 30s, 60°C 30s, 72°C 2 min; and 72°C 15
min. For nested PCR 5uL of the first PCR product was used as
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template for second round of PCR following the same protocol.
PCR primers for each: Scel1F 5'-gtccgaactctaaactgctga-3’;

Sce2R  5-ACCAGTATGCCAGAGACATC-3'; GFP 1F 5'-
aaggccaagagggccaa-3’; GFP 2F 5-
TGGACGGCGACGTAAAC-3’; GFP 3R 5'-
gtgctcaggtagtggttg-3’; GFP 4R 5-
CTCTGTTCCACATACACTTC-3'; GFP 5F 5'-
tgaaccgcatcgagctgag-3’; GFP 6R 5-
GACCATGTGATCGCGTTC-3; GFP 7R 5'-

TTCTGATAGGCAGCCTG-3'. Southern blotting to determine
copy number utilized a plasmid fragment of full length GFP
ORF of 3.07 kb and diluted to pg amounts that approximated
0.2, 1.0, 5.0, 10, 20, and 100 copies per genome spiked into
10ug non-transgenic mouse DNA. Genomic DNA of transgenic
mice was digested with restriction endonucleases that flank the
GFP promoter and ORF of both transgenes. The GFP probe
fragment was an Sph-Not | fragment homologous to both
transgenes. Q-PCR for copy number estimation utilized a GFP
ORF fragment diluted to pg amounts that approximated 0.2,
1.0, 5.0, 10, 20, and 100 copies per genome to amplify a 296
bp fragment of GFP DNA. Genomic DNA isolated from
transgenic mice was utilized for Q-PCR. Fluorescent detection
of PCR products was reported using a SYBR® Green PCR kit
(Quanti Tect) in 20uL reactions established according to the
manufacturer’'s recommended protocol. A standard curve was
generated (n=3) using the control plasmid GFP ORF DNA
according to the manufacturer’'s protocol (QuantiTect). Q-PCR
analysis was simultaneously analyzed by a 96 well 7500 Fast
Real-Time PCR System (Applied Biosystems) in which
transgenic mouse genomic DNA was compared against the
standard curve and statistical analysis performed according to
the Applied Biosystems protocol for 7500 Fast Real-Time PCR
System protocol.

MEFs

Mouse embryonic fibroblasts were isolated from day E13.5 of
GS mice and washed with phosphate buffered saline (PBS).
The head was removed from isolated embryos and used for
DNA genotyping. The body was minced well and 10mL of
0.25% Trypsin-EDTA (Gibco, Grand Island, NY) added.
Solution was triturated with a pipette and added to 25 mL of
medium [Dulbecco’s Modified Eagle Medium (Gibco), 15% FBS
(Gemini Bio-Products, West Sacramento, CA), 1.2% 200mM L-
Glutamine (Gemini Bio-Products), 1.2% Non-essential Amino
Acids (Gibco), and 1.2% Penicillin-Streptomycin (Gibco)]. Cells
were then collected by centrifugation (1000 rpm x 10 min),
resuspended into 4mL medium, and cultured on a 6-well dish
at 37°C with 5%CO,. MEFs were then passaged onto 10cm
dishes after initial growth. Tetracycline HCI (Barr Laboratories)
was dissolved in 1x PBS to 1mg/mL and passed through a 0.2
micron filter. MEFs were given a final concentration of 2ug/mL
for up to 6 days.

DSB induction in Mice

Tetracycline HCI (Barr Laboratories) was dissolved into .5X
PBS/H20/ sucrose at 10mg/mL and passed through a 0.2
micron filter. Mice were administered tetracycline at 2mg/mL in
a water bottle for up to 21 days.
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Flow cytometry and statistical analysis

MEFs were trypsinized and collected by centrifugation (1000
rpom x 10 min). Cells were resuspended in 1x PBS at a
concentration of 1.0x10° cells/mL. Sections of individual organs
were harvested and a single cell suspension generated in 5%
Bovine Serum Albumin (Gemini Bio-Products)/1x PBS.
Suspensions were passed through a 53uM nylon mesh filter
(Spectrum Laboratories Inc) and analyzed on a FACSAriall for
GFP positivity. To assess statistical significance of increased
numbers of GFP+ cells among organs in tetracycline treated
mice (Table S1), we utilized a non-parametric t-test for all mice
versus negative controls (Figure 5), and then separately in the
young and old cohorts versus negative controls (Figure 6). To
assess statistical significance of the probabilities associated
with covariance of the number of GFP+ cells in organs of
individual mice, we calculated Spearman’s nonparametric
correlation coefficients for each pair of organs separately in the
young and old cohorts, and utilized the false discovery rate
procedure to control the proportion of false positive results
(Table S2).

Western Immunoblot analysis

Protein was isolated from pelleted cells using Total Protein
Extraction Kit (Millipore). Cell lysate proteins were then
separated on a 10% NuPage Bis-Tris SDS-Page gel
(Invitrogen) and transferred to Amersham Hybond-P
membrane (GE Healthcare Life Sciences). The membranes
were then blocked in 5% Non-Fat dry milk in 1X tris buffered
saline (Bio-Rad). Membranes were probed with a mouse
monoclonal IgG anti-HA antibody to detect the HA tag within I-
Scel (Cell Signaling Technology) at 1:100 dilutions for 20-22
hours at 4°C or a mouse monoclonal IgG anti-B-actin antibody
(Santa Cruz Biotechnology) at 1:400 dilution for 1 hour at room
temperature. Blots were subsequently exposed to an anti-
mouse IgG HRP-linked secondary antibody (Cell Signaling
Technology) at 1:1000 dilutions for 1 hour at room temperature.
Blots were washed 3x for five minutes each in a 1x TBS-.05%
Tween 20 solution. Membranes were developed using
SuperSignal® West Pico Chemiluminescent Substrate (Thermo
Scientific).

Bone Marrow-CFC Assay

GS mice (ages 3-5 months) were administered tetracycline
through H,O for 14d. Mice were then sacrificed, and femur
bone marrow (BM) cells isolated and seeded into
methylcellulose colony forming assays [69,70]. Whole BM was
flushed from femurs into IMDM supplemented with 2% FBS
and disrupted into a single cell suspension by a 22G needle
and syringe. Cell viability counts were performed using .05%
trypan blue staining. Total viable BM cells were plated at 1.0 x
10% cells per 35mm low adherence tissue culture dishes in
hematopoietic differentiation medium (STEMCELL
Technologies) containing IMDM, 1% methylcellulose, 15% non-
ES qualified FBS, 100U/mL penicillin, 100ug/mL streptomycin,
2mM L-glutamine, 150uM monothioglycerol, 1% bovine serum
albumin, 10pg/mL insulin, 200ug/mL transferrin, 150ng/mL
mSCF, 30ng/ml mIL-3, 30ng/mL mIL-6, and 3U/ml hEPO for 14
days.
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DNA Sequence Analysis of HR Recombinants from BM
CFCs

Individual CFU-GEMM expressing GFP were identified by
inverted fluorescent microscopy and isolated. Genomic DNA
from 24 individual CFU-GEMMs was extracted from each with
DNeasy Tissue Kit (Qiagen) followed by whole genome
amplification (WGA) with Repli-G Kit (Qiagen) as previously
described [68]. 1.0ug of WGA DNA template was used for
PCR. Each 25uL PCR reaction contained template DNA, 10X
reaction buffer, 1.5mM MgCl,, 200uM each dNTP, 0.48uM
each primer, 2.5 units Taqg DNA polymerase. PCR primer sets
are indicated in Figure 1 and in Methods above. Amplification
was performed by 94°C 5 min; followed by 40 cycles of 94°C
30s, 55°C 30s, 72°C 2 min; and 72°C 15 min. For nested PCR
5uL of the first PCR product was used as template for second
round of PCR following the same protocol. PCR reaction
products were cloned with the TA cloning system (Invitrogen)
and blue-white screening used to determine which individual
clones to amplify, isolate DNA, and sequence by Sequetech
(Mountain View, CA) using M13 forward and M13 reverse
primers. Sequencing of up to 10 white colonies from each PCR
reaction/TA cloning reaction was sufficient to identify GFP+
recombinants among parental GFP sequences.

Supporting Information

Table S1. Number of GFP+ cells detected per million
analyzed by FACS in young and old cohorts. Individual mice
are noted with young cohort mice indicated by Y and old cohort
mice indicated by O. Organs from which technical error led to
no sample recovered for FACS analysis are noted as nd (no
data). These values were the basis for the covariance of traits
analysis in Table S2.

(DOCX)

Table S2. Covariance of GFP+ cells in organs of young
and old cohorts. To assess statistical significance of the
probabilities associated with covariance, Spearman’s
nonparametric correlation coefficients for each pair of traits
separately in the young and old cohorts (Table S1), and utilized
the false discovery rate procedure to control the proportion of
false positive results. Calculated p-values in the young mouse
cohort are represented within the top diagonal half of the
matrix. Calculated p-values in the old mouse cohort are
represented within the bottom diagonal half of the matrix. p-
values <0.05 are denoted with **.

(DOCX)
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