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ABSTRACT

Melanoma is a cancer that accounts for the vast majority of morbidity and mortality caused
by any skin cancer due to its involvement in metastasis. Among several reported biomarkers,
Discoidin Domain Receptors (DDRs) and Matrix metalloproteinase (MMPs) are also
considered as potential actors in melanoma. Recent studies demonstrate that DDRs and MMPs
are overexpressed in melanoma with poor prognosis which demands the need of biomarkers
specific theranostics probes. Though many advances have been made in order to reduce the risk
associated with metastatic melanoma with the help of traditional monoclonal antibodies, but
the drawbacks like production complexity, batch to batch variability, short shelf life,
immunogenicity, cross reactivity and high cost cannot be neglected. Therefore in recent years,
aptamers have gained high interests as a substitute of antibodies that can be synthesized
chemically with low production cost and overcomes the limitations associated to antibodies.
Aptamers are short oligonucleotides with high affinity and specificity against its target
molecule, raised by a combinatorial method known as SELEX (Systematic Evolution of
Ligands by Exponential Enrichment). During my thesis, | performed a SELEX against two
types of DDR (DDR1 and DDR2) and Human MMP14 based on alternative supports for
candidates sorting and high throughput sequencing. A group of aptamers were selected against
DDR1 and the best candidate was further doped to perform more rounds of selection against
DDR1. Finally an aptamer against DDR1 was selected with a Kd in low nano-molar range. This
aptamer can be used as a theranostics tool in DDR1 associated melanoma studies. As aptamers
have an advantage of conjugation and modifications at desired positions so we further aim to

conjugate this aptamer with nanoparticles for in vivo studies.



Le mélanome est un cancer qui représente la grande majorité de la morbidité et de la
mortalité causées par tout cancer de la peau en raison de son implication dans les métastases.
Parmi plusieurs biomarqueurs rapportés, les récepteurs du domaine de la discoidine (DDR) et
la métalloprotéinase Matrix (MMP) sont également considérés comme des acteurs potentiels
du mélanome. Des études récentes démontrent que les DDR et les MMP sont surexprimés dans
les mélanomes de mauvais pronostic, ce qui nécessite le recours a des sondes théranostiques a
biomarqueurs spécifiques. De nombreux progres ont été réalisés pour réduire le risque associé
au mélanome métastatique a l'aide danticorps monoclonaux traditionnels, mais les
inconvénients tels que la complexité de la production, la variabilité d'un lot a l'autre, la courte
durée de conservation, I'immunogénicité, la réactivité croisée et le cot élevé ne peuvent étre
négligés. Par conséquent, au cours des derniéres années, les aptaméres ont acquis un grand
intérét comme substitut d’anticorps pouvant étre synthétisés chimiquement avec un faible cott
de production et dépassant les limitations associees aux anticorps. Les aptaméres sont de courts
oligonucléotides a haute affinité et spécificité vis-a-vis de la molécule cible, développés par une
méthode combinatoire appelée SELEX (Evolution systematique de ligands par enrichissement
exponentiel). Au cours de ma these, jai effectué une SELEX contre deux types de DDR (DDR1
et DDR2) et de Human MMP14 sur la base de supports alternatifs pour le tri des candidats et
le séquencage a haut débit. Un groupe d'aptameres a été sélectionné contre DDRL1 et le meilleur
candidat a ensuite été dopé pour effectuer davantage de tours de sélection contre DDR1.
Finalement, un aptameére contre DDR1 a été sélectionné avec un Kd dans la gamme
nanomolaire basse. Cet aptamére peut étre utilisé comme outil théranostique dans les études sur
le mélanome associé a DDR1. Comme les aptameres présentent un avantage en termes de
conjugaison et de modifications aux positions désirées, nous visons en outre a conjuguer cet

aptamere avec des nanoparticules pour des études in vivo.
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CHAPTER-1: APTAMERS AND
MELANOMA: A BRIEF OVERVIEW



Melanoma

Melanoma, also known as malignant melanoma, is a cancer that arises from the normal
pigment producing cells in the skin known as melanocytes. Melanocytes are derived from
neural crest cells, which are a temporary group of cells arise from embryonic ectoderm cell
layer that develop to melanocytes 1. Though melanoma is mostly found in skin, it is also rarely
occurring in other human anatomical areas like mouth, intestine and eye. Melanoma is a major
health issue worldwide and is mostly increasing in Europe and US. Melanoma is mostly caused
by the ultraviolet rays of the sun. In France, according to a report published in 2015, an
estimation of around 10,000 melanoma cases diagnosed in adults were attributed to solar ultra
violet radiation exposure which corresponds to 83% of all melanomas and 3% of all cancer
cases in that year in France 2. Although melanoma counts for only 5-10 percent of all skin
cancer, it accounts for the vast majority of morbidity and mortality caused by any skin cancer
due to its involvement in metastasis 3. It has been observed that metastasis can even occur from
a thin primary tumor in the early disease progression #. The process of metastasis consists of
several phases including vessel formation, evasion of immune surveillance, embolism, capillary

adhesion, extravasation and organ-specific colonization as described by Nguyen and Massague
5

Biomarkers in Melanoma

Biological marker (Biomarker) is defined as "a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes or
pharmacological responses to a therapeutic intervention" ®. Although the terminology is new,
biomarkers like cells, proteins and genes are being used in preclinical studies and diagnostics
for a long time by studying the genetic variation and metabolic expressional changes in proteins.
Changes in the expression or state of protein indicated by a biomarkers can correlate with the
progression of the diseases or the susceptibility of the diseases in response to a given treatment.
Such studies have been done by generations of physicians, epidemiologist and scientist in order
to investigate the disease caused to human. In clinical practice, biological markers include tools
and technologies that helps in understanding the early prediction, causes, diagnosis,
progression, regression, or management of any disease. Perera and Weinstein have classified
biomarkers based on the sequences of event from exposure to the risk factors to the

development of the particular disease ’. Besides using as a tool for epidemiological



investigations, biomarkers are extensively been investigated to understand the history and
prognosis of the diseases as scientist believe that these biological markers have the potential to
identify the earliest events in the natural history of the disease describing mechanisms related
to the its pathogenesis and accounting for the variability and effect modification of risk
prediction.

Some of the potentials described by Schulte & are following:

1) Explanation of events from exposure to the risk factor until disease development.
2) Early events identification in the natural history.

3) Dose-response establishment.

4) ldentification of mechanism to relate exposure and disease.

5) Establishment of variability and effect modification.

6) Individual and group risk assessment.

In cancer research, biomarkers are being extensively studied for diagnosis, progression
evaluation, recurrence prediction and to evaluate the therapeutic treatment efficacy of the
disease in response to a drug. Several omics studies, including proteomic, transcriptomic and
genomic analysis of biomarkers with the advent technologies like DNA array, Protein array,
Tissue microarray, MALDI-TOF and high throughput sequence analysis have made biomarkers
discovery and analysis more easy and efficient in terms of disease prediction and treatment °.
Proteomics approach has a huge potential in understanding the complex human physiology and
the state of disease associated. Techniques like Immunohistochemistry, Western blot, ELISA
and mass spectrometry have an immense potential to discover biomarkers, especially that of
new diagnostic and predictive biomarkers ° !, Realizing the clinical potential of human
genome containing approx. 30,000 genes, new technologies like deep and high throughput
sequencing has provided an exciting opportunity for novel application in biomarker
identification and disease treatment based on genome-scale information 2. In addition to
genomics and proteomics platforms based biomarker assay techniques, metabolomics,
glycomics, lipidomics and secretomics are also commonly known techniques used for the

identification of biomarkers.

In melanoma, a series of biomarker candidates have been studied successfully in serum and

tumour specimens. Lactate dehydrogenase, Tyrosine Kinase, Vascular endothelial growth



factor, Osteopontin, YKL-40, Melanoma-inhibitory activity protein, S100 and Interleukin-8 as
Serum biomarkers while Cyclooxygenase-2, Galectine-3, Matrix metalloproteinase and
Chondroitin sulfate proteoglycan 4 (CSPG4) as tissue-specific biomarkers of melanoma have
been identified 13 14,

Discoidin Domain Receptors (DDRS)

Introduction to Receptor Tyrosine Kinases (RTKS):

Receptor tyrosine kinases are essential components of signal transduction pathways that
mediate communication between cells determining key roles in diverse biological processes
such as cellular growth, differentiation, metabolism and motility in response to internal and
external stimuli °. The RTK family has around 20 subgroups, which in total include 58 different
receptors which are similar in structure and mechanism of activation 6. The RTKs has two
main domains i.e. an extracellular binding domain at its N terminal, connected to the
cytoplasmic region with single a-helix hydrophobic transmembrane region while the
intracellular domain contains a juxtamembrane domain linked with a tyrosine kinase domain at
its C terminal 17 as shown in Figure 1.1. The extracellular domain differs among the sub groups
of RTKSs. The a-helix hydrophobic transmembrane domain provides stabilisation support to the
receptor while the intracellular kinase domain is responsible for receptor activation and signal

transduction by phosphorylation.
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Figure 1.1 Structure of Receptor Tyrosine Kinases (RTKs). RTKs composed of an N-terminal selective ligand-

binding extracellular domain that varies amongst different RTK subfamilies; a single a-helix transmembrane
domain that provides stability to the receptor; and an intracellular C-terminal domain that composed of a
juxtamembrane and kinase domains. The kinase domain is composed of 2 subdomains connected by one kinase
insert domain and C-terminal tail. The intracellular domain is directly responsible for receptor activation and

downstream signal transduction by phosphorylation of tyrosine kinase domains.

Introduction to Discoidin Domain Receptors (DDRS):

Discoidin domain receptors 1 and 2 (DDR1 and DDR2) belong to the family of receptors
Tyrosine Kinases (RTKS) as a sub group. These discoidin receptors were discovered initially in
early 1990s by homology cloning of their kinase domains 8. DDRs were considered as an
orphan receptors until 1997 when two independent groups discovered that they are activated by
several types of collagen *° %, The function of DDRs are typical to those of RTKs and includes
regulation of proliferation, cell adhesion and differentiation. They are activated through binding
to collagen. It’s the Discoidin (DS) domain of DDRs which distinguishes them from other types
of RTKs. This DS domain is named due to its homology with the Discoidin | protein secreted

by the slime mould Dictyostelium discoideum 2.
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Structures of Discoidin Domain Receptors:

The Discoidin domain receptors are differentiated as DDR1 and DDR2 based on the
intracellular conserved kinase domain 22 22, DDRs are structurally characterized by 4 domains.
The extracellular region composed of Discoidin domain at its N-terminal and Discoidin like
domain (DS) which binds to the collagen. The Juxtamembrane domain (JX) composed of an
extracellular juxtamembrane region (EJXM) constituted of about 50 AA in case of DDR1 and
30 AA residues in case of DDR2 and intracellular juxtamembrane region (IJXM) constituted
of about 171 AA in case of DDR1 (depending on isoforms) and 142 AA in case of DDR2 2,
The fourth domain is the catalytic kinase domain (KD) which constitute of about 300 AA in the
intracellular region which ends at C-terminal with 8 AA for DDR1 and 6 AA for DDR2 2°.

Discoidin Domain Receptor 1 Structure and Isoform:

The human DDR1 gene is composed of 17 exons, located in chromosome 6 (6p21.3) .
Exon 1-8 encode the transmembrane domain, Exon 9 encodes the transmembrane domain, and
Exon 10-12 encode the cytosolic juxtamembrane domain while other exons encodes the Kinase
domain. DDRs can be spliced in 5 isoforms i.e. DDR1a, DDR1b, DDR1c, DDR1d and DDR1e.
DDR1a and DDR1b are the most abundant isoforms of DDR1. DDR1a, DDR1b and DDR1c
are functional receptors and DDR1d and DDR1e are considered as non-functional receptors
(Figure 1.2).

DDR1a consist of 876 AA with a MW of 97 kDa, DDR1b consist of 913 AA with a MW
of 101 kDa, DDR1c contains 919 AA and MW of 102 kDa, DDR1d contains 508 AA and MW
of 56 kDa and DDR1e contains 767 AA and MW of 86 kDa. DDR1 has two regions i.e.
extracellular region and intracellular region. The extracellular domain has Discoidin domain
(DS) consist of 29-187 AA, Discoidin like domain (DS-like) 188-367 AA and Extracellular
juxtamembrane region (EJXM) 368-417 AA connected to the intracellular domain with a
transmembrane domain (TM) consist of 418-438 AA, while the intracellular domain contains
Intracellular juxtamembrane region (IJXM) and a kinase domain (KD) at its C-terminal.
Isoforms of DDR1 consist of same number of amino acid residues in extracellular domain and
transmembrane domain while for the intracellular domain the number of AA differs for
different isoforms i.e. for DDR1a the Intracellular juxtamembrane region (IJXM) consists of
134 AA residues ranging from AA 439-572, while for DDR1b and DDR1c there is an addition

6



of 37AA in this regions resulting in total number of 171AA ranging from 439-609 AA. The
kinase domain consist of 285 AA residues ranging from AA 573-868 for DDR1a, AA 610-905
for DDR1b while DDR1c further contains +6 amino acids residues as compare to DDR1b
ranging from AA 610-911 AA. DDR1a, DDR1b and DDR1c are functional receptors as they
have the kinase domain which is active while DDR1d and DDR1e are non-functional receptors
since they are kinase deficient or lack of ATP binding site because of frame shift and

truncations.

DDR1a DDR1b DDR1c DDR1d DDRle

D5s
Extracellular 1 DSlike -
Domain

EJXM -
Transmembrane {
Domain _

1IXM L Pa3raa [ | 437AA
Intracellular [
Domain KD -

¢ +6AA
 cuail | v g

Figure 1.2: Structure and Isoforms of Discoidin Domain Receptor 1 (DDR1). DDR1 has 5 isoforms. DDR1a,

DDR1b and DDR1c are enzymatically functional isoforms, whereas DDR1d and DDR1e do not present functional
activity. The extracellular part of the DDR1 receptor is the same for all isoforms and differ in intracellular domain

which determines the functionality of the receptor.

Discoidin Domain Receptor 2 Structure:

The human DDR2 gene is composed of 18 exons, with 3-18 as coding exons and maps to
chromosome 1 (1923.3). Since there is no alternative spliced isoforms has been described,
DDR2 structure is composed of total 855 AA with a MW of 116 kDa. DDR2 also has the same
protein architecture with 4 domains. Like DDR1, the Discoidin domain (DS) is composed of
amino acids ranging from 29-187 AA and Discoidin like domain (DS-like) ranging from 188-

367 AA while the Extracellular juxtamembrane region (EJXM) is 18 amino acids shorter as
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compared to DDR1 and is composed of 32 AA ranging from 368-399 AA. The extracellular
region is linked with Intracellular region with a transmembrane domain of 21 amino acids
ranging from 400-420 AA. While in the intracellular region the Intracellular juxtamembrane
region (1JXM) composed of amino acids ranging from 421-562 AA, the Kinase domain (KD)
ranges from 563-849 AA which is further linked to the C-terminal with 6 amino acids (850-855
AA) (Figure 1.3).

DDR2
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Figure 1.3: Structure of Discoidin Domain Receptor 2 (DDR2). DDR2 is composed of an N-terminal selective

ligand binding extracellular domain which is connected to the intracellular domain by a transmembrane domain
responsible for stabilisation of the receptor. The intracellular domain contains the kinase domain responsible for
receptor activation and downstream signal transduction by phosphorylation. Unlike DDR1, there is no alternative
splicing of Isoforms in DDR2.



Amino Acid Sequences of DDR1 and DDR2 (Extracellular region):

As mentioned earlier 5 isoforms of DDR1 have been described in literature which resulted
from alternative splicing. All these DDR1 isoforms share same extracellular and
transmembrane region while there is a difference in intracellular region. DDR1c is the longest
isoform which contains 6 additional AA in its kinase domain as compare to DDR1a and DDR1b
26, DDR2 on the other hand has almost similar extracellular domain with a smaller extracellular
juxtamembrane domain as compare to DDR1.

The DS and DS-like domain in DDRs make them unique among the RTKs family. These
domains are responsible for DDR functioning as DS domain contains a collagen binding site
which is responsible for mediating DDR specificity for fibrillar and non-fibrillar collagen %
The function of DS-like domain of DDRs is not yet fully understood, but recent studies suggest
that it contributes to collagen-induced receptor activation 28,

DDR1 and DDR?2 share high degree of sequence homology in DS and DS- like domains
with 59 and 51% of similarity, respectively °.

The amino acid sequences of DDR1 extracellular domain
Met 1 - Thr 416 AA

MGPEALSSLLLLLLVASGDADMKGHFDPAKCRYALGMQDRTIPDSDISASSSWSDST
AARHSRLESSDGDGAWCPAGSVFPKEEEYLQVDLQRLHLVALVGTQGRHAGGLGKE
FSRSYRLRYSRDGRRWMGWKDRWGQEVISGNEDPEGVVLKDLGPPMVARLVRFYP
RADRVMSVCLRVELYGCLWRDGLLSYTAPVGQTMYLSEAVYLNDSTYDGHTVGGL
QYGGLGQLADGVVGLDDFRKSQELRVWPGYDYVGWSNHSFSSGYVEMEFEFDRLR
AFQAMQVHCNNMHTLGARLPGGVECRFRRGPAMAWEGEPMRHNLGGNLGDPRAR
AVSVPLGGRVARFLQCRFLFAGPWLLFSEISFISDVVNNSSPALGGTFPPAPWWPPGPP
PTNFSSLELEPRGQQPVAKAEGSPT



The amino acid sequences of DDR2 extracellular domain

Met 1 — Arg 399 AA
MILIPRMLLVLFLLLPILSSAKAQVNPAICRYPLGMSGGQIPDEDITASSQWSESTAAK
YGRLDSEEGDGAWCPEIPVEPDDLKEFLQIDLHTLHFITLVGTQGRHAGGHGIEFAPM
YKINYSRDGTRWISWRNRHGKQVLDGNSNPYDIFLKDLEPPIVARFVRFIPVTDHSMN
VCMRVELYGCVWLDGLVSYNAPAGQQFVLPGGSIIYLNDSVYDGAVGYSMTEGLG
QLTDGVSGLDDFTQTHEYHVWPGYDYVGWRNESATNGYIEIMFEFDRIRNFTTMKV
HCNNMFAKGVKIFKEVQCYFRSEASEWEPNAISFPLVLDDVNPSARFVTVPLHHRMA
SAIKCQYHFADTWMMFSEITFQSDAAMYNNSEALPTSPMAPTTYDPMLKVDDSNTR

A sequence alignment between DS domain of DDR1 and DDR2 has been shown in Figure
1.4(A).

Crystallographic structure of DDRs DS domain.

The crystallographic studies of extracellular region of DDR1 and DDR2 shows that DDRS
have two globular domains in the extracellular region i.e. the DS domain at N-terminus linked
with the DS-like domain.

DDR1 and DDR2 have very high structural similarity in their DS and DS-like domains.
Both domains adopt a B-barrel structure with eight strands arranged in two antiparallel B-sheets
while the DS-like domain contains an additional 5 strands 28 2°. NMR crystallographic analysis
reveals the binding pocket in the DS domain for the identified DDR binding motif GVMGFO
that is contained in fibrillar collagen *. These strands encompass additional glycosylation sites
and calcium binding site that currently has unknown significance. The GVMGFO motif present
in fibrillar collagens I-111 activates the DDR receptors by inducing an autophosphorylation
besides lacking the capability of assembling into higher molecular structures which describes
that there is no need of large molecular assemblies to induce activation. The extracellular

juxtamembrane are predicted to be in unstructured form.
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Figure 1.4: DS domain of DDR1 and DDR2. (A) Sequence Alignment of DS domain of the Human DDR1 and

DDR2 3L, The sequence numbering and secondary structure elements of the DDR2 DS domain are indicated above

the alignment. Conserved residues and cysteines are highlighted in magenta and green, respectively. (B) NMR
structure of DDR2 DS domain %°. (C) NMR structure of DDR1 DS domain %8, Both DDR1 and DDR2 have B-

barrel structure with eight strands.

DDRs activation by Collagen:

Collagen are the key constituents of extracellular matrices (ECM) that provides physical
structural support to the connecting tissues 32. With the interaction of matrix receptors,
collagens also control cellular functions including cell differentiation, growth and
morphogenesis. The interaction of collagen with cells is either directly through cell surface
receptors or through an intermediary molecule that is recognized by the cell surface receptors.
This interaction of collagen with cell is involved in the regulation of several physiological
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processes like morphogenesis and wound healing, haemostasis and thrombosis and in
regulation of immune system. But under pathophysiological conditions, these normal

regulations are hijacked which leads to several diseases including metastatic tumors 33,

DDR1 and DDR2 both bind to and are activated by collagen in its native triple helix form.
DDR1 is activated by fibrillar collagen I, 11, 111, V and basement membrane collagen IV 1°,
while the denatured collagens are not able to induce receptor activation **. Basement membrane
collagens are a composite of several large glycoproteins and form an organized scaffold to
provide structural support to the tissue and also offer functional input to modulate cellular
function. DDR?2 is activated by fibrillar collagen I, II, 111, V and non-fibrillar collagen X %,
Vogel and co-workers described that the activation of the receptor is characterised by slow
kinetics which resulted in increased maximal activity for several hours after treatment with
collagen. Leitinger further described that unlike the paradigm of ligand induced dimerization
of RTKs, DDRs recognize collagen only as a dimeric and not as a monomeric construct,
indicating a requirement for receptor dimerization in the DDR-collagen interaction *. DDRs
are already present on cell surface in dimeric form, so upon binding to collagen they are

activated by dimeric conformational changes.

DDR activation and signalling:
1) Dimerisation:

DDRs form stable ligand-independent dimers on the cell surface unlike other RTKs where
the receptors are thought to be monomeric and it needs a ligand to dimerize and further activate
%0, Xu and his co-workers demonstrated that DDRs are observed in dimeric form on the cell
membrane and in the biosynthetic pathway ”. No single DDR subdomain was found to be solely
responsible for DDR dimerization, but it has been observed that the transmembrane domains of
DDRs encode self-association in a bacterial reporter system 8. The actual mechanism behind
activation of kinase domain of DDR1 by collagen binding to the DS domain is not understood
yet but one recent study describes collagen induce structural clusters of DDR1 which possibly

lead to the activation of receptor *° but for DDR2 so far no studies have been described yet.
2) Phosphorylation:

Like other RTKs, DDRs also undergo autophosphorylation when they bind with ligand
(collagen). However, the autophosphorylation induced by collagen is very slow and sustained

compared to other RTKSs. It can be extend up to 18 hours while autophosphorylation is usually

12



inhibited by phosphatases in few minutes for other RTKS *°. The activation kinetics are
dependable on the cell types. For example, DDR1 in embryonic kidney cells is phosphorylated
at a peak after collagen stimulation of 60-90 minutes, whereas it takes several hours for a strong
phosphorylation signal to appear in certain cancer cell lines 2° “°, Studies have shown that
maximal phosphorylation of DDR1 and DDR2 are dependent on the tyrosine kinase Src but the
actual cellular and biochemical mechanism behind slow activation kinetics for both DDRs are

still unknown 4% 42 43,

3) DDRs initiated signalling:

Recent studies have shown that DDR1 promoted Th17 migration by activating the
RhoA/ROCK and MAPK/ERK signaling pathways #*. In breast and colon carcinoma cancer
cell lines, DDR1 activation triggers the regulation of Ras/Raf/ERK and P13k/Akt pathways *°.
DDR?2 initiated signalling is not well described so far but it is hypothesized that due to high
similarity between DDR1 and DDR2, they employ similar mechanism of signalling. Studies
have shown that DDR2 regulates the expression of MMPs in metastatic melanoma cells via
ERK1/2 and NF-kB signalling pathways to supress the metastasis in response to collagen .
Xu and co-workers have described that DDR2 promotes integrins alfl- and a2pl- cell
adhesion by enhancing integrin activation #’. lwai and co-workers further described that cross
talk signalling with Insulin enhances DDR2 phosphorylation *¢. Valiathan and co-workers have
beautifully explained the pathways associated to DDRs in cancer in the figure 1.5 published in

their review paper which summarizes the downstream events regulated by DDRs.
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Figure 1.5: DDRs initiated signalling pathways “°. DDRs initiated signalling pathways described by Valiathan et

al. In this figure they have shown signalling pathways with direct interaction of DDRs (solid lines), in-direct
interactions mediated through one or more intermediate steps (dashed lines), activation of DDRs by Src (arrow
pointing towards DDRs) and pathways triggered by DDR activation (arrows pointing away from DDRS). Here the
DDRs with green stars are the activated DDRs. Regarding functioning of DDRs, red box indicates processes that
are supressed by DDRs, green box indicates processes that are promoted by DDRs and orange box indicates that
processes supressed or promoted by DDRs while the grey box indicates that these functions are processed due to
DDRs but their signalling pathways mechanism is not understood yet. DDR1 activation triggers pro-survival
Ras/Raf/ERK and PI3K/Akt pathways in human breast and colon carcinoma cell lines, resulting in upregulation
of anti-apoptotic Bcl-xL and survival under conditions of genotoxic stress “°. In human breast cancer cells, DDR1
activation also increases NFkB DNA binding activity and cyclooxygenase (COX)-2 expression resulting in
increased chemoresistance %. In colon cancer cell, DDR1 activation triggers Notch1 cleavage by 7 -secretase and
forms Notch 1 Intracellular Domain (NICD), which translocates to the nucleus and upregulates pro-survival genes
such as Hes1 and Hey?2 ! DDR1 activation, in conjunction with integrin B 1, triggers a p130CAS/INK pathway
in pancreatic cancer cells that results in upregulation of N-cadherin and epithelial to mesenchymal transition

(EMT)-like cell scattering 52. DDR2 signaling pathways in cancer are unknown practically.
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Role of DDRs in Cancer

All human cancers almost display one of more RTKs dysregulated expression in the cells.
Until today, the actual mechanism behind RTKSs dysregulation in cancers is not well understood
but it is quite evident that DDRs as collagen sensors are highly involved in degrading the
extracellular matrices of the cells which leads to the cell migration and invasion in cancer 3.
Several tumors cells hijack DDRs resulting in disruption of normal cell-matrix communication
and initiate metastasis. Some studies suggest that mutation in DDRs are also a common features
of most cancers which play key roles in diseases development and progression “°. It has been
demonstrated that DDRs dysregulation plays a major role in many tumors including Non-small
cell lung carcinomas (NSCLCs) associated with DDR2 expression **, while breast carcinoma
18 brain tumors glioma °°, ovarian cancer °¢, hepatocellular carcinoma °” and lymphoma and

leukaemia *® associated with the expression of DDR1 has been described so far.
Role of DDRs in Melanoma:

Melanoma also displays all the hallmarks of cancer like other solid tissue malignancies °°.
Frederic Saltel and his team has recently demonstrated the hallmarks of cancer associated with
DDRs expressed in A375 melanoma cells ¢ (Figure 1.6). DDRL1 is involved in the formation
of invasive structures called linear invadosomes through the Cdc42-Tuba pathway which results
in the overexpression of matrix metalloproteinase that leads to the cell migration and invasion

by the degradation of extracellular matrix 5.

Recent studies have demonstrated the role and expression of DDRs in normal and
melanoma cells. DDR1 mediates the adhesion of melanocytes to Collagen IV in the basement
membrane with E-cadherin and this complex prevents the phosphorylation of DDR1 and cell
spreading. This study suggest that E-cadherin localizes DDR1 to cell junction and prevents its
binding with collagen which results in the elimination of DDR1 activity and DDR1-supressed

cell spreading ©2.
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Figure 1.6: DDRs contribution in Cancer Hallmark .5° A representative confocal image of A375 melanoma cells

have been shown in the centre. The cells with fluorescent nucleus (blue) expresses DDR1 (red) co-localized on

the collagen fibrils (Grey). The font size indicates the reported involvement of one of the DDRs more than other

as described in literature.
Targeting DDRs in cancer for diagnostic or inhibitory purposes:

DDRs are biomarkers for large number of cancers including melanoma. The contribution
of DDRs in tumor progression clearly indicates that inhibition of these kinase receptors might
represent a promising strategy for therapeutics. Several drugs have been reported inhibiting
DDRs interaction with collagen but some of them are either not efficient due to bad affinity
or they target other RTKSs as well due to non-specificity. FDA approved potent small-molecule
like Dasatinib, imatinib, nilotinib and ponatinib were identified as inhibitors of DDR1 and
DDR2 54 ¢ put they also inhibit other tyrosine kinases which puts a limitation on their usage.
However in recent years, small molecules specifically targeting DDRs could potentially help
developing drugs for treating cancers but it could also be interesting to target DDR1 or DDR2

specifically with an aptamer ¢ ¢,
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Matrix Metalloproteinases (MMPs):

Extracellular matrix (ECM) is a complex structure composed largely of collagens,
glycoproteins and proteoglycans which provides structural support to the cell ®8. Apart of the
structural support, ECM is also involved in cell signalling . Cell surface receptors transduce
signals into cells from ECM, which regulates diverse cellular functions, such as cell growth,
cell survival, cell proliferation, cell migration, cell differentiation and cell homeostasis. ECM

is secreted by fibroblasts and chondroblasts and is decomposed by many proteolytic enzymes
70

Matrix metalloproteinases (MMPs) are zinc endopeptidases and are implicated in the
extracellular matrix (ECM) degradation under both physiological and pathological conditions
"1, The first collagenase activity, in vertebrates, was shown by Gross and Lapse in 1962, during
the study of the maturation of a tadpole tail. Since then, within different species, commonly
called the (zinc and calcium) family of enzymes were identified as MMPs because of their
catalytic activity dependent on metal ions and their ability to degrade all components of the
ECM 2. Today, there are more than twenty MMPs as described by Egebald and Werb, listed in
table 1.1 ¢°.

Physiologically, MMPs are implicated at the level of consequent remodelling in the
morphogenesis of branched structures of the body (such as angiogenesis), in healing,
ossification, menstrual cycle and involution of post-lactation mammary glands ". In addition,
the activity of MMPs allows the cell migration physically and modifies the signalling inherent
to the extracellular matrix. This degradation of the ECM implies the modulation of different
growth factors and growth inhibitors linked to the ECM by involving in direct cleavage, by
breaking the links to the ECM or by the modulation of the activity of the antagonists of these

molecules °.
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Structural Class

Common Name

MMP-1

MMP-2
MMP-3

MMP-7

MMP-8

MMP-9

MMP-10
MMP-11
MMP-12

MMP-13
MMP-14
MMP-15
MMP-16

MMP-17
MMP-18

MMP-19
MMP-20

MMP-21
MMP-22

MMP-23

MMP-24
MMP-25
MMP-26
MMP-27
MMP-28

Simple hemopexin domain

Gelatin-binding Gelatinase A
Simple hemopexin domain

Minimal domain

Simple hemopexin domain

Gelatin-binding

Simple hemopexin domain
Furin-activated and secreted
Simple hemopexin domain

Simple hemopexin domain
Transmembrane
Transmembrane
Transmembrane
GPI-linked

Simple hemopexin domain

Simple hemopexin domain
Simple hemopexin domain

Vitronectin-like insert
Simple hemopexin domain
Type Il transmembrane

Transmembrane

GPI-linked

Minimal domain

Simple hemopexin domain
Furin-activated and secreted

Collagenase-1, interstitial collagenase, fibroblast
collagenase,

72-kDa gelatinase, 72-kDa type IV collagenase,
Stromelysin-1, transin-1, proteoglycanase,
procollagenaseactivating

Matrilysin, matrin, PUMP1, small uterine
metalloproteinase

Collagenase-2, neutrophil collagenase, PMN
collagenase,

Gelatinase B, 92-kDa gelatinase, 92-kDa type 1V
collagenase

Stromelysin-2, transin-2

Stromelysin-3

Metalloelastase, macrophage elastase,
macrophage

Collagenase-3

MT1-MMP, MT-MMP1

MT2-MMP, MT-MMP2

MT3-MMP, MT-MMP3

MT4-MMP, MT-MMP4

Collagenase-4 (Xenopus; no human homologue
known)

RASI-1, MMP-18

Enamelysin

Homologue of Xenopus XMMP
CMMP (chicken; no human homologue known)

Cysteine array MMP (CA-MMP), femalysin,
MIFR
MT5-MMP, MT-MMP5

MT6-MMP, MT-MMP6, leukolysin
Endometase, matrilysin-2

Epilysin

Table 1.1: The Matrix Metalloproteinase (MMPs) family.
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Classification and Structure of MMPs:

As their name suggests, MMPs represent a large family of enzymes proteolytics that require
the presence of a metal ion (zinc and calcium) for their enzymatic activity. MMPs can be
classified into 6 subfamilies according to their structural differences 7:

a. The Interstitial Collagenases: Interstitial collagenases (MMP-1, MMP-8 and MMP13)

form a group of MMPs that mediates the breakdown of fibrillar collagen, including
collagens type I, II, 11l and VII. Proteolytic cleavage of fibrillar collagen by these
enzymes leads to the formation of denatured collagen (gelatin) which can then be
degraded by gelatinases.

b. The Gelatinases: MMP-2 and 9 are known as gelatinases and are involved in the

degradation of several types of collagen and the 3 replicates of fibronectin type Il confer
a capacity to degrade the denatured collagen, gelatin.

c. The Stromelysins: MMP-3 (stromelysin-1) and MMP-10 (stromelysin-2) are two

similar proteins known as stromelysins with extended proteolytic spectrum that includes
many glycoproteins and proteoglycans. They are produced by normal epithelial cells
and some carcinomas. MMP-3 is considered to have a great catalytic power as compared
to MMP-10. Recently MMP-11 (stromelysin-3), has been also added to this group
which are expressed by mesenchymal cells, and is involved in the cleavage of serine
protease inhibitors and appears to play a minor role in the degradation of the

extracellular matrix.

d. The Matrilysins: MMP-7 (matrilysin-1) and MMP-26 (matrilysin2) constitute the class

of matrilysins. These are structurally simpler MMPs because they do not contain a
homologous domain of hemopexin. These proteases are specifically expressed by

cancer cells of epithelial origin.

e. The Transmembrane MMPs: The transmembrane metalloproteases (MMP-14, -15, -16,
-17,-24, -25 also called MT1-MMP to MT6-MMP) are the only insoluble MMPs. They

are anchored to the cell surface either via a hydrophobic transmembrane site present in

their homologous domain of hemopexin, or by an inositol phosphate bridge. They are
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subdivided according to their cytoplasmic extension, some are of type 1 (MMP-14, 15,
16 and 24) and the others are proteins anchored with a glycosyl phosphatidylinositol
(MMP-17 and 25). The role of Transmembrane MMPs particularly MTI-MMP will be
discussed later in detail.

f. The others: Several MMPs (MMP-12, MMP-18, MMP-19, MMP20, MMP-21, MMP-
22, MMP-23A/B, MMP-27 and MMP-28) are newly discovered MMPs and their
functions are still unclear. The involvement of these latest MMPs in cancer remains to
be determined.

MMPs structures possess sequences that have certain homologies preserved between them.
Conventionally, at the N-terminus is the predomain, which corresponds to the signal peptide
and directs the protein to the endoplasmic reticulum (ER) 7. This predomain is followed by a
pro-domain responsible for maintaining MMPs in an inactive form. The prodomain located
downstream of the predominant is usually composed of 80 hydrophobic residues which
maintains the enzymatic activity in its latent form. Secreted by the cells in the form of zymogen
(inactive), the MMPs comprise in this prodomain a conserved peptide sequence, Pro-Arg-Cys-
Gly-X-Pro-Asp. The cysteine residue assures the "cysteine switch™ by interacting via its thiol
group (SH) with the zinc atom located in the catalytic site. Like the prodomain, the catalytic
domain has a conserved His-Glu-X-Gly-His-XX-Gly-XX-His zinc binding motif which
corresponds to the active site but also to a binding site for Ca*? ions. The prodomain is
characterized by a sequence that contains three residues of histidines which chelate the zinc
atom of the active site . With the exception of MMP-7 and MMP-26 (matrilysin-1 and -2),
most MMPs have a fourth C-terminal domain, hemopexin-like, which exhibits structural
similarity with hemopexin and vitronectin ’’. This domain is responsible for the binding of
MMPs to their substrates, as well as tissue inhibitors of MMPs (TIMPs) 8. It has been shown
that proMMP-2 activation is done via the interaction of its C-terminal domain with the MTI-
MMP, as well as its interaction with TIMP-1 and TIMP-2 ”’. The hemopexin-like domain is
connected to the catalytic domain via a hinge region. All MMPs are secreted in the extracellular
medium, except the transmembrane MMPs which are located in the plasma membrane through
a transmembrane domain at their C-terminus followed by a short cytosolic domain that serves

for the intracellular signal transduction °.

The structural classification of MMPs given by Egeblad and Werb is given in Figure 1.7.
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Figure 1.7: Structure of Matrix Metalloproteinases (MMPs) . At the amino-terminus is the predomain (Pre), the

signal of excretion, which directs the MMP to the endoplasmic reticulum. Next, the prodomain (pro) is responsible
for maintaining the latency state of the zymogen with a cysteine (SH) that interacts with the catalytic site. The
catalytic site comprises a zinc binding site. The gelatinases have 3 fibronectin Il type inserts binding the collagen
(Fi). The hemopexin-like domain provides interaction with endogenous TIMPs inhibitors, cell surface localized
molecules, and substrate recognition. It is connected to the catalytic domain via a hinge region (H) rich in proline
and comprises a disulphide bridge (S-S). The MT-MMPs comprise at their carboxy-terminal end a transmembrane
region (TM) and a short cytoplasmic domain (Cy) or a membrane anchoring domain glycophosphatidylinositol
(GPI). MMP-23 has a particular anchoring system rich in cysteine and proline (CA), a region homologous to the
interleukin 1 receptor and a region homologous to immunoglobulin G. Some MMPs contain a furine recognition

pattern (Fu) for intracellular serine proteases allowing the activation of MMPs and a vitronectine (\Vn) motif.
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Activation of ProMMPs:

Most MMPs are secreted as latent zymogens, achieving catalytic properties in the ECM
milieu. Some of these MMPs are intracellularly processed while few of them are processed at
the cell membrane, into fully active enzymes. Non-proteolytic compounds such as 4-
aminophenylmercuric acetate (APMA), denaturants (SDS) and commercial pertubants
(detergents) or proteases open the cysteine to zinc switch in order to trigger the proMMP
activation . The prodomain of MMP is removed in an autocatalytic manner or by proteases
where the cysteine is replaced by water molecule to allow enzyme catalysis to proceed 8. MT-
MMPs contain a furin-like enzyme recognition conserved motif (RXRXKR) between their pro-
and catalytic domains, and are activated intracellularly in the Golgi network 8 83,

Membrane type matrix metalloproteinase (MT1-MMP):

MT1-MMP which is also known as MMP14 is the first membrane type MMP to be
discovered. Since these MMPs are anchored in the membrane, they play a unique role compared
to secreted MMPs in the localized degradation of the ECM.

Expression and Regulation of MT1-MMP:

Matrix metalloproteinases are usually expressed at very low levels in healthy cells, however
the level of expression of MMPs can be induced in physio pathological circumstances that
require remodelling of the ECM. The expression of the majority of MMP genes is induced by
growth factors such as epidermal growth factor (EGF), pro-inflammatory cytokines like TNF-
o interleukin 18 (I1L-1pB), and phorbol esters 8. These mediators lead to the activation of IKB
kinase and MAP kinase (intracellular signaling pathways) resulting in the nuclear recruitment
of different transcription factors such as NF-xB & which will upregulate transcription of MMPs.
It has been demonstrated that TNF-a stimulates activation of pro-MMP2 in human dermal

fibroblasts through NF-xB mediated induction of MT1-MMP &,

Furthermore, Lafleur and colleagues demonstrated that an overexpression of MT1-MMP in
endothelial cells stimulated by pro angiogenic factors such as VEGF and TNF-a confirms its
role in angiogenesis and tumor growth 8. Until now, MT1-MMP is the only MMP that is
rigorously co-expressed with MMP-2 and TIMP2 mainly at the stromal cell level &, This co-
expression is consistent with the activation of proMMP-2, which suggests an essential role for

MT I-MMP in the tumor invasion and the metastases ©°.
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Role of MT1-MMP in tumor:

The involvement of MMPs in tumor progression has been demonstrated from animal
models in which the expression of certain MMPs in cancer cells has been shown detrimental .

However, these proteins can play a protective role for the organism % such as:

- release of TGF-B which inhibits plasminogen tumor growth
- collagen XVIII

- modulation of apoptotic signals of integrins

- activation of chemokine CXL12 (pro-metastatic molecule)

- Promotion of cell differentiation (by an unknown mechanism).

Nevertheless, most of the effects of MMPs are pro-tumor. They play a key role in tumor
progression by degrading the ECM. They intervene in tumor growth, the promotion of cell
survival, angiogenesis, invasion, epithelial / mesenchymal transition and the decrease of the
immune response. Indeed, MTI-MMP is involved in tumor invasion process and in the
formation of metastases ®*. MT1-MMP degrades Collagen type I, Il and Ill, Fibrinectin,

Laminin | and V, Vitronectin, Fibrin and aggrecan 9 %,

MT1-MMP associated metastatic melanoma:

MMPs are the primary agents responsible for the degradation of ECM degradation and their
expression has been linked to the progression of many cancers including melanoma %. MT1-
MMP have been implicated as pro-tumorigenic and pro-metastatic factor along with MMP2, in

a wide variety of cancers including melanoma .

The most reported mechanism of involvement of MT1-MMP in metastatic melanoma tumor is
through the activation of pro-MMP?2 to active MMP?2 at the plasma membrane of the cells. The
activation process is based on the formation of a trimolecular complex between MTI-MMP,
TIMP-2 and proMMP-2 that forms on the surface cells (Figurel.8). At first, MTI-MMP binds
via its catalytic domain to the N-terminal domain of TIMP-2. In fact, the interaction between
these two molecules is accomplished via the C-terminal domain of TIMP-2 and the hemopexin
domain of proMMP-2. Once the MTI-MMP / TIMP-2 / proMMP-2 complex is formed, a second
neighbouring active and free MTI-MMP molecule, cleave proMMP-2 at site Asn®’ _Leu®® of
the prodomain. In a second step, the Asn 8-Tyr 8 of the prodomain of MMP-2 is cleaved either
by self-cleavage or by the action of plasmin or other active MMPs (MMP-1, -2 and -7), to

generate the active form of MMP-2 4, In this mechanism, TIMP-2 acts as an activator and not
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an inhibitor by acting as an adapter molecule. Indeed, the pericellular concentration of TIMP-2
seems decisive for the activation of proMMP-2 by MTI-MMP, since the activation of proMMP-
2 is only possible at low concentrations of TIMP-2, sufficient for formation of the trimolecular
complex MTI-MMP / TIMP-2 / proMMP-2, while an excess of TIMP-2 can saturate all the
MTI-MMP required for the proteolysis of proMMP-2.

PRO MMP-2

REACTIVE
OXYGEN
SPECIES

MT1-MMP TIMP2
Complex

Active MMP-2

MT1-MMP TIMP2
ProMMP-2 Complex

Active MMP-2

Active
MT1-MMP
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MMP-2
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Propeptide
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~ Hemopexin Domain

Transmembrane
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Cytoplasmic Tail

Figure 1.8: Activation of MMP-2 by MT1-MMP %. MMP-2 activation depends on its interaction with complexes
of MT1-MMP (MMP-14) and TIMP2. MT1-MMP is activated by furins in the Golgi and translocates to the cell
membrane where it is inhibited by TIMP-2 forming a complex. ProMMP-2 then binds to TIMP-2 via its hemopexin

domain (as shown in the MMP structure at bottom right). This leaves the proMMP-2 molecule vulnerable to
cleavage by adjacent active molecules of MT1-MMP, which partially activates MMP-2. Other active MMP-2
molecules accomplish the final cleavage of the propeptide. Other mechanisms that involve serine proteinases or
reactive oxygen species can also activate MMP-2 (as shown in the upper figure). Red arrows show steps which

produce active MMP-2 while blue arrows indicate steps in the pathway.
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MT1-MMP as a target in Melanoma:

The important role of MMPs in tumor progression has made it a target of anti-cancer
therapy. Several synthetic inhibitors of MMPs have been developed in recent years to control
the formation of metastases and tumor angiogenesis. Most of these inhibitors have the
characteristic of carrying an acid hydroxamic, a carboxamic acid, phosphonamidate, thiol or
other groups functional that chelate Zn?* the catalytic site of the MMPs, which leads to their
inhibition. The crucial roles that MTI-MMP exerts at different levels of tumor progression, as
well as its involvement in resistance to chemotherapy and radiotherapy demands more attention.
However, some inhibitors such as batimastat (BB94) and Marimastat (BB2516), hydroxamate
inhibitors, have been developed to target a broad spectrum of MMPs and their results are highly
encouraging but the major side effect of most of these drugs in humans, such as musculoskeletal

pain in joints caused by inflammation and fibrosis has been observed in advance cancer cases.
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Aptamers:

Aptamers are single stranded structured oligonucleotides (either DNA or RNA, this thesis
will focus on DNA aptamers) capable of binding to their selected target with high affinity and
specificity % . The term “Aptamer” was coined by Ellington referring to the Latin word
“aptus” meaning to fit, and the Greek word “meros” meaning part. Aptamers are considered as
nucleic acid based chemical antibodies which can be selected against variety of targets i.e
proteins % % viruses 1% 101 pacteria 102 19 104 small metabolites 1% 1%, cells 197 18 and now a
days even in tissues 1. Aptamers are generated by a combinatorial method known as SELEX
(Systematic Evolution of Ligands by Exponential Enrichment) with a starting library contains
10%4-10"° different sequences that fold into different structures depending on their particular
sequence 1% 11 Aptamer binds to its target based on three dimensional conformational changes.
This 3D structure is the result of a combination of Hydrogen bonding, Electrostatic and VVander

Walls interactions and stacking of aromatic rings 2,

Aptamers vs. Antibodies:

Even though antibodies have been known for a long time in the diagnostics and treatment
of diseases, antibody based treatments suffer from various drawbacks as they are highly
immunogenic, laborious and expensive to produce and with high batch to batch variation.
Aptamers thus show inherent advantages that merit their application in biomedical and
analytical sciences, as well as in basic molecular biology. Aptamers can be prepared by a simple
automated chemical reaction while antibodies preparation needs tedious procedures involving
cells for production. Unlike antibodies, aptamers are considered to be chemically robust with
high stable structure i.e. it regains its activity once it comes to its natural environment after heat
exposure and denaturation. This property makes aptamers highly a molecule of interest for
many analytical applications. Being a chemical antibody, aptamers have a high shelf life as

compare to antibodies (Table 1.2).
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Antibodies Aptamers
Method of Production Biological Chemical
Size Range 10'-10° Da 10" Da
Shelf life Limited Long (lyophilized/frozen)
Activity Variable with batch Uniform
Modifications Random Controlled
Affinity nM-uM pM-nM

Table 1.2: Aptamers vs. Antibodies

With all these advantages, aptamers have some limitations but these limitations can be
easily overcomed by PEGylation or conjugation. As aptamers are small in size, they show
higher clearance rate in vivo as compared to antibodies ** 14, It can also be an advantage for
imaging of tumor cells with radio-elements. Beside this, the nuclease degradation of aptamers
in plasma can easily be overcomed with a controlled modification at its desired position 5 116,

The modifications on aptamers will be discussed later in this chapter with detail.
Structure of Aptamer:

Nucleic acids are polymers of elementary blocks called nucleotides. Each nucleotide
consists of three parts: a nitrogen base, a sugar and a phosphate group (Figure 1.9). DNA and
RNA are differentiated by the nature of sugar i.e. 2-deoxyribose for DNA and ribose for RNA.
Adenine (A), cytosine (C) and guanine (G) are present in both DNA and RNA, whereas thymine
(T) is specific for DNA and uracil (U) for RNA.
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Figure 1.9: Nucleotides with Purine and pyrimidine bases

Aptamer interaction with protein:

The interaction of aptamer against its target is analogous to the interaction of antibodies
with the epitope of the protein. Aptamer goes under structural conformational changes while
binding to its target 7 118, Aptamers bind to its target protein with a three dimensional structure

formation which fits on the binding site of the protein called aptatope as shown in Figure 1.10
119
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Figure 1.10: Schematic diagram of aptamer binding to its target.

This compact folding of aptamer enhances the “trapping” of aptamer in the protein pocket

which makes the binding stronger %°.
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SELEX (Systematic Evolution of Ligands by Exponential Enrichment):

The process by which aptamers are selected against its target molecule is known as SELEX
(Systematic Evolution of Ligands by Exponential Enrichment). SELEX was initially introduced
in 1990 by two groups working independently 110 %7,

Principle of SELEX:

Generally SELEX is an in vitro evolution method based on combinatorial chemistry. The
term SELEX was first used by Larry Gold and Tuerk to describe a set of experiments performed
to isolate single stranded RNA ligands to T4 DNA polymerase %. Basically the principle of
SELEX is similar to that of natural selection in evolution proposed by Charles Darwin over 150
years ago. In SELEX, aptamers are selected through the model “Survival of the fittest” as it is
based on molecular evolution theory. Aptamers are selected as an evolved molecule after
performing iterative rounds of selection with PCR amplification which results in the enrichment
and existence of the evolved molecule (aptamer) after stringent conditions (Figure 1.11). The
selection of ligands beyond natural systems emanates from a chemically synthesized nucleic
acid library with a huge diversity of variant sequences. The diversity of the library depends on
the length of the variable region of the variant sequences. Sequences with a variable region of

30 oligonucleotides approximately have 4%°(=10®) random oligonucleotide sequences.
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Figure 1.11: The SELEX process. The library containing DNA or RNA molecules (10%° sequences) is incubated

with the protein target of interest. The bound sequences of interests are then recovered by elution or extraction
method and amplified by Polymerase Chain Reaction (PCR), and this process is repeated until the library is

enriched with the potential aptamer sequences.

For the selection of DNA aptamer, the library is used as a starting library while in case of
RNA aptamer selection, a trancription of the library is required . The oligonucleotide sequence
library is then optionally incubated with any negative target to discard all the non-specific
sequences. The recovered library is then incubated with the target molecule where all sequences
bound to the target molecule are extracted/eluted and amplified by PCR (for DNA library) or
RT-PCR and transcription (for RNA library). After PCR, the sense strand is then separated and
used as a library for next round. During SELEX, an iterative rounds of SELEX is normally
required depending on the method used for selection 12, The SELEX process is carried out

under same conditions for which the aptamer is being developed. Once the SELEX step is
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finished, rounds of SELEX are sequenced by Sanger Sequencing after cloning 2! or High
Throughput Sequencing (HTS) 122,

Types of SELEX:

The conventional SELEX method mainly consists of the following three steps i.e. selection,
partitioning and amplification for enrichment. Based on the nature of target molecule and the
SELEX library, different types of SELEXs are performed to select an aptamer with high affinity
and specificity. Although there are many types of SELEX reported in literature but in this
chapter we will focus only on the common methods along with recently reported SELEX

methods.
1) Magnetic Beads Based SELEX:

Magnetic Beads based SELEX is one of the methods extensively used in the selection of
aptamers. It employs magnetic beads for the immobilization of the target molecule. Bruno and
colleagues first introduced a SELEX based on magnetic beads to select a DNA aptamer against
chloroaromatics using magnetic microbead-based affinity separation 23, In this method, the
target protein is first immobilized on magnetic beads followed by an incubation with an
oligonucleotide library which results in a target—aptamer complex formation that was separated
from unbound oligonucleotides by a magnetic separator. Given the wide utility of the
(Histidine)e-Ni?*-nitrilotriacetate (Ni-NTA) system in molecular biology and biotechnology for
affinity chromatography-based protein purification, this system has also been exploited to select
an aptamer against the histidine tagged protein fixed on Ni-NTA magnetic beads *?*. Another
vast technique, used in Magnetic beads based SELEX is the streptavidin-coated magnetic beads

for the immobilization of the biotinylated molecule 1%,

A more convenient and relatively effortless method, FluMag-SELEX was described by
Stoltenburg and colleagues in 2005 which made the magnetic beads SELEX more interesting
125 The principle of FluMag SELEX is based on immoblizing the target on magnetic beads,
where after the first round of selection, the selected ssDNA library is amplified with a
fluorescence labeled primer to generate fluorescent labeled library which will be used to

evaluate the SELEX rounds by fluorescence measurement of the library 26,

Research of magnet use in SELEX has led to the development of new SELEX methods like
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microfluidics based SELEX Technology (M-SELEX). These advent technologies have been
successfully described with the selection of high affinity aptamers. M-SELEX method exploits
a number of unique phenomena occurring at microscale that implements a design enabling it to
manipulate small numbers of beads precisely and isolate high-affinity aptamers (Kd in low
nanomolar range) rapidly 27, Magnetic beads based SELEX will be discussed later in detail.

2) Nitrocellulose Membrane Filtration-Based SELEX:

Nitrocellulose membrane is highly used in western blot and Atomic force microscopy
(AFM) for the immobilization of protein due to its non-specific binding to amino acids.
Nitrocellulose membrane was first used by Kramlova’s group in 1968, for the micro
chromatographic separation of proteins from RNA molecules 2. Since then, nitrocellulose
membrane has been extensively used for the separation of proteins from other molecules. This
method was then applied for the selection of aptamers against protein targets as Filtration
SELEX. In Filtration SELEX, the sequences of interest and non-interest are separated by using
nitrocellulose filter membranes 12° 20 %8 |n fact the first SELEX performed by Larry Gold and
his colleagues was based on nitrocellulose membrane filtration-based SELEX, where an
aptamer against the T4 DNA polymerase was selected using nitrocellulose membrane °°.
Nitrocellulose membrane filtration based SELEX is limited to SELEX performed against
protein targets, since the nitrocellulose membrane has no affinity against small molecules and
peptides. Detailed discussion of nitrocellulose membrane based filtration SELEX will be given

later.
3) Cell SELEX:

In vitro selection targeting recombinant purified proteins has been succeeded so far with
high ratio of selecting an aptamer against the purified protein target. However in some cases,
the selected aptamers are not able to bind its target receptor present on cells in its natural
environment. This problem can be countered by selecting an aptamer directly against the cell
expressing the target receptor on its surface. The difference between Cell SELEX and other
SELEXs is that, in Cell SELEX the knowledge of the target is not necessary as it will target

whole cell 31,

This makes Cell-SELEX more advantageous than other SELEXSs, as the targets are present
in their native conformation which provides a natural environment for the oligonucleotide

library to recognize its target molecule. Furthermore, the partition step of Cell-SELEX is

32



relatively simple as compare to other SELEXSs, because the unbound sequences can be easily
removed by centrifuge or wash (for adherent cells). Blank et al. first reported Cell-SELEX in
2001, employing rat endothelial cells (YPEN-1) and mouse microglial cells (N9) for positive
and negative selection steps respectively 132, Since then Cell SELEX has been widely used

worldwide for the selection of aptamer especially against cancer cells 133 134 135

In the last decade, there has been an improvement in Cell SELEX Strategy. Hicke and
colleagues developed a hybrid of Cell SELEX and Protein SELEX known as Cross-Over
SELEX in which an aptamer was selected against the purified tenascin-C and tenascin-C
expressing glioblastoma-derived cell line, U251 7. Since protein receptors are present in their
natural conformation in cells, while aptamer selection against the recombinant purified protein
is more specific. These advantages of both SELEX can be helpful in selecting an aptamer which
recognizes its target in native conformation with high affinity and specificity. In 2012,
Giangrande’s group reported another distinctive cell SELEX based method which is a
combination of cell-internalization SELEX and high throughput screening **¢. A vascular
smooth muscle cell specific internalizing RNA aptamer was selected through this method. The
RNA library was incubated with the cells for 90 minutes (predetermined time for cell
internalization), then all internalized RNA was isolated, extracted and amplified by PCR.
Concentrated solution salts were used for the removal of unbound or non-internalized RNA.

The selected aptamers were then analysed by high throughput screening.

Mayer in collaboration with Famulok described another improved version of Cell SELEX
known as FACS-SELEX. In FACS SELEX, the selection process during whole Cell-SELEX
could be monitored and sorted by flow cytometry where fluorescently labeled nucleic acid
library is incubated, and bound to targets 3. FACS-SELEX overcomes the limitations of the
basic Cell-SELEX i.e. the perfect seperation of bound from unbound or nonspecifically bound
oligonucleotides. Even live cells can be easily distinguished from dead cells by using FACS.
Mayer later also described that aptamers selected by whole-cell SELEX using FACS are more
sensitive and specific to bacteria as compared to antibodies, suggesting that aptamers can be a
promising alternative of antibodies in biosensor 3. Cell SELEX against DDR2 expressing cells

will be discussed later in detail.
In vivo SELEX:

In vivo SELEX is a technique by which aptamers are selected using living organisms. The

first in vivo SELEX was reported by Berkhout and colleagues in 1993 for the in vivo selection
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of randomly mutated viral genomes with multiple rounds of viral replication in CD4+ cells **°.
Another in vivo SELEX targeting the 5’ untranslated leader region of the (HIV-1) RNA genome

(containing motif for viral replication) was recently reported 4°.

During last few years, In vivo SELEX methodology has been extensively used for selection
of aptamers against tumors cells. In 2010, Sullenger’s group firstly reported a selection of RNA
aptamer in mice with intrahepatic colorectal metastases 41, For this purpose, the library with
2'-fluropyrimidine—modified RNA sequences were injected into mice with intrahepatic
colorectal metastases. The liver of the mice was then isolated and RN A aptamers were extracted
and amplified. In this SELEX, total 14 rounds of selection were performed. In each round the
library was injected into a new mice with metastasized liver. In vivo SELEX is similar to in
vitro SELEX in methodology but in vivo SELEX is performed inside living organism. In vivo
SELEX has been used to select aptamer against human colorectal cancer 42 and prostrate cancer
bone metastasis **3. As discussed earlier that aptamers face limitations due to fast real clearance
which makes the in vivo selection very difficult. Overcoming these limitations, two independent
groups have successfully reported an in vivo SELEX using PEGylated DNA library 1% and 2'-
fluropyrimidine—modified PEGylated RNA library '** in xenograft mice models. Cheng and

colleagues have also reported a selection of brain penetrating aptamer through in vivo SELEX
145

4) Capillary Electrophoresis SELEX (CE-SELEX):

Capillary Electrophoresis SELEX (CE-SELEX) is one of the most frequently used SELEX
method. Unlike conventional SELEXs which require around 15 rounds of selection, CE-
SELEX is fast with the enrichment of SELEX library in only few rounds of selection. It was
first reported in 2004 by Mendosa and Bowser by selecting aptamer against IgE with a Kd of
27nM 146 CE-SELEX differs from other conventional methods as the separation of interested
and non-interested sequences is based on their electrophoretic mobility 4. In CE-SELEX,
oligonucleotide library is incubated with its target in vitro, and this mixture is then injected into
a capillary. The aptamer-protein complex has lower mobility as compared to the free
oligonucleotide which results in the separation of the bound and unbound library while running
through capillary with constant pressure. A collection window is already determined for the
complex which can easily be recovered. The collection strategy depends on the coated or
uncoated capillaries as discussed by Demsovski and Bowser 8. The recovered sequences are

then amplified to generate enough pool for proceeding rounds. CE-SELEX is highly
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advantageous as compared to other conventional SELEX methods, as in CE-SELEX the
concentration of the target can be decreased until 1pM and the volume to 5uL for incubation.
In comparison with affinity column methods, CE-SELEX selection occurs in free solution,
eliminating the unfavourable kinetics associated with elution of high-affinity sequences 4 10,

CE-SELEX has been modified further to accelerate the selection procedure and to minimize
the PCR biasness amplification. In 2006, Berezovski’s group reported a new method known as
Non-SELEX, which selects aptamer without amplification **1. In Non-SELEX, the repetitive
step of partitioning required for the separation of aptamer-target complex from free
oligonucleotides is performed based on Non-Equilibrium Capillary Electrophoresis of
Equilibrium Mixtures (NECEEM) %2, Since there is no amplification step in Non-SELEX, it
shortens the selection time to hours in contrast to weeks or months required for other SELEX
methods. The major limitation of CE-SELEX is the limited number of sequences (102
sequences) due to low volume injection 46, This limitation is overcome by micro Free Flow
Electrophoresis (LFFE) 3, which is a modified form of CE-SELEX where the starting library

can be 10 sequences (almost 300 fold improvement in library size over CE-SELEX).
5) Microfluidic SELEX

Microfluidics SELEX (M-SELEX), an emerging type of SELEX is basically a combination
of conventional SELEX method with microfluidics system developed by Hybarger et al. in
2006 ™ An RNA aptamer against lysozyme was successfully selected by using the
microfluidics SELEX prototype which contains reagent-loaded micro-lines, a pressurized
reagent reservoir manifold, a PCR thermocycler and actuatable valves for selection and sample
routing. Later in 2009, an upgraded version of this system was reported by Tom Soh, which
integrates magnetic beads-based SELEX with microfluidics technology and a continuous-flow
magnetic activated chip-based separation device 27, This method was considered very efficient
and rapid, as an aptamer was selected against recombinant Botulinum neurotoxin type A (with
low-nanomolar dissociation constant) after a single round of selection. However, this system
had a limitation due to the aggregation of magnetic beads in the microchannel resulting in low
aptamer purity and recovery. Tom Soh and colleagues further improved this system by
fabricating the microchannel with ferromagnetic materials, which overcomes all the
disadvantages. By this method, an aptamer against streptavidin was selected with high affinity
in few rounds of selection. Ryckelnyck and colleagues described another approach by using

droplet-based microfluidics to improve the catalytic properties of RNA (selection and
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optimization of RNA fluoregenic aptamers) 1*. Fluorogenic RNA mango aptamer with Kd
around 1nM was selected by using this method 6 157,

6) Capture SELEX:

In vitro selection of aptamers against small molecules is highly challenging due to difficulty
in immbolization of small molecules on solid support for SELEX. This limitation is overcomed
by Capture-SELEX method reported by Li and Colleagues in 2005 %8, Capture-SELEX utilizes
a special DNA library with a fixed domain in the center flanked by two random domains, each
of which is further flanked by primer-binding sequences. The fixed domain in the centre is
designed to be a complementary sequence for an antisense oligonucleotide biotinylated at its 3’
or 5’ prime end. This biotinylated antisense is required for the library to immobilize on the
streptavidin beads by hybridization. It is then incubated with the small molecule targets, where
the bound sequences change their conformation on recognizing the target resulting in separation

from the antisense and release in the supernatant which can be easily recovered and amplify.

Capture SELEX has been successfully used for the selection of both DNA and RNA
aptamer. DNA aptamer against aminoglycoside antibiotics **°, Penicillin G 1 and tobramycin
181 has been reported. Selection of RNA aptamers against small molecules has also been
reported 162, Recently Suess’s group has reported a successful selection of several synthetic
riboswtiches with the improvement in the original Capture-SELEX protocol . Synthetic

riboswitches against paramomycin %4 has been selected successfully by Capture-SELEX.

7) Functional SELEX:

In functional SELEX, each sequence in the library is sorted by high throughput functional
screening during each SELEX round. The SOH lab at Harvard recently reported a new method
named as particle display SELEX inspired by a technique used for virus and bacterial surface
display in protein engineering %°. This method transforms libraries of solution-phase aptamer
into single aptamer particles, each displaying many copies of a single sequence on its surface.
The affinity of every aptamer candidate sequence in a library is quantitatively measured by
Fluorescent Activated Cell Sorting (FACS) analysis individually sort by high-throughput

manner 6,

An aptamer library up to 100 million (108) sequences can be sorted out by the FACS where
the affinity of each aptamer as aptamer particles (APs) is measured individually ®" and

aptamers with higher affinity can be separated easily. The aptamer particles are synthesized by
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emulsion PCR (ePCR) where each magnetic bead contains single DNA molecule with
thousands of copies 18, After PCR, the emulsion is broken down and the pool is incubated with
protein which will be sorted out by FACS. These sorted aptamer particles are amplified by PCR
to generate enough library for next round or sequencing °6. High number of functional aptamers
with high affinity Kd have been selected through Particle display method °,

8) SELEX with modified nucleic acid libraries:

Although SELEX with natural nucleic acid has been successful due to the huge library and
structural conformations, but the unreported and unsuccessful SELEX stories are also the fact.
This result in failure of the SELEX is suspected due to the limited chemical diversity of natural
nucleic acid bases. Larry Gold and his group explored that various functional group at the 5-
position of uracil drive the SELEX successfully by selecting high affinity ligands with very low
dissociation rate constants called SOMAmers (Slow off-rate modified aptamers) with a Kd
around 30nM *7°. Ichiro Hirao and colleagues described a SELEX with the introduction of an
unnatural nucleotide with the hydrophobic base 7-(2-thienyl) imidazo [4,5-b]pyridine (Ds) in
the random DNA sequence library *'*. Upto three Ds nucleotides were incorporated in a random
sequence library which are expected to increase the chemical and structural diversity of the
DNA molecules. Aptamers selected by this method have 100 fold better Kd (0.65 pM against
VEGF)-165 and 38 pM against interferon-y) than aptamers generated by natural nucleic acid

libraries.

Recent developments in SELEX technology has implemented amino acid-like residues
into nucleic acid scaffolds (e.g., Indole, benzyl, or alkyne moieties) which are expected to
increase the diversity of the SELEX library and they are easily compatible with the polymerases
regarding amplification 12, Based on this ideology, Mayer’s group has recently reported a
Click-SELEX with the selection of an aptamer with high affinity (Kd= 18.4 nM) against Cycle
3 GFP using 5-ethynyl-2'-deoxyuridine triphosphate (EdU) in the SELEX library instead of
thymine (dT) 3. The dUTP in the library was further derivatized with the addition of Indole
by click chemistry 1’4, Recently a boronic acid-modified aptamer has been generated first time
against epinephrine by applying Click-SELEX in particle display screening 1°. All these results
shows that SELEX with modified DNA libraries can make it more versatile and flexible to

generate high affinity aptamers. Click SELEX will be discussed with detail in later chapter.

Benner and coworkers have introduced AEGIS-SELEX (artificially expanded genetic
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information system - SELEX) with a library composed of the four naturally occurring
nucleotides and two artificial nucleotides, 2- amino-8-(10-B-D-2-deoxyribofuranosyl)-
imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (P) and 6-amino-5-nitro3-(10-p-D-20-deoxyribofur-
anosyl)-2(1H)-pyridone (Z) 1. An aptamer with 30nM Kd was selected against breast cancer
cells using the AEGIS library through Cell SELEX. Moreover, they have demonstrated that the
artificial “P” and “Z” are required for the aptamer to function; removing them either decrease
or eliminates the binding affinity. Hollenstein and colleagues successfully selected a catalytic
DNAzymes using heavily functionalized DNA libraries ’’. They have reported that selection of
DNAzyme 12-91 (Dz12-91), a nucleic acid catalyst modified with amines, guanidines and
imidazole cleaves a target containing a lone ribocytosine unit with even greater efficiency as
compared to DNAzyme Dz9-86, that was selected from the same library to cleave a target
containing a single ribonucleotide *’”. This cleavage of RNA targets is independent of divalent
metal cations (M?*) 178,

High Throughput Sequencing in SELEX (HTS-SELEX)

High-throughput sequencing or Next Generation Sequencing is a method which has
replaced the traditional methods for sequencing based on the clonal sequencing methods. Since
its introduction, HTS has brought a revolution into selection of aptamers which makes us able
to solve the mysteries in black box of SELEX providing significant information about SELEX
pools by sequencing millions of sequences within no time. The most predominant
characteristics of HTS-SELEX is that it allows us to sequence the earlier rounds including the
starting library. Thus, enriched sequences are visible at a much earlier round, which made
SELEX more time efficient. Tom SOH and colleagues reported selection of an aptamer by
Microfluidics SELEX through HTS analysis with the successful selection of an aptamer in 3
rounds of selection. This aptamer binds to its target PDGF-BB protein with 3nM Kd 7°. Later
in 2012, Berezhnoy and collagues reported a selection of murine interleukin-10 receptor
blocking oligonucleotide aptamer after 5 rounds of selection by HTS analysis 8. Duconge and
colleagues have demonstrated that HTS can provide time-lapse imaging of the evolutionary
pathway that is taken by a macromolecule during in vitro selection to evolve by successive
mutations through better fitness 22, In addition, Duconge and colleagues demonstrated that
global analysis of large sequence datasets by robust bioinformatics tools (eg PATTERNITY
seq program developed by Duconge’s team) can further facilitate comprehensive
characterization of aptamers, including binding affinity and/or specificity, structure prediction,

abundance quantification and aptamer-target interactions 8! 182 Nowadays, HTS analysis has
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been extensively used in selection of aptamers with deep sequence analysis 83, HTS analysis
will be discussed with detail in next chapters.

Application of Aptamers:

1) Aptamers in Therapeutics

Since 1990, aptamers have been studied on a large scale making them an interesting tool
from selection to theranostics. The unique characteristics of aptamers provide vast potential for
therapeutic application as compared to antibodies 8. For in vivo applications, aptamers are
usually modified during SELEX or post-SELEX to avoid nucleases degradation and fast renal
clearance. Chemical modifications like 2’-fluoro, 2’-O-methyl or 2’-amino-substitutions,
introduction of locked nucleic acid (LNA) or phosphorothioate linkages (PS-linkages) and 3’-
end capping with inverted thymidine or other blocking molecules are introduced *°. Carrier
molecules such as polyethylene glycol (PEG) or cholesterol are added at the end of aptamers
which increases their half-life to several hours required for pharmacological effect 1°.

To date, 11 aptamers have been successfully entered in clinical trial as therapeutic agents
in macular degeneration, cancer, diabetes, inflammation and blood coagulation . Pegaptanib
(27 nucleotide PEGylated RNA aptamer with fluoro-modified sugar) is the first therapeutic
aptamer described to treat wet age related macular degeneration (AMD) which inhibits the
vascular endothelial growth factor (VEGF) in patients 8. Likewise E10030, a 29 nucleotide
PEGylated DNA aptamer selected against platelet-derived growth factor (PDGF) has been
reported to block the PDGF activity in angiogenesis, thereby preventing ocular vascular
diseases 187 18, ARC1905, a 38 nucleotide PEGylated RNA aptamer has been reported as a
therapeutic agent in both wet and dry AMD. ARC1905 specifically binds and inhibits the
expression of the C5 component of human complement and prevents the formation of other
complementary proteins and the membrane attack complex (MAC) responsible for retinal cell

lysis 189,

NOX-E36, a 40 nucleotide PEGylated L-RNA Spiegelmer aptamer has been reported to
treat diabetic nephropathy . Spiegelmer is the trade name of L-aptamers, and are initially
selected as D-aptamers against the enantiomer of the target ligand °* 12, These L-RNA or L-
DNA aptamers are highly resistant to nuclease degradation as they are not recognized by the
ubiquitious plasma nucleases due to their structure (figure 1.12). This makes them highly

suitable for therapeutic purposes %3, NOX-E36 strongly binds and blocks the activity of Human
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C-C chemokines Ligand 2 (CCL2), which overexpression is associated to many inflammatory
diseases %4, Similarly NOX-H94, a 44 nucleotide L-RNA aptamer has been reported to enter
in clinical trial as a third Spiegelmer. NOX-H94 blocks hepcidin-regulated ferroportin
degradation and reversed hyperferremia activity, thus can be used as a potential therapeutic
agent for the treatment of Anaemia of Chronic Inflammation (ACI) 1%.
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Figure 1.12: Struture of mirror-image nucleic acid aptamer. Aptamers are first selected as D-aptamers against the

enantiomer of the target by SELEX. After the selection, L-aptamer is synthesized which recognizes the target

molecule.

AS1411 and NOX-A12 has been reported as therapeutic agents in cancer. AS1411 is
basically a highly stable G-quadruplex (26 bases oligonucleotide) with an unmodified DNA
backbone, reported to be the first aptamer in clinical trials to treat cancer in human *°¢, Nucleolin
protein (NCL) is highly expressed on the surface of tumor cells which is involved in blood
vessel formation during tumorigenesis. AS1411 thus binds to the NCL and internalize resulting
in the destabilization of B-Cell Lymphocytes 2 (BCL2) mRNA, leading to the reduction in
synthesis of BCL2 protein and probably induce apoptosis °°. NOX-A12, a 45 nucleotide
PEGylated L-RNA aptamer is the second Spiegelmer reported to enter in clinical trial in
general, and the first Spiegelmer so far as a cancer therapeutic agent. It has been reported to
inhibit the activity of C-X-C Chemokine Ligand 2 (CXCL2) which is responsible for tumor

proliferation leading to metastasis 7.

So far, aptamers as therapeutic agent in blood coagulation (thrombosis and vascular
diseases) have been mostly reported to enter in clinical trials. Thrombin is a serine proteases
which plays an important role in blood coagulation pathway. An essential step in thrombus
formation is the conversion of prothrombin to thrombin. NU172 is the optimized form of the

first DNA aptamer selected against thrombin %, Unlike other therapeutic aptamers with
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modifications, it is 26 nucleotide unmodified DNA aptamer reported to bind and inhibit the
exocite 1 on thrombin *°. Currently NU172 aptamer is in the second stage of clinical trial.
Platelet adhesion occurs when platelet glycoprotein 1b/IX binds to von Willebrand factor
(VWEF) that has been exposed on vessel surface in atherosclerosis due to endothelial injury.
VWE plays a key role in platelet adhesion, activation and promotion of thrombosis. Asa DNA
aptamer, ARC1772 has been reported to bind the GPIb (also known as the A-1) domain of VWF
and blocks the VWF-mediated activation pathway resulting in potential inhibition of platelet
activation and pathological thrombosis 2%,

Factor 1Xa (FIXa) plays a key role in thrombin formation and therefore represents a
promising target for therapeutic development. A 31 nucleotide RNA aptamer RB006 has been
selected against FIXa from a library with 2-fluorpyrimidine modification. RB006 has been
reported to bind and impede the activity of FIXa in a dose dependant manner, thus preventing
thrombin formation. Interestingly, a 15 nucleotide modified RNA aptamer (RB007) that
functions as an antidote reverse the activity of aptamer RB006. RB006 conjugating with
cholesterol moiety 5°- end was tested in vivo with the antidote RB007. The aptamer RB006
increased the activated partial thromboplastin time reliably in a porcine model anticoagulation
while the antidote RB007 reversed the activity rapidly 2°%. This RBO06/RB007 is currently in

clinical trial 2°2,
2) Aptamers in Diagnostics

A few years ago, antibodies were considered the only molecules that were appropriate for
accurate target detection or quantification, because of the specific interaction between an
antibody and an antigen. However, the development of SELEX has enabled the discovery of
new molecules whose major characteristic is based on the specificity of the target's recognition.
As true rival of antibodies, aptamers have developed a wide field of application in the field of
diagnosis due to their inherent properties of high specificity and stability as compared to

antibodies 203 204,
Aptamer in Biomarker detection:

As discussed earlier that aptamers are highly stable and binds to its target receptor with high
specificity. Due to these properties aptamers are in competition with antibodies as standard
diagnostics for the detection of proteins in biological fluids. In 1996, after few years of aptamer
discovery; NeXstar introduced an ELISA-like test called ELONA (Enzyme-Linked

41



OligoNucleotide Assay) 2%°. VEGF was immobilized with an antibody and detected via a
fluorescein-bearing aptamer at the 5 'end. This fluorescein was then recognized by a secondary
antibody leading to a chemoluminescent reaction. The results obtained by ELONA were
reproducible and similar to those obtained by ELISA. It is important to note that the actual
detection in this study was provided by an enzyme conjugated to the anti-fluorescein antibody
responsible for chemoluminescence. Later in 2006, Kiel’s group introduced another detection
assay known as Aptamer-Linked Immobilized Sorbent Assay (ALISA). They demonstrated the
feasibility of ALISA detection method via a comparative study with ELISA 2%, Both these
detection methods led to an idea of using aptamer as aptasensors (aptamer biosensor) which is
one of the major application of aptamers in diagnostics 2°7 2%, These aptasensors can be
constructed through a variety of methodologies, including electrochemical aptasensors 2%,
fluorescence based optical aptasensors 2'°, colorimetric-based optical aptasensor 2! and nano

aptasensors %2,
Slow Off-Rate Modified Aptamers (SOMAmMmers)

Aptamers are negatively charged molecules and isolating an aptamer to a negatively
charged protein is highly difficult. To overcome such challenges, Larry Gold and his colleagues
developed slow off-rate modified aptamers (SOMAmers) 22, SOMAmers consist of a short
single-stranded DNA sequence that incorporates a series of modifications that give the
SOMAmer “protein-like” appendages. To generate SOMAmMmers, 5-position of uracil is
functionalized with different protein-like moieties (e.g., benzyl, 2-napthyl or 3-indolyl-carboxamide).
These features expand the chemical diversity of standard aptamers and enhance the specificity
and affinity of protein-nucleic acid interactions. Importantly, SOMAmers engage their protein
targets with surfaces that have significantly more hydrophobic character compared with
conventional aptamers, thereby increasing the range of epitopes that are available for binding.
Gold et al. has demonstrated that SOMAmers with modified library isolated high affinity
aptamers in comparison to the non-modified library *’°. During selection of SOMAmers, the
main pharmacological parameters optimized was the off rate (dissociation rate more than 30
mints) to minimize the non-specific binding. This led a revolution in aptamer based multiplex
proteomic technology in biomarker discovey ?*4. Somalogic founded by Larry GOLD, recently
developed SOMAmMmers based biomarker discovey platform known as SOMAscan which has the
ability to detect and quantify more than 1,300 proteins (aiming for 5000 proteins detection in
future) simultaneously from a small volume (50 pL) of clinical sample 2%°. Moreover, it can

easily detect a protein signature down to 40 fM concentration 21, SOMAscan has been used to
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discover trace biomarkers for variety of diseases including Alzheimer’s disease 2’ tuberculosis

218 cardiovascular disease %1, inflammatory bowel disease ?2° and non- small cell lung cancer
221

Aptamers in In vivo Imaging:

The molecular weight of aptamers, between 8 and 14 kDa, much lower than that of
antibodies (150 kDa), is a serious advantage in terms of tissue penetration and rapid elimination.
These two parameters are essential when it is desired to use a molecule in imaging. Due to ease
modification on aptamers, they can easily be conjugated with number of detector molecules for
in vivo Imaging. These include: luminescent nanocrystals 222, fluorescently functionalised
quantum dots 222 and radiolabelling of the aptamer % 224, Several aptamers have been tested so
far as molecular probes in different imaging methods, including magnetic resonance imaging
(MRI), positron emission tomography (PET), single photon emission computed tomography
(SPECT), X-ray computed tomography (X-ray CT), and fluorescence imaging. Here in this
section, we will discuss about few aptamers which were validated by above mentioned in vivo

imaging methods.

The DNA aptamer NX21909 selected against human neutrophil elastase was the first
aptamer used in biomedical in vivo Imaging 2%°. This molecule was isolated from a random
DNA library, on which a small reversible inhibitor of elastase was conjugated. In an in vivo
imaging study of inflammation in rats, this aptamer showed inhibitory properties in reducing
inflammatory lesions in rats 2% and was radiolabeled with technetium 99 (**™TC) 227, In parallel,
an anti-elastase anti-body, immunoglobulin G (IgG), usually used to visualize inflammatory
sites in vivo, served as a control. The aptamer and the antibody were delivered by intravenous
injection 4h after the onset of inflammation in the forelimb. Encouraging results from this
experiment demonstrated that aptamers appear to offer significant advantages over antibodies
in terms of signal to noise due to faster clearance reducing the signals corresponding to the

background noise.

Many aptamers have been successfully used for the imaging of tumor cells. An RNA
aptamer F3B selected against matrix metalloproteinase 9 (MMP-9) successfully demonstrated
high tumor uptake than a control oligonucleotide in SPECT imaging ®. For this purpose, F3B
aptamer was fully modified with 2'0OMe-Purine/2'F-Pyrimidine and the biodistribution was
evaluated by radiolabelling either with **™"Tc-MAG or 1 "DOTA after 30, 60 and 120 minutes

post injection. Significant tumor targeting was observed with both labels but it was interesting
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to see that there was a difference in the biodistribution which demonstrated that labelling of
specific radiotracers highly influenced the biodistribution of aptamers. In vivo fluorescent
imaging was also performed with F3B in melanoma cancer . For this purpose F3B aptamer
and control sequence were labeled with Cyanine 5 (Cy5) fluorophore. Dorsal images were
acquired 1h after i.v. injection of 100 pL of Cy5-F3B-aptamer or Cy5-control-sequence (1to 5
nmole) into mice bearing human melanoma tumor. Mice were sacrificed at 1h post injection
and tissues of interest (kidneys, liver, brain, spleen, heart, lungs bone, skin muscle, digestive
tract and tumor) were imaged. Fluorescence imaging of the tumor tissues revealed a moderate

signal in the tumor for F3B-Cy5 as compare to Control-Cy5 sequence.

Similarly Jacobson and colleagues evaluated a DNA aptamer selected against tenascin-C
by PET imaging in mice bearing a subcutaneous tumor xenograft. For this purpose, the aptamers
was labeled with 8F or 54Cu radiotracer 226, A scramble sequence was used as a negative
control. In this study they have demonstrated that the tenascin-C aptamer provided clear
visualization of tenascin-C—positive but not tenascin-C—negative tumors. Furthermore, in
tenascin-C positive tumors, the uptake of tenascin-C aptamer was significantly higher than that

of control aptamer.

Imaging of cancer cells by aptamers are also being studied by Magnetic Resonance Imaging
technology (MRI). Currently MRI is one of the most powerful imaging methods for living
organisms with high spatial resolution and non-invasion. It uses strong magnetic fields, electric
field gradients, and radio waves to generate images. In MRI, contrast agents for accurate
diagnosis i.e. T1-positive paramagnetic agents and T2-negative super paramagnetic
nanoparticles have been developed as contrast agents. Yang et al. evaluated aptamer AS411
conjugated Mnz0,@SiO- core—shell nanoprobes (NPs) in human cervical carcinoma tumor-
bearing mice by MRI 22°, In this work they have demonstrated that AS1411 aptamer-conjugated
MnsO4@SiO;, core-shell NPs successfully target accumulation in tumour sites 22°, They have
further reported that NPs doesn’t show any in Vivo toxicity which advocates their usage safely

for long term body tracking.
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Thesis Aims and Objectives:

Aptamers have been selected successfully by a process called SELEX since three decades.
These ligands have a unique property that lies in their ability to adopt a three-dimensional
conformation specific to the targeted molecule. One of the features of the SELEX method is
the wide variety of targets against which this strategy can be applied. Indeed, a starting library
is composed of millions of unique sequences that adopt different structures, so it is considered
that within this library at least one structured molecule adapted to the shape of any target is
represented. So far, aptamers have been selected against bacteria, viruses, small metabolites,
proteins, peptides, cells and even in tissues of living organism. Aptamers with modified bases
have also been selected against different targets as highly versatile molecules. During my thesis,
I mostly focus on the selection of DNA aptamers against various targets as a biomarker in

metastatic melanoma.
The basic aim of the thesis are following:

1) Selection and characterization of DNA aptamer against Discoidin Domain Receptor 1
(DDR1).

2) Selection and characterization of DNA aptamer against Discoidin Domain Receptor 2
(DDR?2).

3) Selection and characterization of DNA aptamer against Human Matrix
Metalloproteinase 14 (HMMP14).

The basic objective of this thesis is to select specific aptamers as theranostics agents. Moreover,
given the interest that imaging aptamers can bring, their use as a molecular probe in imaging
has been considered for a moment. For this purpose we aim to perform an MRI with DDR1

selected aptamers conjugated with Silica nanoparticles in the near future.
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Chemicals and Reagents:

Mostly DNA libraries and aptamers were synthesized by Eurofins at a scale up to 200
nmoles while some of them were synthesized in our lab at 1umole scale. For PCR amplification,
Go-Taqg Polymerases (Promega), Gold Taq, Phusion Polymerases and DMSO (Thermo fisher
Scientific), Hot-Star Polymerases for NGS (Qiagen), Primers (Eurofins) and dNTPs
(Eurogentec) were purchased. Lo-Bind tubes used for experiments were purchased from
Eppendrof. The lambda Exonuclease reagents were purchased from New England Bio labs. The
chemicals Agarose, Tris, Tris-HCI, Sodium Hydrogen Phosphate, Sodium Chloride, Sodium
Bicarbonate, Sodium Acetate, Sodium Sulphate, EDTA, THPTA, Sodium Ascorbate, Ethyl
Acetate, Potassium Chloride, Potassium Hydrogen Phosphate, Sodium Chloride, APS,
Bromophenol Blue and Xylene Cyanol FF in solid form and Reagents PBS, Chloroform:
Isoamyl alcohol (24:1), Phenol pH 8, Acrylamide 30%, DMF, Ammonium Hydroxide,
Formamide 99.5% and 2-propanolol in solution form were purchased from Sigma. Reagent
solutions SDS 20%, Glycerol 100%, TBE 10X, TG-SDS 10X, TEMED and Ethidium Bromide
were purchased from Euromedex. Reagents MgClz, Glucose, Potassium Sulphate, Potassium
Hydroxide were purchased from Fluka while Urea in solid form and Acrylamide/ Bis-
Acrylamide 40% (19:1, 37.5:1 and 75:1) solutions were purchased from Biosolve Chimie.
EtOH Absolute from VWR International, Tween 20 from Amresco and DPBS 1X from Gibco
were purchased as well. The nuclease-free water and competitors tRNA, BSA (Sigma) and

Herring Sperm DNA (Promega) used during SELEX were purchased from Sigma Aldrich.

The Recombinant Histidine tagged extracellular Domain of DDR1 and DDR2 were
purchased from Elabsciences and Creative BioMart as a solution in sterile PBS pH 7.4
containing 5% Trehalose, 5% mannitol, and 0.01% Tween-80. These proteins were dissolved
in water upon delivery. Recombinant GST, HMMP2 and HMMP14 proteins were purchased
from Abcam and Prospec as a solution in sterile PBS pH 7.4 containing 10% Glycerol solution.
All proteins were aliquoted and stored at -80°C upon delivery. The Ni-NTA Agarose Magnetic
beads were purchased from Qiagen while the Dynabeads M-280 Streptavidin Beads were
purchased from Invitrogen. The Nitrocellulose membrane filters of 0.2 pm and 0.45 pm pore

sizes were purchased from Millipore.
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Synthesis of Library

Different libraries were used to perform SELEXs against different receptors. The libraries

were either purchased from Eurofin at the synthesis scale up to 0.2 umole or synthesized in our

lab at 1 umole scale. Libraries purchased from Eurofin were purified by HPLC while those

libraries synthesized in our lab were purified using polyacrylamide 10% gel as discussed below

in this chapter. All the libraries were synthesized with forward and reverse primers for

amplification purpose. The detail about libraries are given in Table 2.1.

Name

Sequence 5'-3'

SELEX Library A

GCC TGT TGT GAG CCT CCT GTC GAA — N30 - TT GAG
CGTTTATTCTTGTCT CCC

Forward Primer (P5)

GCC TGT TGT GAG CCT CCT GTC GAA

Reverse Primer 5°-

Phosphate (P3 5’-P)

[PHOS] GGG AGA CAA GAA TAA ACG CTC AA

Reverse Primer Heavy
(P3AIC12)

ACT GAC TGA CTG ACT GAC TA - C12 - GGG AGA CAA
GAA TAA ACG CTC AA

SELEX Library B

GCC TGT TGT GAG CCT CCT GTC GAA — N40 - TT GAG
CGTTTATICTTGTCT CCC

Click-SELEX Library

CAC GAC GCA AGG GAC CAC AGG —N42 -CAG CACGAC
ACC GCA GAG GCA
N=dA:dG:dC:EdU =1:1:1:1

Forward Primer (P1)

CAC GAC GCA AGG GAC CAC AGG

Reverse Primer (P2)

[PHOS] TGC CTC TGC GGT GTC GTG CTG

Reverse Primer Heavy
(P2AIC12)

ATA TAT ATA TAT ATA TAT AT-C12- TGC CTC TGC GGT
GTCGTGCTG

AptaBeacon Library
(1-30)

GAC GCA CGG ACG GAC TGA GCAJIVV VWV VVV VWV
VVV VVV VVV VVV VWV VWV - GAC CGG AGC GAG GCA
GGC AGG

Random region contains 1T and 29 V (V=A, G, C).
Whereby T is sitting in each position once for each library

Heavy Primer

AptaBeacon Forward | GAC GCA CGG ACG GAC TGA GCA

Primer

AptaBeacon  Reverse | [PHOS] CCT GCC TGC CTC GCT CCG GTC

Primer

AptaBeacon  Reverse | ATA TAT ATA TAT ATA TAT AT-C12- CCT GCC TGC CTC

GCT CCG GTC
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SELEX DDR1 Doped
Library (C25)

gec tgt tgt gag cct cct gtc gaa — TAG AGT GGG TGT ACA TTA
CT GTA CTA CT -ttg agc gtt tat tct tgt ctc cc

A:76% A, 8% T, 8% C, 8% G
T:76% T, 8% A, 8% C, 8% G
C:76% C, 8% A,8% T, 8% G

G:76% G,8% A, 8% T,8% C

SELEX DDR2 Doped
Library (C2.2)

gcc tgt tgt gag cct cct gtc gaa— GCC ATC CCG TCA GTC TCA
GTC ACCTCA TTG GTG TCG TCG-ttg agce gtt tat tct tgt ctc
cc

A:85% A, 5% T,5%C, 5%G
T:85% T, 5% A, 5% C, 5% G
C:85%C, 5 A,5%T, 5% G
G:85% G, 5% A, 5% T, 5%C

SELEX DDR2 Doped
Library (C2.3)

gcce tgt tgt gag cct cct gtc gaa — TAT CAC CCC GTC AAG TCA
GTCAAGGITTAGTTGTGTCG TGC G-ttgagc gtt tat tct tgt
ctc cc

A:85% A, 5% T, 5% C, 5% G
T:85% T, 5% A, 5% C, 5% G
C:85%C, 5 A,5%T, 5% G
G:85% G, 5% A, 5% T,5%C

Table 2.1: List of oligonucleotides.
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Buffer:

Buffer Composition Storage
Cell-SELEX Binding | 1 liter of DPBS contains 4.5 g glucose, 100 mg
Buffer 1X tRNA, 1 g BSAand 1 M MgCl; soc
Cell-SELEX Washing | 1 liter of DPBS contains 4.5 g glucose and 1 M
Buffer 1X MgCl2
4°C
Phosphate Buffer 137 mM NaCl, 2.7 mM KCI, 10 mM NaHPOs, 1.76
Saline (PBS) 1X mM KH2PO4
4°C
Protein-SELEX PBS 1X (137 mM NaCl, 2.7 mM KCI, 10 mM
o Na;HPO3, 1.76 mM KH2PO4) + MgCl, 1 mM,
Binding Buffer ) 4°C
Herring Sperm 10 ug/mL and BSA 1 ug/mL.
Protein-SELEX PBS 1X (137 mM NaCl, 2.7 mM KCI, 10 mM
) Na;HPO4, 1.76 mM KH2PO4) + MgCl. 1 mM.
Washing Buffer 4°C
PBS- Tween 20 137 mM NaCl, 2.7 mM KCI, 10 mM NaHPOs, 1.76
Buffer 1X (PBS-T) mM KH2POzand 0.005 % Tween 20 soc
TBE Buffer (10X) 890 mM Tris, 890 mM Boric acid, 20 mM EDTA.
H 8.0
P 25°C
TB-Mg Buffer (10X) | 890 mM Tris, 890 mM Boric acid, 10 mM MgCl..
H 8.0
P 4°C
TG-SDS Buffer (10X) | 250 mM Tris, 1.92 M Glycine and 1% SDS 25°C
Agarose Loading 1 mL Agarose Loading Buffer 5X contains 500 uL
Buffer (5X) Glycerol 100%, 250 puL TBE 10X, 150 pL H20O and soc

100 pL Bromophenol Blue 0.1%.
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Formamide Loading | 10 mL of FLB contains 9.8 mL Conc. Formamide
Buffer FLB (5X) (99.8%), 200 ul EDTA 0.5 M pH 8.3, 0.25 mg soc
Xylene Cyanol and 0.25 mg Bromophenol Blue.
Native PAGE 1 mL Native Loading Buffer 5X contains 500 pL
] Glycerol 100%, 250 puL TB 10X, 150 puL H20 and 100
Loading Buffer (5X) 4°C
uL Bromophenol Blue 0.1%.
Laemmli Buffer (5X) | 300 mM Tris-HCI pH 6.8, SDS 10%, Glycerol 50%,
SDS-PAGE B-mercaptoethanol 25% and 0.04% Bromophenol 20°C
Blue
Extraction Buffer 100 mL TENaCI buffer 1X contains 1 mL Tris-HCI
TENaCIl 1X 1AM pH 7.5, 500 uL NaCl 5M, 200 uL ETDA 0.5 M oc
and H20 gs. 100 mL
Lambda Exonuclease | 67 mM Glycine-KOH, 2.5 mM
Reaction Buffer (1X)
MgCl,, 50 pg/m BSA, pH 9.4 -20°C
0.005% (w/v) Stains-All 0.1% stock, 10% (v/v)
o ) Formamide, 25% (v/v) isopropanol, 15 mM Trizma -
Staining Solution 4°C
HCI, pH 8.8 and 65% (v/v) H.0

Table 2.2: List of Buffers and Reagent Solutions

Systematic Evolution of Ligands by Exponential Enrichment (SELEX):

Systematic Evolution of Ligands by Exponential enrichment is a combinatorial method used
to select an aptamer against the target molecule with high affinity and specificity 1. SELEX
and its types have been discussed in chapter 1 with detail. Here in this chapter we will discuss

about the SELEX methods used to select aptamer against different receptors during the thesis.
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Magnetic Beads Based SELEX

Ni-NTA Magnetic Agarose beads from Qiagen were used to immobilize the histidine tagged
proteins for selection and counter selection steps in SELEX to generate aptamers targeting the
protein biomarker. These Ni magnetic beads were 20 pum in size. First the binding capacity of
the Ni-NTA Magnetic Agarose beads were determined against the histidine tagged proteins
through SDS-PAGE 2%

Ni-Beads Protein binding capacity analysis by SDS PAGE

SDS-PAGE analysis was performed to analyze the Ni-NTA agarose beads binding capacity
for histidine tagged DDRL1. For each analysis, 3 tubes (protein lo-bind 1.5 mL eppendrof) were
prepared with 10 puL of Ni-NTA beads having binding capacity up to 2 mg/ml suspension (5%)
in each tube. The beads were washed 3 times with 10 uL of PBS 1X Buffer. To the tubes,
Histidine tagged DDR1 (5 pmoles, 15 pmoles and 45 pmoles) in buffer PBS 1X were added
respectively for immobilization. The mixture was then incubated for 1 hour at 5rpm in the rotor
at RT. After the incubation, the supernatant was transferred to new tubes respectively named as
supernatant (S1 for 5 pmoles, S2 for 15 pmoles and S3 for 45 pmoles respectively) by applying
magnet. For elution of protein, 20 uL of Imidazole 500mM (maximum conc.) into PBS 1X was
added to the tubes. The mixture was then incubated for just 30 seconds at RT followed by
immediate recovery of the supernatant by applying magnet. These eluted samples were
transferred to new tubes named as E1, E2 and E3 respectively. 5 uL of Laemmli Buffer 5X
was then added to each tube and loaded in the SDS-PAGE gel for electrophoresis. A protein
marker of 0.5 pg was also loaded in one well of the gel to validate the size of proteins. An SDS-
PAGE analysis performed to determine the Ni-NTA Agarose beads binding capacity for
histidine tagged DDR1 is given in Figure 2.1. This experiment demonstrated that 5 pmoles of
histidine tagged DDR1 was fully loaded on 10 pL of Ni-NTA beads as there is no trace of
protein left unbound in the supernatant (S1). While with 15 pmoles of DDR1, 10 uL of Ni-NTA
Agarose beads are highly saturated and a part of the histidine tagged DDR1 left unbound to the
beads in the supernatant (S2). So based on this experiment, we decided to load 10 pmoles of
histidine tagged DDR1 on 10 pL of Ni-NTA Agarose beads during SELEXs. The SDS-PAGE
protocol is described later in detail in paragraph (2.11.4). Similarly, the loading capacity of Ni-
NTA agarose beads for histidine tagged DDR2, HMMP2, HMMP14 and GST were also
analysed by SDS-PAGE. The determined loading capacity against 10 uL of Ni-NTA Agarose
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beads is 10 pmoles for DDR2, 15 pmoles for HMMP2, 15 pmoles for HMMP14 and 50 pmoles
for GST respectively.

Figure 2.1: SDS-PAGE gel. SDS-PAGE result of protein binding capacity of Ni-NTA Agarose beads. In this

image, M corresponds to protein marker while S1, S2 and S3 correspond to the supernatant and E1, E2 and E3

correspond to the eluted sample of 5 pmoles, 15 pmoles and 45 pmoles DDR1-H respectively.

Preparation of ssSDNA Library in Magnetic beads based SELEX:

In Magnetic-Beads based SELEX as shown in Figure 2.2, we started the SELEX with an
ssDNA pool having a number of 10 sequences. The starting amount of the library was used
different for each target as discussed in their respective chapters. In order to ensure correct
folding of the candidates, the ssDNA library was firstly denatured at 75°C for 5 minutes
followed by immediate cooling for 10 minutes on ice (4°C). After folding, the Protein SELEX
binding buffer (1X final conc.) was introduced to the pool to make the folding stable and to
perform the SELEX.

Immobilization of histidine tagged Proteins on Ni-NTA beads:

To immobilize the histidine tagged proteins on Ni-Beads, 10 uL of beads were washed three
times with 20 uL PBS-T 1X. Each time the supernatant was removed. Once the beads were
washed, we incubated the required amount of protein with the beads for 1 hour at 5 rpm on the
rotor at RT to immobilize the protein on beads for SELEX. After immobilization, the
supernatant was removed and the beads were washed with 20 uL PBS 1X buffer to remove

every trace of unbound protein. The amount of Ni-beads was determined according to their
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binding capacity to specific proteins, thus the washing and immobilization volume can vary
depending on the amount of beads.

Counter Selection Step in Magnetic beads based SELEX:

During SELEX, for the counter selection step, the prepared ssDNA pool was introduced
with the protein of non-interest immobilized on Ni magnetic beads and incubated at RT on the
rotor at 5 rpm. Once the incubation was done, the non-binding sequences present in the
supernatant were recovered by applying the magnet while bound sequences were discarded.
With this recovered supernatant containing sequences of interest, we further performed another

counter selection or selection.
Selection Step in Magnetic beads based SELEX:

During the selection step to select an aptamer against the target protein, the required amount
of target protein was first immobilized on Ni-Beads for 1 hr at RT on the rotor at 5 rpm. After
the immobilization, the beads were washed once with 20 uL PBS 1X to remove every trace of
unbound target protein (if any). The supernatant recovered from the counter selection part was
introduced with the target protein immobilized on the Ni Beads. The mixture was incubated for
specified time at RT at 5 rpm on the rotor. After incubation the supernatant containing non-
interested sequences were discarded while interested sequences bound to the target protein were

recovered as described later.
Washing Step in Magnetic beads based SELEX:

After selection step, the Ligand-protein complex was washed in order to remove the non-
specific and the low binding candidates (Candidates with bad Kd) to select candidates with only
better Kd. The washing was performed by PBS-Mg 1X. The number and time of washing was

increased as the rounds proceeded in SELEX.
Elution Step in Magnetic beads based SELEX:

During selection step, the sequences of interest bound to the protein resulted in complex
formation. In order to break the complex and to recover the interested candidates, an elution
step was introduced. For this purpose, 100 uL of DNAse free water was added to the tube

followed by heating at 75°C for 1 minute. The complex was broken and the candidates were
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released in the supernatant due to heat shock. These candidates were recovered and amplified
by PCR (described later in this chapter) to get enough library for next round or analysis.

The Magnetic Beads based SELEX is well described in Figure 2.2.

ssDNA Library
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Figure 2.2: Magnetic Beads Based SELEX. An ssDNA library is first incubated with the negative protein for

counter selection. The recovered sequences are then incubated with the target proteins. After washing, the bound
sSDNA sequences are eluted by heating. The eluted ssDNA sequences are then amplified by PCR. The PCR
products are separated into ssDNA for the next round of selection. Finally the enriched library with aptamer

sequences are analysed by High throughput sequencing to select aptamer candidates.

Nitrocellulose membrane based Filtration SELEX:

Unlike other SELEXs performed earlier, the bound and non-binding sequences were
separated by filter membranes in filtration SELEX *2°. For this purpose we used nitrocellulose
membrane filters (HAWP, Millipore) which compose of a mixture of acetate and nitrocellulose
having a pore size of 0.45um '?°. As this membrane retains the protein and the molecules

associated to it, we can it use to separate the binders and non-binders.
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Activation of Nitrocellulose membrane:

In order to avoid non-specific retention of oligonucleotides, nitrocellulose membranes were
treated in alkali solution 2. The NC membrane was first activated in KOH 0.5M at 25°C for
20 minutes followed by 3 times washing with distilled H.O. Membranes were then washed once
with 100mM Tris-HCI, pH 7.5 and stored in the same buffer at least for 45 minutes at 4°C
before using it. The sSSDNA is not retained while protein-DNA complex is efficiently retained
by alkali washed filters.

Preparation of ssDNA Library in Filtration SELEX:

The amount of the sSDNA library was varied based on the SELEX against different targets.
The library was denatured at 75°C for 5 minutes followed by immediate cooling for 10 minutes
on ice (4°C). After folding, the Protein SELEX binding buffer (1X final conc.) was introduced
to the pool to make the folding stable and to perform the SELEX.

Counter Selection step in Filtration SELEX:

The first step consists of washing the NC membrane by 1 mL PBS-Mg 1X to remove the
traces of Tris-HCI (storage buffer for NC membranes). For counter selection, the required
amount of negative protein in PBS-Mg 1X was first put on the NC membrane and the buffer
was sucked by applying vacuum. This resulted in retaining the protein on the NC membrane.
This NC membrane containing the fixed negative protein on its surface was then cut into small
pieces. NC membrane pieces were then incubated in 1.5 mL effendrof DNA Lo-Bind tubes with
the ssDNA library for 20 minutes at RT. The unbound sequences in the supernatant were then

recovered for selection.
Selection Step in Filtration SELEX:

The selection step is based on incubation in solution for selection. For this purpose, the
ssDNA library was incubated with the target protein in solution at RT for 30 minutes. This
mixture was then passed through the activated NC membrane by applying vacuum. Since the
NC membrane has a property of protein retention, the complex were retained on the membrane
while the non-binders were passed through the NC membrane. Before performing selection
step, the NC membrane was first washed with 1 mL PBS-Mg 1X.
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Washing step in Filtration SELEX:

In order to get rid of the low binding molecules, the washing step with PBS-Mg 1X was
introduced. For each washing, a suction vacuum was applied to suck the buffer. The volume
and time of washing varied from round to round in each SELEX process and is described in
their respective chapters. Once the washing was done, the filter was recovered and cut into very
small pieces. It was then transferred to 1.5 mL DNA Lo-Bind tubes for extraction.
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Figure 2.3: Filtration based SELEX. An ssDNA library is first incubated with the negative protein fixed on NC

membrane for counter selection. The recovered sequences are then incubated with the target protein and interested
and non-interested sequences are separated by using NC membranes. The bound ssDNA sequences which are
retained on the NC membrane along with target protein are extracted by Phenol: Choloroform. The extracted
ssSDNA sequences are then amplified by PCR. The PCR products are separated into ssSDNA for the next round of
selection. Finally the enriched library with aptamer sequences are analysed by High throughput sequencing to

select aptamer candidates.
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Extraction of ssDNA sequences in Filtration SELEX:

The ssDNA sequences were extracted by Phenol: Chloroform extraction method 232, For
extraction of interested sSDNA sequences from the NC membrane, 500 uL mixture of phenol
pH 8/Urea 7 M (1/1, V/V) was added to the pieces of NC membrane and heated at 65°C for 20
minutes by shaking at 13000 rpm using thermomixer. The mixture was then centrifuged at
13400 rpm for 1 minute at RT. After centrifugation, the supernatant (500 uL) was recovered
and treated with a 500 puL mixture of Chloroform: Iso-Amyl alcohol (24:1). It resulted in the
separation of membrane debris in the organic phase (down) leaving the isolated sequences in
the aqueous phase (up) 2. The aqueous phase containing the sequences was then recovered
and transferred in a new tube. It was then precipitated by Ethanol (details is mentioned later in

this chapter) and later dissolved in 100 uL H20.

This matrix was amplified by PCR to prepare a library for next round as mentioned later in
this chapter. A detailed overview of the Filtration SELEX is given in Figure 2.3.

Cell SELEX:

Cell SELEX was performed against DDR2 expressing HUVEC Cells 2** to select aptamers
targeting DDR2. Total two rounds of Cell SELEX were performed in the Cross-Over SELEX
against DDR2. The 1% round of Cell SELEX was performed with 2.5 million cells while the 2™
round was performed with 1 million cells. A western blot assay was performed by our

collaborators to demonstrate the expression of DDR2 specifically by HUVEC cells (Figure 2.4).
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Figure 2.4: Western Blot analysis of DDR1 and DDR2 expression. Western blot results provided by Saltel’s

group demonstrates that both DDR1 and DDR2 are highly expressed in A375 melanoma cells while MDA-MB-

231 breast adenocarcinoma cells expresses DDR1 and HUVEC cells expresses DDR2 specifically.
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Cell Culture for Cell SELEX against DDR2:

For cell SELEX, the cells were prepared and provided by Saltel’s group. HUVEC cells were
maintained in Endothelial Cell Growth medium 2 with supplement Mix (Promo Cell, C22011).
These HUVEC cells were generated with stable overexpression of DDR2. For this purpose,
these cells were infected twice in 2 days with lentiviral particles expressing DDR2 at a
multiplicity of infection (MOI) of 5.

Preparation of ssSDNA library in Cell SELEX:

The total volume of the ssDNA library used during selection was 1mL as described by a
method paper published by Tan group 1%. For this purpose the required ssDNA library was first
prepared in 360 puL Cell SELEX Binding Buffer 1X. It was then denatured by heating at 95°C
for 5 minutes followed by immediate cooling at 4°C for 5 minutes. Then 640 pL of Cell SELEX
binding buffer 1X was added to make the volume 1 mL.

Selection step in Cell SELEX:

The selection step of cell SELEX was performed against HUVEC cells expressing DDR2
receptors. For this purpose the cells were prepared in petri dish. The confluence was above
90%. Before the selection step, the cells were washed with 2 mL of Cell SELEX washing buffer.
For Selection, the library in 1 mL of selection buffer was incubated with the cells for 30 minutes
at RT. After incubation, the supernatant containing non-interested sequences was discarded.
The cells were then washed with washing buffer with 2 minutes of washing time in each
washing step. The number and volume of washing was varied in 1% and 2" round of cell SELEX
against DDR2 as described in Chapter 4.

Extraction of bound ssDNA sequences from Cells:

After washing the cells, 500 uL of DNase-free water was added to the cells. The surface of
the petri dish was scrapped to collect the cells containing bound sequences. These scrapped
cells were transferred to 1.5 mL DNA LoBind tubes followed by heat shock at 95°C for 5
minutes which resulted in the dissociation of the complex. The supernatant containing the
candidates were recovered after centrifugation for 5 minutes at 14000 rpm. This eluted matrix
was concentrated by decreasing the volume up to 100 uL and later amplified by PCR to get

enough ssDNA pool for next round. The overview of Cell SELEX is given in Figure 2.5.
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Figure 2.5: Cell SELEX. An ssDNA library is incubated with target cell. After washing, the bound ssDNA are

extracted by heat shock at 95°C. After centrifugation, the supernatant containing the eluted ssDNA is collected

and amplified by PCR. The PCR products are separated into ssDNA for the next round of selection. Finally the
enriched library with interested sequences is analysed by High throughput sequencing to obtain aptamer

candidates.

Click-SELEX

For a SELEX against HMMP14 target, a Click-SELEX 2% was performed. For this
purpose a library of 42 nucleotide random window flanked by 21 nucleotide primers was used
(Table 2.1). The Thymidine (dT) in the random window was replaced with 5-ethynyl-2'-
deoxyuridine triphosphate (EdU) bearing alkyne function at position C5 of the pyrimidine. This
EdU bearing synthetic library was further modified by azide bearing Indole though CUAAC
reaction. The library was then used for Click SELEX. A detailed discussion about Click
SELEX is given in Chapter 6, but in this Chapter we will just discuss the methods we used
during Click-SELEX.

Synthesis of the Click library

For Click-SELEX, the 42N window library with primers was synthesized at 1 pmole scale

in our lab by using the EdU phosphoramidite instead of regular thymidine in the mix of 4
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nucleotides for the random window synthesis. This library was deprotected by heating in
NH4OH solution as described later in this chapter. The size and synthesis purity was analysed
by 20% Polyacrylamide Gel Stains-All. The library was then purified by polyacrylamide 6%
denaturant PAGE and extracted by electro-eluter Biorad followed by desaltation using G10
sephadex column). The samples were then precipitated by EtOH and recovered in DNase-free
water. Finally the purity of library was analysed by 20% Polyacrylamide Gel Stains-All.

Deprotection of Oligonucleotides

The synthesis of oligonucleotides in our lab was based on a solid support synthesis by the
phosphoramidite method on DNA synthesizer 3%, Thus the oligonucleotides were synthesized
in 3’ to 5’ direction on CPG support by using phosphoramidite monomers protected with 4-tert-
butyl phenoxy acetyl. After synthesis the supports were transferred to 1.5 mL eppendrof tube
and 1 ml of 37% NH4OH solution was added for deprotection. The suspension was then heated

at 55 ° C for 5 hours in the thermo mixer by mixing it at 1000 rpm.

After deprotection, the sample solution was mixed well by vortexing it followed by a
centrifugation at 13400 rpm for 1 minute. The supernatant containing oligonucleotides was
transferred to a new 1.5 mL tube. The CPG pores were rinsed thrice with 150 uL DNase-free
water followed by centrifugation at 13400 rpm for 30 seconds. After each rinsing, the
supernatant was transferred to the new tube of oligonucleotide. The solution was then
evaporated in speed vac evaporator overnight at RT. The oligonucleotides were then dissolved

in DNase-free water and the concentration was measured by using UV spectrophotometry.

Synthesis of 3- (2-azidoethyl) -1H-indole7

C1o0H10N4
MW = 186,218 g.mol*
Rf : 0,3 (Pentane/(CH2Cl2/AcOEt 1/1) = 9,5/0,5 v/v)
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1 g of 3- (2-bromoethyl) -1H-indole (4.46 mmol) and 0.32 g of sodium azide (4.9 mmol)
are dissolved in 10 mL of anhydrous DMF and stirred under argon at 80 °C. The progress of
the reaction is monitored by thin layer chromatography. The reaction mixture is subjected to
liquid-liquid extraction with ethyl acetate and saturated NaCl water. The solvent is evaporated
under vacuum and the crude reaction product is purified on a silica column (eluent 95% pentane
/ 5% dichloromethane / Ethyl acetate 1/1). After evaporation of the solvent, the compound is
obtained in the form of a yellow oil (m = 0.56 g, p = 67%) (75MHz, CDClIs) & (ppm) : 136,42 ;
127,33 ;122,71 ; 122,37 ; 119,74 ; 118,79 ; 112,25 ; 111,67 ; 51,81 ; 25,20 (Figure 2.6).
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Figure 2.6: NMR spectroscopy of 13C.

CLICK reaction

The Huisgen reaction was performed to modify the EJU with addition of azido Indole
through Copper Assisted Azide/Alkyne Coupling following described protocol in literature 2%,
For this purpose, 100 uL of Cu (I) catalyst solution was first prepared by addition of 70 pL
DNase-free water, 4 uL THPTA (100 mM), 1 pL copper sulphate (100 mM) and 25 pL of
Sodium Ascorbate (100 mM). The three solutions were freshly prepared for each reaction. This
mixture was then put for 10 minutes at room temperature to allow the reduction of copper.

During this time, 90 pL reaction mixture was made by adding 10 pL of azide solution (10 mM
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in DMSO), 10 pL of phosphate buffer (100 mM, pH 7) and 70 pL of DNA (500 pmoles)
containing EdU (thymidine analog). The click reaction was performed in 100 pL total volume
i.e. (10 pL of catalyst solution + 90 pL of reaction mixture) with an incubation of 1 hour at 37
°C, 800 rpm.

The medium was then desalted on the G25 column (Sephadex®), in which 100 pL of the
reaction is stamped on 900 uL of the resin before centrifuging for few minutes at 4000 rpm.
The column is rinsed by addition of 100 puL of water and centrifugation. The filtrates are
recovered and passed on a Nanosep 10K column. The oligonucleotide is recovered on the
membrane by adding 50 puL of water and its concentration is determined by UV spectrometry.

Polymerase Chain Reaction Amplification

Optimization of PCR amplification of the SELEX Library:

In SELEX, the sequences of interest are amplified by PCR to obtain a library for next round
of selection. Since PCR is one of the main and critical steps in SELEX, it must be optimized
for the progress in SELEX through the enrichment of interested sequences. The number of
cycles in PCR needs to be optimized in order to avoid any by product formation during PCR,
which will highly influence the evolution in SELEX 2%, Before performing SELEX, we
amplified the library to optimize the number of cycles of PCR required during SELEX. We
performed the PCR amplification of the SELEX libraryA (table 2.1) with Tagq and Phusion
Polymerases. Initially 1 pmole of library was amplified in total 100 uL of PCR Volume.

After PCR amplifcation, 4 uL of the amplified pool mixed with 1uL of agarose loading dye
5X were loaded in 3% agarose gel. The gels were visualized under UV. The results show that
with the above mentioned PCR protocols, 20 cycles of PCR were enough to amplify the
sequence in case of both high fidelity (Phusion) and low fidelity (Taq) polymerases, as the gel
image in Figure 2.7 B and 2.8 B demonstrate that there was no formation of any dimers/by

products.
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Following protocol was adapted to perform PCR with the polymerases respectively

PCR amplification with Tag Polymerases:

Reagent Volume (1000 uL)
PCR Buffer 10X 10 uL
MgCl; 25 mM 8 uL
DMSO 100% 5uL
dNTPs 20 mM 1uL
Forward Primer 100 uM 1pL
Reverse Primer 100 uM 1pL
DNA pool 1uM 1pL
Taq polymerase 5 U/uL 2 uL
H20 g.s 100 pL

kg
95°C  95'C - dsDNA
3 min 1 min |
1]
m

1 Cyele 20 Cycles 1 Cpile

¥ sgaroue

Figure 2.7: PCR amplification of SELEX libraryA with Tag Polymerase. A= The PCR was performed by Taq
polymerases where initial denaturation was 3 mints at 95°C followed by 20 cycles of PCR (denaturation 1 mint at

95°C, annealing 30 secs at 65°C and extension 1 mint at 72°C). The final extension was performed for 10 minutes
at 72°C and cooled down at 12°C. B= Agarose 3% gel analysis of the PCR product of SELEX libraryA with 0.5
ug of DNA ladder (L). C= picture of Gene Ruler ultra-low range DNA ladder taken from thermo fisher website.
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PCR amplification with Phusion Polymerases:

Reagent Volume (100 uL)
PCR Buffer 5X containing 7.5 mM MgCl: 20 uL
DMSO 100% 5uL
dNTPs 20 mM 1 uL
Forward Primer 100 uM 1pL
Reverse Primer 100 uM 1pL

DNA pool 1uM 1pL
Phusion polymerase 2 U/uL 1ulL
H20 g.s 100 pL
e 8 72°C 72°C
3 min (30 se
30 secs| 5 min
55°C
40 secs
12°C
1 Cycle 20 Cycles 1 Cycle B
A

Figure 2.8: PCR amplification of SELEX libraryA with Phusion Polymerase A= The PCR was performed by

Phusion polymerases where initial denaturation was 3 mints at 98°C followed by various no of cycles of PCR
(denaturation 30 secs at 98°C, annealing 40 secs at 55°C and extension 30 secs at 72°C). The final extension was

performed for 5 minutes at 72°C and cooled down at 12°C. B= Agarose 3% gel analysis of the PCR product of
SELEX library A.
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PCR amplification of SELEX rounds:

During SELEX, the initial rounds were mostly amplified by low fidelity Tag polymerases
while the last rounds were mostly amplified by High fidelity Phusion Polymerase. As the eluted
volume was 100 uL for all SELEX methods, we performed a PCR in accordance to 100 uL
PCR volume for each 10 pL of eluted matrix. Since in the first round of SELEX, the bound
sequences have a single copy so we decided to amplify the full eluted volume i.e. 100 uL. For
this purpose, PCR was performed in 1000 pL total volume. While for the proceeding rounds
we amplified only 90% of the eluted volume in 900 pL total volume of PCR. The other 10% of

the eluted pool was stored to evaluate the SELEX rounds by In vitro Fluorescence Assays.

Preparation of ssDNA strands

In SELEX, PCR is one of the main steps in order to get more copies of evolved candidates.
Since the PCR products are double stranded DNA so we needed to separate the sense strand
from the antisense to use it as a library for next round of selection in SELEX. There are many
types of strand separation methods available in the literature 2*® depending on the type of PCR

performed.
Purification by PAGE 12%

Separating the strands of PCR products by using PAGE gel is one of the well-known
methods used during SELEX 2. Since the migration is based on the number of phosphate
groups present in the compound, we needed different number of bases in sense and antisense
strand. For this purpose, we used a large reverse primer i.e. 5-ACT GAC TGA CTG ACT GAC
TA-C12-reverse primer-3” while performing the PCR. This antisense strand had 20 bases
extended with a C12 linker attached to the normal antisense strand. Since the PAGE gel is a
denaturing gel, the strands were separated resulting in faster mobility of the sense strand as
compared to the large antisense strand during electrophoresis. The sense strand was then

recovered from the gel.
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Exonuclease Digestion of antisense strand:

Production of single-stranded DNA templates by exonuclease digestion following the
polymerase chain reaction has upgraded SELEX technology #°. Lambda Exonuclease
selectively digests the 5 -phosphorylated strand of dsDNA in 5'— 3 direction 2**. For this
purpose, phosphate was added to the 5° position of the antisense strand into the dSDNA by using
the 5-phosphorylated reverse primer during PCR.

For Exonuclease digestion, Native-PAGE was first performed to optimize the time and
quantity of Lambda Exonuclease needed to digest specific amount of the antisense strand
completely (Figure 2.9). The dsSDNA PCR product of SELEX libraryA was first treated by
Nanosep 10K column for the removal of dNTPs. For this purpose, the membrane of Nanosep
10K was first activated by adding 500 uL DNAse free H,O (maximum limit) following a
centrifugation at 5000 g for 10 minutes. The filtrate was discarded and 500 pL of dSDNA was
then added to the tube and centrifuged again at 5000 g for 30 minutes. Once the centrifugation
was done, the dsDNA retained on the membrane of Nanosep 10K was recovered by dissolving

it into 100 pL of H20 and the concentration was measured by UV Spectrophotometry.

50 pmoles of dsSDNA amplified pool were then incubated with 5U of Exonuclease enzyme
for digestion in 100 pL total volume which contains dsSDNA 50 pmoles, 10 uL of Exonuclease
buffer 10X, 1 uL Exonuclease enzyme 5U/uL and H20 g.s 100 puL. These mixtures were then
separately incubated at 37°C for 10, 15 and 20 minutes followed by an immediate heat shock
at 80°C for 10 minutes to denature the enzyme. These sample were then again treated with
nanosep 3K to remove the enzyme and buffer salts by centrifugating at 13400 rpm for 30
minutes. The candidates were recovered in total 20uL volume each sample. For native PAGE
analysis, 5 pL of native loading dye was added to all samples and loaded in native PAGE as
discussed in paragraph 2.11.3. 25pmoles of 77bp ssDNA (SELEX libraryA) and 50 pmoles of
amplified dsDNA of SELEX libraryA without exonuclease lambda treated were loaded

separately.
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Figure 2.9: Electrophoretic Mobility Shift Assay (EMSA) gel Image: EMSA with 15% Polyacrylamide gel to
analyse the digestion capacity of Lambda Exonuclease. The following samples were loaded in the gel. Lane 1=
25pmoles of ssDNA SELEX libraryA, Lane 2= 50 pmoles of dsDNA of SELEX libraryA without Exonuclease
digestion, Lane 3=50 pmoles of dsDNA of SELEX libraryA treated with Exonuclease for 1 . Lane 4=50 pmoles
of dsDNA of SELEX libraryA treated with Exonuclease for 10 minute. Lane 5=50 pmoles of dsDNA of SELEX

libraryA treated with exonuclease for 20 minutes.

As shown in the Figure 2.9, the antisense strand of 50 pmoles of dsSDNA was partially
digested by 5U of exonuclease lambda in 10 minutes, while in 15 minutes it was fully digested.
It is also demonstrated that there is no observed effect of exonuclease lambda on the sense

strand upon incubation for 20 minutes at 37°C.

Based on the above demonstration, during SELEX the strand separation by lambda
exonuclease enzyme was performed in 200 uL total volume for 20 minutes at 37°C. For this
purpose, the amplified pool was first concentrated by using 10K nanosep column as mentioned
earlier. Another reason to use the 10K nanosep column was to remove all dNTPs presented in
the amplified pool. Later the dsDNA pool was recovered in 100 pL total volume and
concentration was determined by UV spectrophotometry. The dsDNA pool was then incubated
with exonuclease enzyme for digestion in 200 pL total volume containing 100 uL of dsDNA
solution, 20 uL of exonuclease buffer 10X, volume of exonuclease enzyme 5U/uL required to
digest at 1U/10 pmoles of dsDNA and H2O g.s up to 200 pL. The incubation was done at 37°C
for 20 minutes followed by an immediate heat shock at 80°C for 10 minutes to denature the
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enzyme. This sample was then again treated with nanosep 3K to remove the enzyme and buffer
salts by centrifugating at 13400 rpm for 30 minutes. The ssDNA retained on the membrane of
the nanosep tube was then recovered into 50 puL water and sample concentration was measured

by UV spectrophotometer and analyzed by agarose gel 3%.
Passive Elution of Oligonucleotides

After purification of PCR amplified SELEX libraries by denaturing PAGE, we extracted
them from the polyacrylamide gel through passive elution 2*2. For this purpose, we cut the
interested band in the gel into small pieces and put in 1.5 mL DNA-Lo bind eppendrof tube
along with 1 mL of TENaCl Extraction buffer and heated it at 65°C for 90 minutes. The
extracted ssSDNA sequences were then separated from the gel by using Spin-X centrifuge tube
with a cellulose acetate membrane of 0.45 um pore size. For this purpose the gel containing
buffer was transferred to the Spin-X tubes followed by centrifugation at 13400 rpm for 15
minutes. The filtrate containing the sSDNA sequences was collected. This filtrate was then
precipitated by adding 3X volume cold EtOH 100% and 1/10" volume of NaOAc 3 M followed
by an incubation at -20°C ON. The solution was then centrifuged at 14000 rpm for 30 minutes
at -4°C. As a result of this centrifugation, the oligonucleotides form a pellet. The supernatant is
then discarded and the pellets were further washed with 200 uL of 70% EtOH following a
centrifugation at 14000 rpm for 10 minutes. The supernatant was discarded and the
oligonucleotides were dissolved into 100 uL. H20 and sample concentration was measured by

UV spectrophotometry and analyzed by agarose gel 3%.
Electro Elution of Oligonucleotides

For oligonucleotides synthesized in our lab at umole scale, we performed an electro elution
method to extract the oligonucleotides from the polyacrylamide gel. This experiment was
performed by using an electro eluter from Bio-Rad which was electrically connected to the
Apelex electrophoresis for power supply and VWR magnetic stirrer used for electro elution.
For electro elution, initially the electro-eluter membrane green cap with a cut off of 3K was

activated.
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Figure 2.10: Electro-elution of oligonucleotides. A= A glass tube fixed with Silicon adapter with an activated

membrane cap at its lower end. The gels pieces are in the glass tube with Buffer TBE 0.5X. B= an image taken
from Bio-Rad website which shows that the glass tubes containing gel pieces are fixed on the Bio-Rad electro
eluter with 0.5X TBE filled in both upper and lower part. During electro elution, the oligonucleotides are extracted
from the gel and move downwards towards the positive electrode. It passes the frit and gets trapped in the silicon

adopter. It is then recovered from the silicon adapter.

For this purpose, the membrane was put into 15 mL falcon tube containing TBE 1X buffer
and heated at 65% for 90 minutes in the thermo-mixer. The apparatus was assembled in a way
that a glass tube of 10 mm size was blocked at its lower end by Bio-Rad electro-eluter Frits
Model 422. This glass tube was fixed in a silicon adapter with lower end fixed by the activated
green membrane cap. The gel pieces were then transferred to this glass tube and fixed on the
Bio-Rad electro-eluter as shown in Figure 2.10. The upper and lower part of the Bio-Rad
electro-eluter was filled with TBE 0.5X and the experiment was run for 30 minutes at 10 mA
current with constant stirring by magnet at 260 rpm which is required to force the
oligonucleotides to cross the frit and trap inside the silicon adapter. Polarity was reversed for
30 secs. The solution inside the silicon adapter containing the trap oligonucleotides was then

recovered and concentrated by vacuum for desaltation.
Desaltation of ssDNA Oligonucleotides

After passive elution, the oligonucleotides were desalted by using Nanosep tubes by PALL
which have pore size of 10K as described earlier. The oligonucleotides were recovered in 100
uL DNase free water which were then precipitated by adding 3X volume cold EtOH 100% and
1/10" volume of NaOAc 3 M followed by an incubation at -20°C ON. The solution was then
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centrifuged at 14000 rpm for 30 minutes at -4°C. As a result of this centrifugation, the
oligonucleotides formed a pellet. The supernatant was then discarded and the pellets were
further washed with 200 uL of 70% EtOH following a centrifugation at 14000 rpm for 10
minutes. The supernatant was discarded and the oligonucleotides were dissolved into 100 pL
H>O and sample concentration was measured by UV spectrophotometer and analyzed by
agarose gel 3%.

After electro elution, the oligonucleotides were first concentrated in 100 uL and desalted
by using gel filtration resin G10 Sephadex. For this purpose G10 solution of 20% (w/v) in
milliQ water was prepared and stored ON at 4°C. 1 mL of G10 solution was then added to a 2
mL Syringe having a piece of fiber glass cotton at its lower end to retain the solution in the
syringe. The syringe was then centrifuge at 4000 rpm for 2 minutes which resulted in the
condensation of G10 sephadex inside the syringe while the water was filtered out of the syringe.
The oligonucleotides solution was added to the syringe and centrifuged at 4000 rpm for 20
minutes. The filtrate containing the oligonucleotides was recovered and the concentration was

measured by UV spectrophotometer.
UV Spectrophotometry

The concentration of DNA was measured by UV spectrophotometer (Denovix®, DS-11).
The instrument was first calibrated with water and blanked according to the protocol suggested
by the provider. The absorption of light was measured ranging from 220 nm to 340 nm

wavelength for DNA samples. The concentration was then measured by Beer-Lambert Law
A = gbc
Where,

A is absorbance (no unit), ¢ is the molar absorptivity (L mol™* cm™), b is the path length of the

sample (cm) and c is the concentration of the sample (mol L™?)
If b= 1cm
C=A260/¢260

Here Axeo is the absorbance of DNA sample at 260 nm absorption wavelength and &0 is the
molar absorptivity of the DNA bases calculated as
€ = (15400*A + 11700+ G + 7500 C + 9200 +T) = 0.88.
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Gel Electrophoresis:
Agarose Gel Electrophoresis

Agarose gel electrophoresis is extensively used in separating DNA by size for visualization.
Agarose gel electrophoresis uses an electrical field to move the negatively charged
oligonucleotides through an agarose gel matrix towards a positive electrode. Shorter
oligonucleotides migrate through the gel more quickly than longer ones. Thus, we determine
the approximate length of a DNA fragment by running it on an agarose gel alongside a DNA
ladder. Furthermore, the ethidium bromide present in the gel binds to the DNA and gives

fluorescence for visualization.

We used 3% (w/v) agarose gels to analyze the DNA molecules especially for the PCR
validation. For this purpose 3 g of agarose was mixed in 100 mL of TBE 0.5X. This mixture
was heated in microwave at 500W until the agarose particles dissolved and then cooled down
at RT for few minutes. 0.5 ug/mL of ethidium bromide was then added to the suspension. It
was then poured in a cassette with a comb and solidified at RT for 30 minutes. The comb was

then removed and gels were stored in TBE 0.5X until used.

For electrophoresis, DNA samples were mixed with Agarose loading buffer (1X final) and
loaded into the gel with DNA ladder as a control. The gel was run into 0.5X TBE buffer with a
voltage of 100 V. The running time depends on the length of the sample. Once the
electrophoresis was done, the gels were anlayzed under UV of 100 milli secs in G-BOX syngene
as the gel was supplemented by ethidium bromide, which binds to DNA and gives fluorescence

with an excitation at 525 nm wavelength.
Denaturant Polyacrylamide Gel Electrophoresis:

Denaturant PAGE is used to purify the oligonucleotides. Polyacrylamide gels of 6%, 8%
and 10% and 12% were used based on the nucleotide length of the samples (PCR
products/Synthesized oligonucleotides) for their purification (Table 2.3). For this purpose,
required percentage of gel was prepared by mixing a solution of 20 % of Polyacrylamide
solution containing 7 M Urea and a solution of 0 % of Polyacrylamide solution containing 7
M Urea in TBE 0.5X. APS 0.01% and TEMED 0.001 % were also added before casting the gel.
The gels were made in 100 mL falcon and then poured on the glass plate of 35 cm length. A

comb of required size was fixed inside the gel and let it polymerized. After polymerization, the
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gel along with glass plates was fixed on gel electrophoresis chamber and both upper and lower
parts were filled with TBE 0.5X. The gel was preheated for 20 minutes with 12W power.
Samples were then loaded with formamide loading buffer (FLB) 1X final. Electrophoresis was
performed at 20W power for a specific time based on oligonucleotide length. The FLB
contained DNA trekker blue dyes which is needed to track the DNA migration. After enough
migration, the current was stopped and the gel was analyzed under UV 280nm wavelength with

a silica plates. The interested band was marked and cut into pieces for elution.

PAGE 70 mL 6% 8% 10% 12%
Acrylamide 20%, 7M Urea 21 mL 28 mL 35 mL 42 mL
Acrylamide 0%, 7M Urea 48.23 mL 46.23 mL 34.23 mL 32.23 mL
APS 10% 700 pL 700 pL 700 pL 700 pL
TEMED 70 uL 70 uL 70 uL 70 uL

Table 2.3: Polyacrylamide Gel Percentages for PAGE purification.

In our lab we also used denaturant PAGE 20% to analyze the DNA samples as sometimes
highly structured oligonucleotides show irregular migration in agarose gel electrophoresis. For
this purpose we used 20 mL of Polyacrylamide 20% solution in TBE 0.5X containing 7 M Urea.
0.01% APS and 0.001 % TEMED were also added before polymerization. For polymerization,
the gel of 1mm was casted in glass plates of 15 cm length. A comb was also fixed in the gel to
make wells of equal size for loading. 1 pg of oligonucleotide samples were loaded with 10 puL
of FLB loading dye along with a reference oligonucleotide. Experiments were run at 12W
power. After migration the gel was shifted to staining tray where it was stained with stain-all

solution at RT until the bands were visualized with naked eyes.
Native Polyacrylamide Gel Electrophoresis

Native PAGE electrophoresis was performed to evaluate the digestion capacity of
oligonucleotides by lambda exonuclease. For this purpose, 15% polyacrylamide gel was
prepared in 50 mL (50 mL of Polyacrylamide Solution contained 37.5 mL Polyacrylamide 20%
in TBE 0.5X, 11.95 mL of TBE 0.5X, 500 uL of APS 10% and 50 uL of TEMED). The gel was
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polymerized in glass plates of 15 cm length for 1 hour at RT. A comb was also fixed in the gel
to make wells of equal size for loading. The gel was preheated for 20 minutes at 300 volt. 20
uL of samples were loaded with 5 puL of Native Loading dye 5X in the specific lanes of the gel
with the continuation of current. The gel was run for 2 hours at 300 volt. After enough
migration, the gel was transferred to the staining tray and stained by Stains-all solution. After

staining the bands were visual with naked eye.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE):

The SDS-PAGE was performed using Protein Electrophoresis Equipment by BIO-RAD to
evaluate the binding capacity of the Ni-NTA agarose magnetic beads with His-tagged proteins.
For this purpose 1 mm glass castes were used for the gel thickness. The SDS PAGE gel in a
single electrophoresis run had two parts i.e. Stacking gel and Running gel. The percentage of
gels and the concentration of reagents in the gels are given in table 2.4. The running gel of 10%
was first prepared into a 15 mL falcon tube and poured into the glass castes fixed on the stand
for polymerization. 1 mL propanol was added immediately into the glass castes soon after
pouring the gel to label the gel before it polymerized. Stacking gel was poured on the running
gel once it was solidified and then a comb of 1.0 mm thickness was fixed inside the stacking

part of gel and let it solidify.

Gel Running Percentage 10% Gel Stacking Percentage 5%
H20 1.983 mL H20 2.1 mL
Acrylamide 30% 1.667 mL Acrylamide 30% 500 ul

Tris 1.5M, pH 8.8 1.25 mL Tris 1M, pH 6.8 380 pL

SDS 10% 50 pL SDS 10% 30 uL

APS 10% 50 pL APS 10% 30 uL
TEMED 2 uL TEMED 3uL

Table 2.4: Running and Stacking Gel reagents and percentage for SDS-PAGE.
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To all protein samples of 20 uL, Laemmli 5X buffer 5 uL was added. The samples were
first denatured at 95°C for 2 minutes and loaded into the gel. 0.2 pug of protein marker was also
added in the side well of the gel as a control. The electrophoresis was run at 100 Volt for 2
hours in TG-SDS buffer 1X.

Silver Staining of protein in SDS PAGE gel:

After electrophoresis, the gel was stained by silver staining according to the protocol
suggested by GE Health Care. Reagent solutions i.e. Fixing Solution, Sensitizing Solution,
Silver Solution, Developing Solution and Stop Solution were made by using the chemicals
provided in the Staining Kit (Table 2.5). First, the proteins in the gel were fixed by adding 80
mL of fixing solution to the gel with an incubation of 10 minutes at RT. The gel was then
incubated with 80 mL of Sensitizing solution for 10 minutes at RT. It was then washed 4 times
with 80 mL of H.O with 4 minutes each washing. Then it was treated by 80 mL of Silver
Solution for 10 minutes at RT in dark followed by 2 immediate washings with 80 mL of H.O
for 1 minute each washing. After the washing, the developing solution was introduced to
visualize the protein bands for 1-5 minutes (until the bands were exposed well). Once the bands

were exposed, the bands development was stopped by putting stop solution.

Reagent Solutions Composition per 80 mL

Fixing Solution 24 mL EtOH absolute + 8 mL Glacial acetic acid + 48 mL H.O

24 mL EtOH absolute +3.2 mL Sodium thiosulphate (5% w/v)
+ 5.44 g of Sodium Acetate + add 0.4 mL glutardialdehyde

Sensitizing Solution
(25% wiv) before use.

Silver Solution 8 mL Silver nitrate solution 2.5% w/v + 72 mL H,0

Developing Solution 2 g of Sodium carbonate + 80 mL H.O + add 0.05 mL

formaldehyde 37% wi/v before use

Stop Solution 1.168 g of EDTA-Naz.2 H20 into 80 mL H20

Table 2.5: List of Reagent Solutions used in Silver Staining
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In vitro Fluorescence Assay

An in vitro fluorescence assay was performed for the analysis of aptamers. For this purpose
the aptamer candidates were purchased from Eurofins with fluorescence attached at the 5° prime
end. The experiments were performed in 1.5 mL DNA Lo-bind tubes. For this assay 1 nM final
concentration of fluorescent labeled candidates were incubated with recombinant protein of
desired concentration in buffer PBS-Mg 1X with 50 pL total volume. The candidates were
firstly denatured at 75°C for 5 minutes followed by immediate cooling for 10 minutes on ice
(4°C). A binding buffer PBS-Mg 1X final conc. was then added to the candidates and incubated
with the desired concentration of proteins for 30 minutes at RT. After incubation the fraction
of bound and unbound sequences were separated by using NC membrane of 0.45 um pore size.
For this purpose the NC membrane was first activated with KOH as described earlier. This
resulted in retaining the protein on the membrane with sequences bound to the protein while
the unbound sequences passed through the membrane into the filtrate as shown in Figure 2.11.
The filtrate containing the unbound portion of the candidates was recovered and transferred to
Quartz Cuvette of 3 mm Lightpath window to measure the fluorescence spectrum by Horiba
Fluoromax 3" generation spectrofluorometer. For this purpose the excitation of the fluorescent
labeled candidates was adjusted at respective excitation wavelength and the emission spectrum
was measured in the range of 50 nm wavelength window. The bandwidth for both excitation
and emission spectrum measurement was adjusted at 5nm. The fluorescence intensity (a.u) at
high emission wavelength was taken into account and calculated against the control fluorescein
concentrations without protein which were also passed through the NC membrane in the same
way. The difference was then calculated as Binding percentage with the formula B% = (1 —
(F/Fo)) * 100 where “F” stands for the fluorescence intensity of the filtrate of candidates
(unbound portion) incubated with protein while “Fo” is the fluorescence intensity of the
candidates without incubation with protein. Further detail about in vitro fluorescence assay is

discussed in Chapter 3 with an example of fluorescein labeled candidates.
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Figure 2.11: In vitro Fluorescence Assay scheme. The fluorescence labeled candidates (spring shaped) were

initially incubated with the protein (pink dots) in 1.5 mL lobind tube. After incubation the solution was then passed
through the NC membrane (yellow). The complex was retained on the NC membrane while the unbound sequences
were passed in the filtrate. The filtrate was then recovered to measure the fluorescence intensity by Fluoromax

spectrofluorometer. The figure was taken from Creative-Biomart website and modified.

a) Invitro Fluorescence Assay for the selected candidates from DDR1 SELEX1:

The selected candidates from DDR1 SELEX1 were first analyzed by in vitro fluorescence
assay. Fluorescein (FAM) was attached on the 5' prime end of the candidates to measure the
fluorescence intensity. The in vitro fluorescence assay was performed with 1 nM of the FAM
labelled candidates against 50 nM of DDR1 as described in Figure 2.11. As the candidates are
labelled with FAM at 5’ prime, the excitation spectrum was fixed at 490 nm wavelength while
the emission spectrum was scanned from 500 nm to 550 nm wavelength. The bandwidth for
both excitation and emission was fixed at 5 nm. FAM labelled candidates with 1 nM conc.
passed through the NC membrane were used as a control for fluorescence intensity. All the
experiments were performed in triplicate. After the experiment, the data was converted in MS
Excel format and the fluorescence intensity at 515 nm A was considered to calculate the binding

percentage of candidates against DDRL1 protein.
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b) In vitro Fluorescence Assay of Aptamer C25

In order to validate the specificity of C25 aptamer, an in vitro fluorescence assay was
performed with 1 nM of FAM labeled C25 against 50 nM of DDR1 as target protein while
DDR2 and GST as negative proteins. The reason to use DDR2 as a negative target was to make
sure that Aptamer C25 binds specifically with DDR1 and not with DDR2 since there is a
sequence homology of almost 60% between these two targets as described earlier in Chapter 1.
As a control, 1 nM of FAM labeled C25 aptamer into 50 pL passed through NC membrane was
used. The experiment was performed as described in figure 2.11. As mentioned earlier, the
emission spectrum of fluorescein at 515 nm A was taken into consideration for evaluation. All

the experiments were performed in triplicate.
Real time PCR for Quantitative Analysis

gPCR was monitored with the increase in fluorescence intensity of green dye SYBR, which
intercalates with the dSDNA (amplicon) and fluoresces. The increase in fluorescence intensity
of SYBR is proportional to the increase in amplicon concentration corresponding to each
amplification cycle. The graphical plot of fluorescence vs. cycle number is displayed with the
background (control) or baseline (ARn). Then a threshold of fluorescence is set manually within
the linear of amplification for all plots but above the baseline. The cycle number at which the
amplification plot crosses this level of threshold fluorescence is called threshold cycle (Ct)
(Figure 2.12). Ct is correlated to the initial concentration in the starting amplicon concentration

i.e. the more concentrated samples have earlier Ct value than the lower concentrated samples.
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Figure 2.12: Amplification plot of C25 aptamer. Amplification plot of five serial dilutions i.e. 10%(black),

107(pink), 10%(red), 10°(green) and 10'°(blue) sequences of C25 Aptamer. All experiments were performed in

triplicate.

The gPCR experiments were performed by Rotor-Gene Qiagen real-time PCR machine with
Rotor-Gene Q Software analysis and monitoring. The final volume of all g°PCR samples for
calibration curve was 12 pL which contains 6 pL of Go Taqg Master Mix 2X (final 1X), 1.66 uL
of Aptamer solution, Forward and Reverse Primer each 0.12 pL of 100 uM (final 1 uM )and
4.1 pL of nuclease free water. The gPCR parameters were as follows: initial denaturation for
10 minutes at 95°C, cycling for 30 seconds at 95°C, 15 seconds at 65°C and 20 seconds at 72°C
by repeating 40 times followed by the final step at 72°C for 5 minutes. The melting curve
analysis was performed from 72°C to 95°C with a rising of 1 degree Celsius in each step. The
waiting time for pre melt condition was 90 seconds in the first step and 5 seconds in each
proceeding steps. A standard calibration curve was also performed using C25 full length
aptamer with a series of dilution starting from 1.66e10*® moles (1e10° sequences) to 1.66e10°
¥ moles (1e10*° sequences) (Figure 2.12). The calibration curve generated will be discussed in

chapter 3.
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gPCR analysis of C25 aptamer

Real time PCR or gPCR has been used in the selection and characterization of aptamers °7,
Real time PCR was performed to validate the binding specificity of C25 against its target
DDR1. In this experiment DDR2 was used as a negative target. For this purpose C25 aptamer
was first denatured by heating at 75°C for 5 minutes followed by immediate chilling at 4°C for
10 minutes. After preparation of the C25 pool, 50 pM of C25 aptamer was incubated with 50
nM of DDR1 or DDR2 in total 50 puL volume with a buffer PBS-Mg 1X. The binding and non-
binding fraction was separated by using NC membrane as discussed in Figure 2.11. The filtrate
containing the non-binding fraction was recovered and 3.32 pL of 10X dilution from each
filtrate was used for gPCR analysis of C25 aptamer. 10X dilution of 50 pM C25 aptamer without
incubating with protein passed through the NC membrane was used as a control. The final
volume of all gPCR samples was 12 pL. which contains 6 puL of Go Taq Master Mix 2X (final
1X), 3.32 uL of filtrate solution recovered after the experiment, Forward and Reverse Primer
each 0.12 uL of 100 uM (final 1 uM )and 2.44 uL of nuclease free water. The gPCR parameters

were same as described earlier.
High-throughput Sequencing

High-throughput sequencing or Next Generation Sequencing is a method which has replaced
the traditional methods for sequencing based on the clonal sequencing methods. Since its
introduction, HTS has brought a revolution into selection of aptamers, providing significant

information about SELEX pools by sequencing millions of sequences within no time 8%,
DNA Pool generation for lllumina High-throughput Sequencing

HTS was performed on Illumina instrument available at CEA, Saclay France or ICM (Pitie-
Salpétriere, Paris). For HTS, the ssDNA products from specific rounds of SELEX were
amplified by PCR using forward and reverse primers containing adapters suggested by the
platform performing HTS. In addition each reverse primer contains different 6 base sequences
index which is required to differentiate the samples for analysis. The PCR was performed in
200 uL for all samples by using Hot-Star Taq polymerase by Qiagen (Table 2.6). All PCR
reactions were performed in Sensoquest labcycler PCR machine following the programme

mentioned in Figure 2.13.
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Composition Volume (pL)

Hot Star Buffer containing dNTPs 5X 40
Forward Primer 100 uM 2
Hot Star Tag Polymerase (2,5 U/pl) 2
Reverse Primer (Index) 100 pM 2
ssDNA (1 pM) 2
H20 152
Total 200

Table 2.6: Reagent composition of PCR for High Throughput Sequencing.

95°C
10 min

1 Cycle

95°C

30 secs

72°C
30 secs
63°C
1 min
20 Cycles
A

bp
72°C
10 min |
50
12=C
1 Cycle

Figure 2.13: PCR amplification for High Throughput Sequencing. A= The PCR performed by Hot star polymerases

for NGS where initial denaturation was 10 mints at 95°C followed by 20 cycles of PCR (denaturation 30 secs at

95°C, annealing 1 mint at 63°C and extension 30 secs at 72°C). The final extension was performed for 10 minutes
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at 72°C and cooled down at 12°C. B= Agarose 3% gel analysis of the NGS PCR product with 0.5ug of DNA
ladder. C= Gene Ruler ultra-low range DNA ladder.

After PCR, the size and quantity of the amplified products were validated by 3% agarose
gel. For this purpose we used 4 uL of amplified product, along with 4 uL of water and 2 uL of
Agarose loading buffer 5X. The samples were loaded into the gel along 0.5 pg of the DNA
ladder as a reference. The gel was run for 40 minutes at 100V in TBE 0.5X. The bands were
then analyzed in G-BOX Syngene under UV (Figure 2.13B). The samples were then sent to the
platform where it was purified by 3% agarose gel and recovered by passive elution in TE-NaCl
buffer 1X. All eluted samples were then precipitated by ethanol and dissolved in water. The

samples were then sequenced by Illumina.
Bioinformatics analysis of DNA Sequences:

For the SELEX against HMMP14 with naive DNA library, HTS analysis was performed by
the platform. For this purpose after illumina sequencing, the HTS data was de-multiplexed and
recovered in FASTQ format by bcl2fastq conversion software suggested by Illumina. In order
to analyze the sequences, the FASTQ files were processed by a special software
PATTERNITY-SEQ %2 developed by MIRCen at Francos Jacob Institute of Biology, Paris
France(http://jacob.cea.fr/drf/ifrancoisjacob/english/Pages/Departments/MIRCen/Platforms.as

px?TypeChapitre&nuMero=6). The adapter sequences and primers were removed from each

sequence in order to analyze the only variable regions. Then, sequences that contained at least
one base with a quality score (Q) below 30 were removed before being saved in a FASTA
format. This quality score can be converted to a probability of error (P) using the formula P =
10("919). Thus, the recovered sequences contain bases with a potential probability of error
below 0.001 (1 in 1000). For clustering, first the frequency of each sequence in different
libraries was calculated. The threshold of frequency was adjusted to 0.001%. This means that
sequences which has a threshold frequency above 0.001% was recovered for analysis. These

sequences were then clustered into families using the Levenstein edit distance of 6.
For other described SELEXSs, the HTS analysis was performed in our lab. For this purpose

after sequencing by Illumina, the HTS data was demultiplexed and provided in FastQ files for

further analysis. The analysis was performed with following procedure.
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)] Trimming 3’
Cutadapt software was used for the trimming of the adapters and primers used for sequencing
243
All the sequence bases after the random window at 3’ were truncated by cutadapt 1.11 with

python 2.7.10.
2)  Trimming 5’

All the sequence bases before the random window at 5 were truncated by cutadapt 1.11 with

python 2.7.10.
3) Optimization of Random Window length

The random window was further optimized by removing all the sequences that were either
shorter or longer than the original window length by cutadapt 1.11 with python 2.7.10. For this
purpose, In the analysis of SELEX libraries with 30 nucleotide random window, all sequences
with random window less than 27 or more than 32 were removed. While for SELEX libraries
with 40 nucleotide random window, sequences shorten than 37 and longer than 42 nucleotides
were removed. Similarly for SELEX libraries with 42 nucleotide random window, sequences

shorter than 39 and longer than 45 nucleotides were removed.
4) Counting of Sequences:

The sequences were counted by FAST Aptamer software. FAST Aptamer toolKit is an open
source collection of scripts developed by “The Burke lab” at Missouri US. FASTAptamer
seamlessly performs many of the first-stage, sequence-level tasks that are common to all
SELEX methods independent of the SELEX technology. It processes FASTQ formatted
sequencing data, counts sequence frequency, ranks and sorts by abundance, clusters sequences
based on a user-defined Levenstein edit distance and calculates fold-enrichment (change in
genotypic frequency across populations) 8. In our case we performed Sequence counting and
clustering by using FASTAptamer. The sequences were evaluated on the basis of their presence

in the pool as reads per million (RPM).
5) Clustering of Sequences:

Sequence  clustering was performed to make a non-redundant set of
representative sequences. These sequences were then sequentially clustered in families using

FASTAptamer with a Levenshtein distance of 7 (i.e. sequences with no more than 7
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substitutions, insertions or deletions). In order to analyse only evolved and enriched sequences,
the data was filtered by removing all those sequences which had less than specific reads per
million in the clusters (in discussion part). This task was performed by using a software BBMap,
which is a splice-aware global aligner for DNA and RNA sequencing reads.

The HTS analysis for each SELEX has been discussed in their respective chapters. After
analysis, the data converted into text file. It was then exported to excel files. The clusters were
ranked according to their presence in the pool. The presence of the sequences were ranked based
on reads per million (RPM). Sequence with highest RPM in the cluster was considered as the
representative of the cluster.

Structural analysis of DNA Sequences by mfold:

Secondary structure analysis of all selected sequences was performed online by using mfold
(http://unafold.rna.albany.edu/?q=mfold). mfold predicts the folding and hybridization of the

sequences and gives ensembles of structures based on the average minimum free energy (AG)
which reflects the stability of each structure 2**. Based on mfold predicted structures, the
selected aptamers were truncated.

Aptamer with primers (full length) and without primers (random window) were folded by mfold
given the conditions of folding temperature at 20°C with 1M conc. of Na* and 1mM conc. of
Mg*™ .

Fluorescence Microscopy:

Confocal fluorescence microscopy was performed to analyze the binding of aptamer
DS_3.1t1 against DDR1 target selected by DDR1 Doped SELEX (detail is given in chapter 3).
For this purpose we used MDA-MB-231 breast adenocarcinoma cells expressing DDR1 ! as a
target cell and Human metastatic melanoma cells S01MEL which don’t express DDR1/DDR2,
as a negative control cells. The cell assay with confocal microscopy was performed in
collaboration with Saltel’s lab. For this experiment, all cells were prepared and provided by

Saltel’s laboratory.

For cell assay, MDA-MB-231 cells were purchased from American Type Culture
Collection and were maintained in Dulbecco’s modified Eagle’s medium (1X) with 4.5 g/liter
glucose + Glutamax-1 (gibco) supplemented with 10% fetal calf serum and 100 U/mL

penicillin—streptomycin (Invitrogen). Saltel’s lab generated MDA cells with stable
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overexpression of DDR1. For that these cells were infected with lentivirus particles expressing
DDR1-GFP at a multiplicity of infection (MOI) of 2.5 and were selected using puromycin
antibiotic at a concentration of 1 pug/mL. While as negative control 501Mel (Melanoma cell
line) were maintained in RPMI medium 1640 (1X) + Glutamax-I (gibco) supplemented with
10% fetal calf serum and 100 U/mL penicillin—streptomycin (Invitrogen). The Cells were
seaded in small borosilicate cover glasses. Total 60 thousand cells were seeded and stored at
37°C in the incubator until use. Before performing the cell assay, the living cells and confluency
was confirmed using Zoe Fluorescence cell imager Bio-Rad.

For the confocal microscopy, DS 3.1t1 was labelled with TRITC fluorophore at its 5’ prime
end. The scramble sequence of DS_3.1t1 with TRITC labelled was used as a control. The
experiment was performed with 100 nM of the TRITC labelled aptamers. For cell assay the
aptamers were first denatured at 75°C for 5 minutes followed by immediate cooling at 4°C for
10 minutes. A buffer PBS-Mg (Final 1X) was then added to the aptamers to make a final volume
of 1 mL for each sample. Initially the cells were washed thrice with 2 mL of PBS-Mg 1X. 100
nM TRITC labelled candidates was then incubated with the cells in 1 mL PBS-Mg 1X buffer
at 37°C for 30 minutes. After incubation, the cells were washed thrice with 2 mL PBS-Mg 1X
to remove the unbound aptamers. Finally 1 mL of PBS-Mg 1X buffer was added to the cells

and it was analysed with Leica Confocal Microscope.
Dot-Blot Assay by using NC membrane:

For the evaluation of selected candidates from doped SELEX DDR1, an in vitro
fluorescence assay was performed by a dot blot technique (slot format). This technique is based
on a filter retention method. The candidates used for this experiment were synthesized by
Eurofins with a ROX fluorophore attached at the 5’ prime end. The experiment was performed
in 50 uL final volume. The candidates were first denatured at 75°C for 5 minutes followed by
immediate cooling at 4°C for 10 minutes. Buffer PBS-Mg 1X final was then added to the
candidate solution. It was incubated with 50 nM of ECD of DDR1 in binding Buffer PBS-Mg
1X for 30 minutes at RT. The mixture was then passed by activated NC membrane filters having
a pore size of 0.2uM with continuous vacuum. The membranes were then washed ten times
with 10 uL of PBS-Mg 1X buffer. The DDR1 bound candidates retained at the NC membrane
along with DDR1. This NC membrane was then dried and imaged in Bio-Rad ChemiDoc MP

with the laser specified for Fluorophore ROX. The image was then export in tif file and
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quantified by ImageJ and fluorescence intensity was measured. All the experiments were

performed in triplicate.
In vitro Fluorescence Assay by FluMag:

The in vitro fluorescence assay of m14-0 was performed by Flumag method 2*° . Infact
this method correlates with the Magnetic Beads based SELEX method. For this purpose, the
FAM labeled m14-0 full length aptamer was synthesized and purified by Eurofins. The assay
was performed in 50 pL total volume by using Ni-NTA beads where 50 nM of HMMP14 was
immobilized on 10 uL Ni-beads in PBS-Mg 1X. The beads were washed with 10 pL of washing
buffer PBS-Mg 1X thrice before and once after the immobilization. 1 uM of FAM labeled m14-
0 was then incubated with the HMMP14 containing beads for 30 minutes at RT and the
supernatant was recovered. The beads were washed with 50 puL of PBS-Mg 1X and was then
eluted in 50 uL of DNAse free water. The washing and eluted samples were also recovered.
The experiment was performed in triplicate and the supernatant, washing and eluted samples
were analyzed by measuring the fluorescence intensity against 1 uM of 50 uL. FAM labeled
m14-0 alone as a control. We performed the same experiment against 50 nM of histidine 6X
fixed on Ni beads as a control. All experiments were performed in triplicate. The binding
fractional occupancy was calculated by the Formula

F

FSO) *100

Fractional occupancy = (

Here F= Fluorescence intensity of the eluted samples while Fso= Fluorescence intensity of the
50 nM Of Foriginal (1 UM)

Surface Plasmon Resonance:

SPR measurements were used to analyze the binding affinity of aptamer C25 and its
truncations to the target protein DDR1. The experiment was performed by using BiaCore 3000
apparatus, BiaCore AB, Sweden. For this purpose we used the NTA BiaCore sensor chip. The
chip was first functionalized by coating with Nickel for coupling the histidine tagged protein
on the chip. As there are 4 tracks on the surface of the chip so we immobilized histidine tagged
DDR1, DDR2 and GST-H ontrack 2, 3 and 4 respectively while Track 1 was kept as a reference
channel.

25 pg/mL of protein was solubilized in total 50 uL of 10 mM NaOAc with pH 6 for histidine
tagged DDR1 and DDR2 while pH 5.5 for histidine tagged GST based on the pl of the proteins.
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As it is suggested that the pH of the buffer should be 0.5 pH value above or below than its pl
for better solubility. The proteins were injected at the rate of 5 pL/min until nearly 1000 RU
generated for each track. The immobilisation of proteins were assessed for their stability by
regenerating with 20 mM NaOH at the injection rate of 5 uL/min for 1 minute followed by
washing of the track with running buffer PBS-Mg 1X for 1 minute at 5 pL/min flow rate .
The aptamer candidates in a running buffer were injected for 1 minute at the flow rate of 5
uL/min in all 4 tracks. Followed by every aptamer injection, 20 mM NaOH and PBS-Mg 1X
(Binding Buffer) were injected at the flow rate of 5 uL/min for 1 minute each to regenerate and
wash the surface of the chip. The RU for each track was then calculated after subtracting the
RU in track 1 for the evaluation of data. The resultant sensorgrams were analysed using
BlAevaluation software (BlAcore AB Inc., GE Healthcare, Buckinghamshire, UK).

87



Chapter-3: In vitro selection of DNA
aptamers against Discoidin  Domain
Receptor-1 (DDR-1)
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Discoidin domain receptors 1 (DDR1) belongs to the family of receptors Tyrosine Kinases
(RTKs) 8. The functions of DDR1 are typical to those of RTKs and includes regulation of
proliferation, cell adhesion and differentiation while the activation mechanism of DDRs are
different than other RTKs where DDR1 as a collagen sensor needs collagen for its activation *°
248 In pathophysiological conditions, DDR1 in response to collagen starts auto phosphorylation
resulting in activation of the matrix metalloproteinases responsible for the degradation of
extracellular matrix leading to cell invasion and migration . It has been observed that DDR1
is potentially involved in metastatic melanoma 2*” which makes it a diagnostic and therapeutic
target 2*. DDR1 and its role in cancer has been discussed in Chapter 1.

The conventional methods like chemotherapy and radiotherapy are high effective in treating
cancer, but they have limitations with high risk in killing normal cells as well 2*°. For example,
metastatic melanoma harbors a mutation in the BRAF gene, with V600E being the most
common mutation resulting in the activation of BRAF protein which increases the proliferation
of melanoma cells 2°. Targeted therapy with BRAF inhibitors (e.g vemurafenib) is associated
with significant treatment benefit in patients with BRAF V600-mutated melanoma; however
half of patients show resistance after six months of treatment 2. Early cancer detection
increases cancer treatment and survival rate. Aptamers thus provide an earlier and more

sensitive cancer detection due to its high specificity against the target 2°2 °,

Aptamers are selected against its target by SELEX 2° %, In this chapter we will discuss
about selection of aptamers against DRR1 through different SELEX methods. In DDR1
SELEX, two SELEXs from different sSDNA libraries will be discussed which were performed
against the histidine tagged extracellular domain of DDR1 recombinant protein receptor, as this
extracellular region is involved in collagen binding 3. An aptamer against DDR1 extracellular
domain was selected in both SELEX.

1) Selection of DNA aptamer against DDR1 with naive ssDNA library:

SELEX Library:

SELEX was performed with LibraryA containing 30 nucleotide random window flanked
with primers P5 (forward) and P3 (reverse) as mentioned in table 2.1. This naive ssDNA library
has approximately 4%°(=10'® diversity) random oligonucleotide sequences. The reason to
perform a SELEX based on ssDNA library is the stability of DNA as compared to RNA. Since
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we were interested in aptamers as theranostics agent, the stability of DNA aptamer in serum is
higher (30-60 minutes) as compared to RNA aptamer (few seconds) 2%,

SELEX:

Since 1990, different SELEX methods have been described in the literature. Two SELEX
methods i.e. Magnetic beads based SELEX and Filtration SELEX were performed to select an
aptamer against the extracellular domain of Discoidin domain receptor (DDR1). Total 6 rounds
of SELEX were performed against the extracellular domain of DDR1 with the conditions
described in Table 3.1. The first 4 rounds were based on magnetic beads based SELEX while
the last 2 rounds were based on filtration SELEX. Although it is a bet to prefer one SELEX
method on another, we hereby focused on selecting aptamers against DDR1 immobilized on

solid support (Ni beads) as well as in solution form to avoid support-effect evolution.

Counter selection in SELEX was performed to discard the sequences of non-interest by
incubating the SELEX pool with negative proteins. In the SELEX performed against the
extracellular domain of DDR1, we introduced a counter selection step with histidine tagged
GST and DDR2 proteins. The reason to perform a counter selection with DDR2 is to select an
aptamer specific to DDR1, since DDR2 has a sequence homology with DDR12%, As mentioned
earlier in chapter 1 that DDR1 and DDR2 share high degree of sequence homology in their DS
and DS- like domains with 59 and 51% of similarity, respectively 2°¢, The DS and DS like
domains are the main domains of the extracellular region which is responsible for ligand

binding.

Counter selection against histidine tagged GST was also performed to discard sequences
which could bind to such tags. As it is demonstrated in the literature that an aptamer can bind
to such tags with an affinity in pM 2°’. Counter selection against nitrocellulose membrane was
also performed during filtration SELEX rounds to discard all sequences bound to nitrocellulose

membrane.

For selection, 10 pmoles of DDR1 extracellular domain was used in initial round against
300 pmoles of ssDNA candidate (diversity of 10'* sequences) with a ratio of 1:30. Since
proteins can have more than one aptatope where each aptamer can bind through conformational
changes, such ratio will create a competition between sequences to bind to the aptatope on
protein. As the SELEX proceeded the ratio was increased up to 1:40 so only sequences with

high affinity can bind to the target. Meanwhile the concentration of the protein and sequences
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were also decreased to select candidates with better Kd. The decrease in concentration by
dilution is expected to be more efficient than increasing the ratio. After selection, the number
and volume of washing was also increased as the round proceeded in order to remove low
affinity binders. The detail about the DDR1 SELEX performed has been given in the table 3.1.

.- 1*GST-H 500nM  100nM 3.0 uM 1*100 L Gold Taq Pol

1*GST-H 500nM  100nM 30pM  1:30  1*100pL  Go Taq Pol
- 1*DDR2-H 50 nM

2*GST-H 1puM  75nM  30uM  1:30  5*100uL  Go Taq Pol

1*DDR2-H 50 nM

2*GST-H 1puM  70nM 30uM  1:40  10*100uL  Go Taq Pol
- 1*DDR2-H 50 nM

1*NC Membrane 70nM  2.8uM 1:40 1*1 mL Phusion Pol
1*GST-H 1 uM

1*NC Membrane 50nM  2.8uM 1:40 5*1 mL Phusion Pol
1*GST-H 1 uM
1*DDR2-H 50 nM

Table 3.1: Selection conditions applied for SELEX against DDR1.

High throughput sequence (HTS) analysis:

After performing 6 rounds of SELEX, we analyzed the SELEX by HTS analysis of starting
library (R0), Round 3 (R3), Round 4 (R4), Round 5 (R5) and Round 6 (R6). An evolution was
observed as the rounds of SELEX proceeded. The diversity of the pool was decreased to 90%
in round 6. Sequences were distributed into clusters with the Levenstein distance of 7 base.
Sequences were analyzed based on their presence in the pool as reads per million (RPM).
Sequences with less than 30 rpm were discarded. Based on the exponential evolution profile, 8
sequences were selected. All these selected candidates were the representative sequence of their

clusters (Figure 3.2).
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Name Sequences Cluster No RO R3 R4 R5 R6

C25 TAGAGTGGGTGTACATTATCTGTACTACT 1 5.13- 126 2141/ 1155.03
€252 TIGACGTGTGTGTACATCTTTGTATCTACG 2 204 252 584 65164
28  CCTGTTGGTGC(TGTGGTAGTCTATAGGG 3 817 179 378 2141 50031
€210 ACCCATCAGCAGGGA TACC(CATGGCAGG 4 204 089 1135 1654 28001
C211 TAGCGTGTTGACCAGTTTTGGTTATGACTT 5 486 14927
€212 AGCCGTTGCGTACTTGTCTTCCATGACGGA 6 097 1328
€213 AACGCGGGTGTGCCTCTGTGCAACTACTT 7 195 10191
215 GCTGTCGCGGGTTGGATACTTTCCATGACT 9 202 73.09

Table 3.2: NGS analysis of SELEX against DDR1. The number of selected sequences as reads per million has

shown in starting library (R0), R3, R4, R5 and R6. Sequences shown in the table are the representative sequences
with higher RPM from different clusters. These 8 sequences were selected as candidates for further

characterization.

All the selected sequences were 29 or 30 nucleotide long as we already discussed that the
length can vary due to errors induced by the polymerase during PCR. We further aligned these
sequences with reference to the sequence with highest rpm (C25), where we identified
conserved motifs that occurred in every sequence in combination with each other as described

in figure 3.1.
cov pid 1 [ . . . ] 38
c25 100.0% 100.0%  -----
€25.2 96.6% 67.7% - ---TIGAC -
c28 82.8% 35.5%  CCTGTYGHT-BCCTH- Ll -GTHGUCUALAGGGC- - - - -
c210 86.2% 27.3% --ACCC
c211 93.1% 50.0%  -------
€212 86.2% 24.2% --AGCCGTT-BCETACY- - - TGLCTHCCA
€213 93.1% 63.3%  ----- g
€215 89.7% 50.0% ---GC

Figure 3.1: Alignment of selected sequences from DDR1 SELEX. Sequences were aligned by using ClustalW.

The alignment of sequences are given with cov % (percentage of positions covered by motif) and PID (percentage
identity) with reference to C25 aptamer. Different conserved motifs identified in all sequences are indicated in the

background colours.
Structural prediction of selected candidates by mfold:

Structure of the selected candidates were predicted using mfold. Structures were folded by
mfold given the conditions of folding temperature at 20°C with 1M conc. of Na* and 1mM

conc. of Mg** respectively which corresponded to the folding of candidates in selection buffer
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at RT while performing SELEX. mfold predicted structures reveals that primers are also highly
involved in structure formation (Figure 3.2) .

A-A~T 10
d A L A=G-C=p aPa
N ST T sy A F
C—-(‘E -G C T/C\G”Tj
200 —T—A 20 G/T A% \/(
o s el g % C
] / % d N o
T T— 30 } / d G
| & s 5 \
= C Ve L d Lt
| & /A\ /G \
_T—C—G—GC7 T G
_C A s A ¥ 0 |
C C\\ /A T
& (03 % |
50 G
A g 1 ]
o d ! | /
] ) ] é
T C iR
. T % i
@ / iy /
T T a0
\ / 70 \C / 20
T T > oA
/ TS A/ C{ A
\G & 60 T‘A\ C’T/ T/ \1‘-
. o N -
C\C‘"G c-C LD G-C 50
f \ /C M 60 —C—G
o i r {
G A A\gﬂl
70 \T\ /T/
dG = -8.76 C25 T "‘C’T dG -~ 8250252
C25 AG=-8.76 C25.2 AG=-8.25
10 -
= T
_T—G—T_ T A ~c
G/T C\ G/ ¢ i AR
i A(r\c/ u J—=
>
F %, o T
¢ q =" Y
5 —d y— = &
| il e
c T {
c & o ”
3 /'\ / /C< g
C A 50 C/kr/c
\ / G;_\G/ 5
& K g
SN N T
70 - e 5 N
o 62T NPT W ~C—Cn A
T C. A TC G G Ce_ C S
Nt G-g—Cc— ST T [
_I_/ G | | G )i ‘If \A 10
I % - 1, @ & &
C C— 60 I =T 40 < &
1 d 50 —A—T N o5
Y v r-o * e o
= - | G—C
el AT -
T—-G 40 :c—c:s
b 3 I
= A C
/ 0\ E-&
T\ /T 30 T A
G-A e A\A
& A
G 790028 c—-C 1 = -9.54 C210
C28 AG=-7.46 C210 AG=-9.54

93



A7 TA
A B ’
e N it
7 20 G—C 30 7 A
_C \
(‘:/ \ & T+—C G\T\ (l; 'T
S /C\T/ G A Pl
G\A/ T\T \T\ AN
10/ \ ~C ‘T/T\ N
g G G-T, c\c/C\
Nudl
\ & . c{ A
s Eil ey
TG G—Tu T W A
/ 3k A &
.
‘\G A 2 20 G C/ 60
\ 750 & ‘C\ o TG
1 o \T
\C /G/ Q\\q/ \]_/ ST
o /C\T/ Ao ool =25 /L\’ A
"G -T c i 10
I %o 7 N
5 { / \ 7 5
. 70 A / s
3 ; \ G [
i 7 t ]
\ T
C /C 60 LN / 70
b G G G
e o = N\ T
SA-T-T e (o4
e Sl
~a c—c—C
dG =-7.25 C211 dGi = -5 96 C212
C211 AG=-7.25 C212 AG=-5.96
40 10
c-T. f
s G _G—T—G—p
o T T/T G
C,
\?4(3/ ol s
G-C T/ \T 20
Foa d
& A I | T, AAa
; % ¢ sanibe sl
et | G-G-C—G-C—
$ 0 . i W
§ o) T
~-G 30
30 \ T c /TI
\
20 C{C\G\ T’1/ 3 CL A 40
: N AT . AN
TG e Ny R AT
C \ T G—p /’\T/ \
c G e /\T/ 60 ToA A
& R ’\r/ = T (e
o A/ \ - /G—C\ \T/
« A T T
/ A 1 3§
[ ! LS.
G I ol o
T c
1 ] T=A
T 5 T N
G T
/ A ol
T, gt \ & 60
C, 1K 7 ~ -
\C\G - ¢’ » =T
¢-0-0”
5
dG = 1030 C215

4G = 868 C213

C215 AG=-10.30

C213 AG=-8.68

Figure 3.2: mfold predicted secondary structures of SELEX-DDR1 candidates. mfold predicted structures of

selected candidates from DDR1 SELEX. The structures are shown with the forward and reverse primers.

In vitro Fluorescence Assay of Selected Sequences:
The selected candidates from DDR1 SELEX1 were further analyzed by in vitro fluorescence

assay. The experimental procedure has been discussed in Chapter 2. As the candidates were
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labeled with FAM at 5’ prime, the fluorescence intensity at A= 515nm was considered to
calculate the binding percentage of candidates against DDR1 protein (Figure 3.3). The
experiment was performed in triplicate. This experiment reveals that candidate C25 has a higher

binding percentage as compared to other candidates.

In-Vitro Fluorescence Assay
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Figure 3.3: Binding percentage of selected candidates against DDR1. The hinding percentage of 8 selected
candidates (1nM) against DDR1 (50nM) was calculated by the formula B%= (1-(F/Fo0))*100. “F” is the

fluorescence intensity of unbound portion of candidates while “Fo” corresponds to the original fluorescence

intensity of 1nM candidates. All experiments were performed in triplicate.

In vitro fluorescence Assay of Aptamer C25:

The binding specificity of C25 was analyzed with an in vitro fluorescence assay as discussed
earlier. For this purpose 1 nM of FAM labelled C25 was used against 50 nM of DDR1, DDR2
and GST. All the experiments were performed in triplicate. As shown in the figure 3.4, C25
aptamer specifically binds to DDR1 while there is almost no binding with DDR2 and GST

proteins.
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In-Vitro Fluorescence Assay
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Figure 3.4: In vitro fluorescence assay of aptamer C25 against different proteins. The binding percentage of C25
(1nM) against 50nM of DDR1, DDR2 and GST was calculated by B%= (1-(F/Fo))*100. “F” is the fluorescence

intensity of unbound portion of C25-FAM while “Fo” corresponds to the original fluorescence intensity of 1nM

C25-FAM. All experiments were performed in triplicate.

As in this in vitro assay, the DDR1 had only 50 fold excess in terms of concentration as
compared to C25. The detection limitation of the fluorimeter was 1nM, so we decided to
perform gPCR analysis to evaluate the binding at low concentration of C25 aptamer (50 pM)
against the protein 50 nM. Since proteins are usually aggregate at higher concentrations so we

did not increase the concentration of protein.
gPCR Analysis of Aptamer C25:

Quantitative PCR (gPCR) has been used in the selection and characterization of aptamers
100 258 Real time PCR was performed to validate the binding capacity of C25 against its target.
For this purpose 50 pM of C25 aptamer was incubated with 50 nM of Protein. The experimental
procedure has been described in chapter 2. In parallel to the analysis of C25 binding specificity,
gPCR calibration curve was constructed. As shown in Figure 3.5-A, a linear range of 5 orders
of magnitudes (108, 107, 108, 10° and 10'° sequences) was achieved for aptamer C25 with a
correlation efficient “R?” of 0.9897. The minimum quantity of aptamer C25 template detected

was in the attomolar range i.e. 1.66 x 10*® moles, which describes the high efficiency of the
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real time PCR. The slope of the calibration graph is 3.69 which means that decrease in 10 fold
concentration of the aptamer results in increase of Ct value of 3.69. This slope is higher than
the standard slope i.e 3.32. This difference in the slope may be due to the melting temperature
(Tm) of the primers. As the forward primer 5'-GCC TGT TGT GAG CCT CCT GTC GAA-3’
(Tm= 65-70) contains more GC in comparison to the reverse primer 5'- GGG AGA CAA GAA
TAA ACG CTC AA-3’ (Tm= 55-60). This problem can be solved by lowering the GC content
of forward primer since primers with Tm around 55-60 are highly recommended for PCR. The
melting curve analysis was performed from 72°C to 95°C with a rising of 1 degree celsius in
each step. Here we observed that at higher temperature the primers started forming dimers as
well. The dimerization of primers can be avoided by optimizing the temperature. Using this
calibration curve, the amount of unbound fraction of C25 aptamer was quantified by
interpolating the average Ct value.

The number of sequences were calculated by the polynomial linear formula

f =y0 + a = x, where y0 = 39.4660 and a= -3.6970. All the experiments were performed in
triplicate and the average value of Ct was considered. According to this average Ct value, the
number of sequences presented in each sample was determined with the formula given above.
The binding percentage of C25 aptamer against DDR1 and DDR2 was determined according
to the number of sequences presented in each sample against the total number of sequence

presented in the control pool.

The binding percentage against DDR1 had increased as compared to the previous experiment
(Figure 3.5-B vs. Figure 3.4). Even C25 aptamers shows some binding to DDR2. It can be
assumed that in gPCR analysis the concentration of DDRs are 1000 fold excess so there might
be some binding with DDR2 which shares 60 percent sequence homology with DDR1 as

discussed in chapter 1.
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Figure 3.5: gPCR analysis of C25 aptamer. A= Standard gPCR calibration curve with 5 serial dilutions of 108,
107, 108, 10° and 10%° sequences of C25 Aptamer. B= Binding percentage of aptamer C25 calculated against DDR1
and DDR2. The experiments were performed with 50pM of C25-FAM against 50nM of DDR1 in PBS-Mg 1X
buffer as discussed in chapter 2. All experiments were performed in triplicate.

Aptamer C25 truncation based on mfold predicted structure:

Two structures C25a and C25b were predicted by mfold with AG of -8.76 and -8.02
respectively for full length C25. As shown in figure 3.6, the mfold structures of the full length
C25 aptamer predict that a part of the primer 5' in involved in the loop formation. Therefore,
we truncated this aptamer into two versions as C25 t1 and C25 t2 based on the structural
prediction of C25a and C25b respectively. C25 t1 is a 36 nucleotide base long sequence which
contains 10 bases of primer at its 5', while C25_t2 is a 38 nucleotide base long sequence with

12 bases of primer at its 5'.
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C25a AG=-8.76 C25_t1 AG=-7.64

C25b AG=-8.02 C25_t2 AG=-7.64

Figure 3.6: mfold predicted structures of C25. mfold predicted structures C25a and C25b of aptamer C25 are given.

The full length C25 aptamer consists of random window (colourless) forward primer (light pink) and reverse
primer (light green). A part of the forward primer is involved in loop formation. Based on these two structures C25

aptamer was further truncated into C25_t1 and C25_t2.
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Surface Plasmon Resonance (SPR) analysis of C25 and truncations:

The specificity of Aptamer C25 and its truncations were determined against 6x-histidine
tagged DDRL target by Surface Plasmon Resonance. 6x histidine tagged DDR2 and GST were
used as a negative protein. Aptamer C25 and truncations in PBS-Mg1X were injected later to
flow through the chip against histidine tagged proteins immobilized on Ni coated chip as

discussed in chapter 2.

Initially 1uM of aptamers C25, C25_t1 and C25_t2 were injected but the binding responses
were not significant at 1uM (data not shown). Aptamers of 10 uM conc. were then injected.
Although the general response was low, but aptamer C25 (full length) and its truncated version
C25_t2 showed a significant response against DDR1 target as compared to other negative
proteins shown in Figure 3.7. It seems that the truncated C25_t2 is more specific to DDR1,
while there was no response observed for C25_t1 (data not shown).
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Figure 3.7: SPR analysis of C25 full length aptamer and truncations. A= Evaluation of Full length C25 at 10uM

concentration B= Evaluation of Full length C25_t2 at 10uM concentration. In this analysis aptamer binding was
characterized against target DDR1 (blue signal), DDR2 (RED signal) and GST (green signal). The RU was

generated after deducting the signal from track 1 which was used as a reference.
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In conclusion, SPR method was used to analyse the binding kinetics of Aptamer C25 and
its truncations. Although this method supports the results from other in vitro experiments
discussed earlier, a meaningful contribution to the analysis could not be made by the BiaCore
data as the response units (RU) were not that much significant. We can hypothesize that since
the target protein DDR1 protein consisted of 409 amino acids with a predicted mass of 45.7
kDa as an extracellular domain of the receptor, there may be changes in conformation of the
extracellular domain of the recombinant protein after coupling on Ni coated chips. These
conformational changes may not match to that of the fully expressed surface receptor
extracellular domain, as DDRs are present in a dimeric form on the surface of cells.

Another assumption is that the aptatope of the DDR1 might not be available free to bind
with aptamer due to fixation of protein on Ni coated chips. An alternative method for SPR is
the fixation of the aptamer candidates on the sensor chip and flow of the protein through the
tracks 2#. For this purpose, aptamers biotinylated at 5’ end are immobilized on the streptavidin
coated sensor chip while the protein is passed through the tracks to analyse the binding.

Discussion:

The goal of this work was to select an aptamer as a theranostics agents against DDR1. For
this purpose, a hybrid of Magnetic beads SELEX and Filtration SELEX was performed
targeting the extracellular domain of DDRL as a bait. The SELEX was initiated with a pool of
ssDNA library having a diversity of 10%* sequences. In Magnetic Beads SELEX, the histidine
tagged extracellular domain of DDR1 was immobilized on Ni-NTA Agarose beads providing
a selection based on solid support. While filtration SELEX was based on a selection in solution
form which was then passed through the nitrocellulose membrane to separate the binders from
the non-binders. In order to select an aptamer against DDR1, heavy counter selection and
washing steps were also introduced during the SELEX process to increase the stringency
resulting in faster evolution. After 6 rounds of selection, the SELEX was evaluated by high
throughput sequencing. 8 candidates were selected which showed higher evolution during the
SELEX as compared to other evolved sequences. The candidates were evaluated against DDR1
by in vitro fluorescence assay. Aptamer C25 was selected among the candidates as it showed
higher binding as compared to others.

Aptamer C25 was further characterized by in vitro experiments. The binding specificity
of C25 was determined by in vitro fluorescence assay and real-time PCR. These experiments

demonstrated that C25 binds to DDR1 more specifically. The structural characterization of C25
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by mfold predicted the structural conformation of C25. It was further truncated into two
versions which are 36 nucleotide C25 t1 and 38 nucleotide C25 t2. An SPR analysis was
further performed in order to validate the binding capacity of C25 and its truncated versions.
Although the results from SPR were not so promising but the data demonstrates that C25 and
C25_t2 bind to target DDR1 as compared to negative targets DDR2 and GST.

In addition, an in vitro fluorescence assay was performed to determine the Kd of full length
C25 with FAM labeled at its 5” prime. The Kd was estimated around 500nM for C25 (data not
shown). Since the binding affinity of C25 and C25_t2 are not as high as expected or required
for cell imaging, we decided to further proceed the SELEX with the doped library of C25.

2) Selection of DNA aptamer against DDR1 by DOPED SELEX:

Doped SELEX is usually performed post-selection using a well-characterized in vitro
selected nucleic acid structure that is mutagenized as a starting pool subjected to a reselection
29 |dentification of better variant molecules using a doped library of aptamers or ribozymes
after a few rounds of in vitro selection have been successfully demonstrated ¢° 2 260 For the
first time, Duconge and colleagues have beautifully explained the mutational landscape from
the doped SELEX by high throughput analysis based time-lapse imaging of molecular evolution
122 The analysis was performed by using a partial doped library of an aptamer ACE4 which
was previously selected against Annexin A2 using Cell SELEX 2%, An additional 4 rounds of
Cell SELEX was performed with the library based on ACE4 aptamer doped at a rate of 7.5%
with an equal mixture of all three other bases in the random window. ACE4 represented only
1.8% of the starting doped library, whereas most of the library contained ACE4 variants with

one, two, or tree mutations.

For a doped SELEX against DDR1, we synthesized a partially randomized DNA library
based on the sequence of the C25 random window 5'-TAG AGT GGG TGT ACATTATC
GTA CTA CT-3’. Each position in the random window of the doped library contained 76% of
the initial base and 8 % of other three bases. The primers used were similar as C25 aptamer.
The percentage of doped was enough to generate a library of 10 diversity as this doped library

contains theoretically only 0.026 percent of the original sequence.
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Before performing the SELEX, NGS analysis of the doped library was performed to validate
the percentage of mutations. The distribution of bases at each position was according to the
theoretical value (Figure 3.8). The sample for HTS sequencing was prepared according to the
protocol suggested by CEA sequencing platform as described in chapter 2.
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Figure 3.8: NGS analysis of base composition in the doped SELEX library. The NGS analysis confirms that in a
doped library based on C25 random window 5'-TAG AGT GGG TGT ACATTA TCT GTACTA CT-3’, the
percentage of original bases are around 75% with mutations of other 3 bases at 8% each.

SELEX:

Total 5 rounds of selection was performed with the doped library against the extracellular
domain of DDRL1 receptor. The SELEX was started with 200 pmoles of ssDNA library against
5 pmoles of extracellular domain of DDRL1 in the initial round with a ratio of 1:40. The ratio
between ssDNA library and DDR1 concentration was kept similar throughout the SELEX,
while the conc. was decreased in order to select aptamers with better Kd as discussed in table
3.3.

The selection was based on filtration SELEX, where nitrocellulose membrane was used for
the separation of interested and non-interested sequences. In the previous SELEX against

DDR1, the rate of evolution in terms of exponential enrichment seemed higher in the last two
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rounds performed by filtration SELEX. As in filtration SELEX, the selection was performed in
solution form which might favored the selection of aptamers against DDR1. With this

assumption, we decided to proceed the SELEX with doped library by filtration SELEX method.

1*NC Membrane 50 nM 20 uM 14 5*1 mL  Phusion Pol
1*DDR2 H 50nM

Filtration SELEX 1*GST-H 500 nM 25nM 1.0 uM 1:40 6*1 mL  Phusion Pol
1*DDR2-H 60 nM

1*GST-H 1uM 10nM 04puM  1:40 7*1mL  Phusion Pol
1*DDR2-H 60 nM

1*GST-H 1uM 7.5nM 0.3 uM 1:40 8*1 mL  Phusion Pol
1*DDR2-H 80 nM
1*GST-H 1uM 5nM 0.2 uM 1:40 10*1 mL  Phusion Pol
1*DDR2-H 100 nM

Table 3.3: Selection conditions applied for doped SELEX against DDR1.

To avoid the selection of aptamers against nitrocellulose membrane, in the first round we
performed counter selection against only nitrocellulose membrane. We also performed a
counter selection with DDR2 and GST proteins to discard sequences of non-interest. The
concentration of negative proteins and the number of washings were also increased to make the
SELEX more stringent. For amplification, high fidelity Phusion polymerase was used to avoid
the incorporation of mutations, as the error rate of Phusion (4 x 107") is 50X less than Taq
polymerases (1-20 x 107°) 262 283 As we were interested in selecting variants of C25 aptamer
drawn by the SELEX itself, so we avoided mutations resulted from the biasness of low fidelity

polymerases. The detail about this SELEX is mentioned in table 3.3.
High Throughput Sequencing of DOPED SELEX:

After performing further 5 rounds as a doped SELEX, we analysed all rounds with NGS
sequencing. Sequences were distributed into clusters with the Levenstein distance of 7 base. It
has been observed that within the clusters which were based on Levenstein distance of 7, usually
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sequences were present with an edit distance of 1 or 2. It can be hypothesized that in the pool,
the subpopulations are present with either higher distant (resulting in cluster formation) or low
distant (present in same cluster). Sequences were analyzed based on their presence in the pool
as reads per million (RPM). Sequences with less than 30 rpm were discarded. The sequences
were evaluated on the basis of their presence in the pool as reads per million (RPM).

Rounds No. Of Clusters No. of Sequences to cluster
Library 2 83

RO7 2 237

R0O8 8 40

R09 9 60

R10 233 378

R11 1046 2480

Table 3.4: No. of clusters and clusters sequences in each round of doped SELEX

More than thousand clusters were appeared in last round as compared to the library where
only 2 clusters were present (Table 3.4). The high number of cluster formation describes the
evolution of the pool during SELEX. The presence of the sequences were ranked based on reads
per million (RPM). Sequence with highest RPM in the cluster was considered as the
representative of the cluster. The data from NGS result analysis showed an evolution as the
round proceeded but the diversity of the pool is not much decreased (Figure 3.9). As in

conventional SELEX methods, the rate of decrease in the diversity of the library is slow.

105






Based on the exponential evolution profile, 8 sequences were selected. All these selected
candidates were the representative sequence of their respective cluster (Table 3.5). Surprisingly
C25, which was 0.026 percent of the initial doped library was not enriched again during the
SELEX. Instead the RPM of C25 had decreased as the round proceeded. We can therefore
predict that performing SELEX in more stringent selection conditions favoured the selection of
high affinity binders 2%4. Ten most abundant sequences were selected for evaluation.

Candidates Sequence Library~|/R0O8 ~|R09 [~/R10 [+|R11
DS 2.1 CCTTTGGGGTGGCTTGACGAAGAAAGTAG ~ 681.88 1554.9
DS 3.1 CAACCGAACAACAGCACTGGGCTACAACAG
DS 6.1 CCAACTGGCTGATCACTATCTGTACATCG

DS 7.1 TAGACCGGGCGAACATCAGGTGTACTACA
DS 8,2 CATACTGGCGGTAATGCATCCGTACAACA
DS 10.1 CATACGGCCATCGTACGTTGCCCTTCCCCG
DS 11.2 CAACGTGGCTGACCATTTGCTGTACTGCG
DS 12.1 CACGGCTATCCAACGACTCTCCACCATCCA

DS 32.1 TCAACAGCGTGTACGTTATCTGTCCTATG
DS 34.1 CAAAGGCGGTGGAGACCATGCGTGTTACT
C25 TAGAGTGGGTGTACATTATCTGTACTACT

79.51 361.14
60.44 347.55

69.51

295.23  125.02

Table 3.5: NGS analysis of Doped SELEX against DDR1. Ten most abundant sequences are shown with their
RPM in Doped starting Library, R8, R9, R10 and R11. The RPM of C25 aptamer has decreased as the SELEX

proceeded.

All the selected sequences were 29 or 30 nucleotide long. On alignment of these sequences
with reference to C25, we identified conserved motifs that occurred in combination with each
other for all sequences except DS 2.1 as described in figure 3.10. Sequences DS 2.1 and
DS_3.1 being highly evolved candidates share less homology to C25 as compare to other

evolved candidates.
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cov pid . ] 36

25 160.0% 100.0% - c--uc culldy----

DS_2.1 93.1% 12.9%  CCTTTGGGETGECTTGACG- - - -AAGHAAGTAG- - -
DS_3.1 93.1% 25.0%  CHAcc- GAACAACI--GC CcTeGGCACANCAG- - -
DS_6.1 100.0% 62.1% CATCG----
DS_7.1 100.0% 72.4% cn----
DS_8.2 93.1% 45.2% cn----
DS_18.1 96.6% 29.0% *TCGTACGTTGCCC TCCCCG----
DS_11.1 96.6% 62.1% CliGCG- - - -
DS_12.1 89.7% 38.7% ch ACG--AC C CCACCATCCA
DS_32.1 100.0% 69.0% TG----
DS_34.1 96.6% 56.7% -LGGAcACc --uGc G cE----

Figure 3.10: Alignment of selected sequences from DDR1 Doped SELEX. Sequences were aligned by using

Clustalw. The alignment of sequences are given with cov % (percentage of positions covered by motif) and PID
(percentage identity) with reference to C25 aptamer. Different conserved motifs identified in all sequences are

indicated in the background colours.

Evaluation of Selected candidates by Dot-blot assay:

The candidates were evaluated by a dot-blot assay (slot format), an in vitro experiment
based on nitrocellulose membrane. For this purpose the candidates were synthesized with ROX
fluorophore labeled at the 5° prime end. 5 nM of ROX labeled candidates were analysed against
50 nM of extracellular domain of DDR1. The experimental procedure is described in chapter
2. Out of 10 candidates, DS_3.1 was the only candidate which showed binding to DDR1 (Data
not shown). We further evaluated DS_3.1 with structural and in vitro studies as discussed

below.
Structural Studies of Aptamer DS_3.1:

Aptamer DS 3.1 was further characterized and truncated based on mfold structural
predictions. The mfold predicts two structures with different free energy (AG). The mfold
predicted structure DS_3.1a with AG of -12.54 is highly stable as compare to DS_3.1b (AG -
4.11). The stability of this structure is due to the three G-C base pairs closing the stem loop of
DS_3.1a as shown in figure 3.11.
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Figure 3.11: mfold predicted structures of aptamer DS 3.1.

Based on the structural prediction, as highly stable aptamer DS_3.1 was truncated into one

small aptamer named as DS_3.1t1 (35 nt aptamer with 13 nt of the forward primer). mfold

predicts 5 different structures of the DS_3.1t1 but the structure with lowest free energy (AG= -

4.11) is highly stable as the stem loop is closed with three G-C base pairs which makes the

structure very stable 2 (Figure 3.12).
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Figure 3.12: mfold predicted structure of DS-3.1t1. mfold predicted structure of full length aptamer DS_3.1 (right

side) shows that the primers are involved in structure conformation. Aptamer DS_3.1 was further truncated based

on the mfold predicted structure (highlighted by box).

Determination of Kd of DS_3.1 aptamer by Blot Assay:

As discussed in the earlier paragraph, DS_3.1 was selected out of ten candidates as it
shows a binding to DDR1. In order to validate the binding kinetics of DS 3.1 against
extracellular domain of DDR1, a Dot-Blot assay in a slot format was performed by using
nitrocellulose membrane as mentioned earlier. For this purpose, we used the DS_3.1 aptamer
labeled with ROX fluorophore at its 5° prime end. The concentration of aptamer was kept SnM
while DDR1 conc. was varied as OnM, 10nM, 20nM, 35nM, 50nM, 75nM and 100nM. The
image was captured and exported into tif file and analysed by ImageJ software (Figure 3.13-
A). The fluorescence intensity was measured and the fluorescence enhancement for each
sample was determined in terms of fold excess. The Kd of the aptamer DS 3.1 was then
determined based on the values of the fold excess by plotting a graph with 4 parameters
(Hillslope, min, max and EC50) logistic curve with the following formula

X

f = min + (max — min) /(1 + EC50

)*(—Hillslope)
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The curve was fit with an R?=0.9944 with a Hill slope value of 7.6. The Hill slope value
shows a strong cooperative binding between the aptamer and its target. The Kd of DS _3.1
calculated by this method is 33.65 = 1.23 nM (Figure 3.13-B).

3,0
O'nM 12'1-'\-1| 2nM 35nM 28 -
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50nM 75nM 5 2,0 1 Kd =33.65 +1.23nM
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Figure 3.13: Kd determination of Aptamer DS _3.1. A= Image of the nitrocellulose membrane taken by ChemiDoc
MP Imager used to determine the Kd of aptamer DS_3.1 by dot blot assay. The experiment was performed by

increasing the concentration of DDR1 up to 100nM. The experiment was performed in triplicate. B= Graph of

DS 3.1 Kd plotted by software Sigma.
Fluorescence Imaging by Confocal Microscopy:

The truncated aptamer DS 3.1t1 was evaluated against MDA-MB-231 breast
adenocarcinoma cells overexpressing DDR1, while melanoma cell line 501Mel was used as a
negative control cell which doesn’t express any of the discoidin receptor. 100nM of TRITC
labeled DS 3.1t1 was used for fluorescence microscopy assay. A scramble sequence of
DS_3.1t1 labeled with TRITC was used a control. The cells were analysed with Leica Confocal

Microscope (Figure 3.14).
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Figure 3.14: Confocal Microscopy for Cell Imaging. Confocal images at scale bar 25um. A= Confocal images of

aptamer DS_3.1 against MDA-MB-231 cells overexpressing DDRL1 target receptor. B= Confocal images of
Control Sequence against MDA-MB-231 cells overexpressing DDRL1 target receptor. C= Confocal images of
aptamer DS_3.1 against 501Mel negative Cells.

Aptamer DS_3.1t1 was able to stain the MDA-MB-231 cells with red fluorescence signal
but the signal was mysteriously observed in the extracellular region along with the collagen
(Figure 3.14-A). While there was almost no signal in the 501Mel cells which didn’t express
DDRL1 on their surface (Figure 3.14-B). In order to validate the specificity of the signal in the
DDR1 expressing MDA-MB-231 cells associated to DS_3.1t1, we used scramble sequence of
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DS_3.1t1 as a negative control. As compared to DS_3.1t1, the signal associated to the scramble
control sequence was very low which could be a background signal (Figure 3.14-C). From all
these cell assays, it is assumed that aptamer DS_3.1t1 is mostly staining the collagen 1 fibrils.
Since DDR1 is dependant of collagen 1 fibrils and it co-localizes along with the collagen?®® 248,
we assume that endogenous DDRL1 co-localized on the collagens possibly in the cell trajectory
is recognized by the aptamer. As DDRL1 is labelled with GFP, this could also impair the
recognition of DDR1 by blocking the aptamer binding site. Another hypothesis could be an
electrostatic interaction between DNA aptamer and collagen fibres but there was no signal

observed with the control sequence which doesn’t support this hypothesis.

In order to further validate the binding of DS_3.1t1 aptamer in the cells expressing DDR1,
we further aim to perform a cell assay where we can use DDR1 specific antibody to locate the
DDRL in the cells and target it with DS_3.1t1 aptamer.

Conclusion:

In this chapter, we have reported a successful selection of DNA aptamer by targeting the
extracellular domain of DDR1 through SELEX. Initially after performing 6 rounds of selection,
an aptamer C25 was selected which showed a binding against DDR1. As demonstrated by in
vitro experiments, the binding affinity of C25 and its truncations was not stronger to use for in
vivo imaging. We therefore decided to proceed the SELEX with C25 doped library to generate
better variants of C25. After performing further 5 rounds of selection against the extracellular
domain of DDR1 with the C25 doped library, the SELEX was analysed by high throughput

sequencing.

In conclusion, we have selected an optimized aptamer DS_3.1 as a variant of C25 which
binds specifically to its target DDR1 with a Kd 33.65 £ 1.23 nM (almost 15X better than C25).
Aptamer DS_3.1 can be exploited as molecular probe in the detection of DDR1 overexpression
in melanoma. Therefore, it can be used as a promising diagnostic module for non-invasive
cancer diagnosis and can provide a novel cost effective alternative to conventional antibody.
Nevertheless, extensive research with animal models is still required to evaluate the in vivo

binding specificity of this aptamer.
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Chapter-4: In vitro selection of DNA
aptamers against Human Matrix
Metalloproteinase-14 (HMMP-14)
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Matrix metalloproteinase 14 (MMP-14) is a significant protease which plays vital roles in
many biological processes. MMP14 is overexpressed in numerous types of cancer including
melanoma and is associated with poor prognosis. Therefore, MMP14-specific aptamer has
potential use in the diagnosis and treatment of MMP14-positive melanoma. Due to the large
interest of diagnostics in this protein, there is a high demand of aptamers as an imaging probe.
MMP14 and its role in melanoma has been already described in chapter 1, so here in this chapter

we will discuss the selection of aptamers against HMMP14.
SELEX against HMMP14 with natural DNA library:
SELEX Library:

The ssDNA library used to select an aptamer against HMMP14 is the SELEX Library A
which has a 30 nucleotide random window flanked with primers P5 and P3 respectively as
shown in table 2.1.

SELEX:

The selection against HMMP14 was based on Magnetic beads SELEX and Filtration
SELEX. Total 15 rounds of SELEX were performed against the recombinant HMMP14. The
SELEX was initiated with 300 pmoles of ssDNA library against 10 pmoles of HMMP14 in the
starting round with a competition ratio of 1:30. As the SELEX proceeded the competition was
made higher up to 1:40. The concentrations of ssSDNA library and HMMP14 receptor were
decreased with the assumption of favouring the conditions to select high affinity aptamers. As
there are many aptatopes on the target receptor, this decrease in concentration is expected to be

more efficient for selection.

Unlike other SELEX protocols described in this thesis, we introduced a counter selection
from round 6. Counter selection against NC membrane, GST-H and HMMP2 was performed
in specific rounds. As the SELEX proceeded, the concentration of counter selected proteins and
the washing volume were increased to discard all non-binders or weak binders which resulted
in decreasing the diversity of the pool. The SELEX procedure has been described in Table 4.1
with detail.

115



Rounds

Counter
Selection

pmoles

Selection
HMMP14

pmoles

Library Ratio

sSDNA

pmoles

Washing

PBS-Mg
1X

Magnetic Beads SELEX None 10 300  1:30  1*100pL
Magnetic Beads SELEX None 10 300 1:30 1* 100 pL
Magnetic Beads SELEX None 8 240 1:30 2% 100 pL
Magnetic Beads SELEX None 6 180 1:30 2* 100 pL
Magnetic Beads SELEX None 5 150 1:30 2% 100 pL
Magnetic Beads SELEX ~ 1*GST-H 1 pM 5 150 1:30 2% 100 pL
1*HMMP2-H 50nM
/M Magnetic Beads SELEX  1*GST-H 1 pM 4 120 1:30 3* 100 pL
1*HMMP2-H 60nM
Magnetic Beads SELEX  1*GST-H 1 pM 3 90 1:30 5% 100 pL
1*HMMP2-H 60nM
Magnetic Beads SELEX ~ 1*GST-H 1 pM 2 75 1:37.5 6% 100 pL
1*HMMP2-H 60nM
Magnetic Beads SELEX ~ 1*HMMP2-H 70nM 2 80 1:40 6* 100 pL
(¥ Filtration SELEX 1*NC membrane 2 80 1:40 1*1 mL
1*GST-H 1 pM
(A Filtration SELEX 1*NC membrane 2 80 1:40 2*1mL
1*HMMP2-H 70nM
Filtration SELEX None 2 80 1:40 2* 1 mL
Filtration SELEX None 1 40 1:40 5% 1 mL
None 0.5 20 1:40 10* 1 mL

Filtration SELEX

Table 4.1: Selection conditions applied for SELEX against HMMP14.

High throughput Sequence Analysis:

High throughput sequencing was performed for all rounds of the SELEX including the
library as described in chapter 2. As discussed earlier that the HTS analysis of this SELEX was
performed using PATTERNITY-SEQ software, where the sequences were recovered based on

the adjusted Q score of 30. A threshold of 0.001% was put to display and calculate the data.
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Figure 4.1: Graphical representation of enrichment of candidates in SELEX against HMMP14. A threshold of

0.001% was adjusted to display and calculate the data. A= Number of sequences higher than the threshold in each
round of SELEX. B= Number of clusters higher than threshold in each round of SELEX.

Strong evolution was observed for the SELEX starting from round 9 as shown in figure
4.1. This can be explained with the increase in the competition ratio (HMMP14: ssDNA) from
1:30 (R8) to 1:37.5 (R9) which was further increased up to 1:40 in next rounds (Table 4.1). As
the SELEX rounds proceeded, the number of sequences higher than the threshold 0.001% had
increased, instead for R11 where the SELEX was shifted from Magnetic beads based SELEX
to Filtration SELEX (Fig 4.1-A). The decrease in number of cluster during round 10 and 11
was due to enrichment of specific sequences (Figure 4.1-B). The HTS analysis shows the
enrichment of the sequence (5’-ACT CCC AGA CGG AAT GCA GAC GTC CCA GTG-3?)
up to 50 percent of the pool in R10 and R11, which was then decreased in proceeding rounds
(Figure 4.2).

The clusters were ranked according to their presence in the pool with the most abundant
cluster as top. The sequences were analyzed in clusters based on the most abundant sequence
as a representative of the cluster. Representative sequences of the first 4 clusters shared a same
motif GAATGCAG as shown in Table 4.2.
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Name Sequences R0 ROS ROY R0 R1L RL2 RI3 R4 RIS
m14-0 ACTCCCAGACGGAATGCAGACGTCCCAGTG 2708 F 1881 235
m14-1 GGCACGCTCACGCAGGGAATGCAGACCCAG 0236 8.092 192 2051 2015 1787 1843
m14-2 ATCATCCCATAGAATGCAGCTGCAGGATGT 0965 9331 1207 1899 2172 1927 1892
m14-3 GCCATGCAGGGGAATGCAGCCCCCATGTGG 0278 1018 0354 1326 2827 4528 4871
m14-4 TGCCCCAGGACTCCATGCGCGTCCCCAGGE 0229 008 0547 1541 2748 4012

Table 4.2: NGS result analysis for SELEX against HMMP14. Representative sequences of top 5 clusters with their

individual percentage present in the SELEX rounds. The top 4 highly evolved sequences share the motif
GAATGCAG and enriched up to 70 % in the pool.

All the selected sequences were 30 nucleotide long. On alignment of these sequences with
reference to m14-0, we identified conserved motifs that occurred in combination with each

other for all sequences as described in figure 4.2.

cov pid 1 [ . . . ] 39
m14-0 100.0% 100.0%  ----- AciicccAGACGG- - - AA| GCAGACG] | CCCAG G-
ml4-1 83.3% 54.8%  GGCACGCYCACGCHGGG- - - AALGCAGACC - CAG- - - - -
ml4-2 96.7% 48.4%  ----- ATCATCCCHTAG- - - AALGCAGC TG - CAGGALGT
ml4-3 93.3% 56.2%  ----- GC-CATGCAGEEG - - AR IGCAGCCC - CCATRLGG
ml4-4 90.0% 40.0%  ------- LIGCCCCAGBACTCCAIBCGCGTCCCCAGERC- -

Figure 4.2: Alignment of selected sequences from HMMP14 SELEX1. Sequences were aligned by using ClustalW.

The alignment of sequences are given with cov % (percentage of positions covered by motif) and PID (percentage
identity) with reference to m14-0 aptamer. Different conserved motifs identified in all sequences are indicated in

the background colours.

Evolution of Parasite sequences:

Parasite sequences are those sequences which affect the SELEX with contamination
resulting in selection of an aptamer against co-receptors rather than the actual target receptor.
Many SELEX fail due to enrichment of such parasitic sequences which in competition defeat
the sequences of interest. The reason of parasitic sequence enrichment may be due to PCR

biasness 2%’ or enrichment of sequences against co-receptors.

In HMMP14 SELEX, we observed a high evolution of sequences sharing the same motif

GAATGCAG among the top four clusters. On in vitro characterization of these sequences
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(discussed later), it had been observed that infact these were parasite sequences evolved against
the His-tag rather than the HMMP14 itself, since we used the histidine tagged HMMP14 during
selection. Surprisingly the introduction of negative selection with histidine tagged GST and
HMMP2 from Round 6 was not able to remove the sequences. Since histidine is a small
molecule as compare to HMMP14, a short sequence GAATGCAG evolved against it very
fastly. Secondly as the NGS results shows in table 4.2, that the sequences containing motif
GAATGCAG had together contaminated around 80 percent of the pool in round 10 and round
11 which was later decreased to 70 %. This decreased may be associated to switching the
SELEX method from Magnetic beads to Filtration SELEX. Indeed the washing volume was
also increased in the last rounds. It can be assumed that efficient counter selection and washing
couldn’t remove this high percentage of parasite sequence due to amplification by PCR in each

round.
mfold structural analysis of parasite sequences:

The structures of the parasite sequences without primers were predicted by mfold. As we
can see in the figure 4.3, the motif GAATGCAG presented in these sequences are highly
involved in the formation of the apical loop closed by different number of GC base pairs which

is highly suspected in binding.

ml14-0 AG = -4.46 ml4-1 AG =-5.37 ml4-2 AG =-7.18 ml4-3 AG =-6.99

Figure 4.3: mfold based structure analysis parasite sequences. mfold prediction of parasite sequence without
primers. All these sequences share the motif GAATCGAG (in red).
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In vitro Fluorescence Assay of m14-0:

The aptamer m14-0 was characterized by FluMag based in vitro fluorescence assay as
described in chapter 2. For this purpose, 1uM of FAM labeled m14-0 was analyzed against
50nM of 6X histidine tagged HMMP14. The binding of m14-0 was also analyzed against only
6X histidine as a negative target. Surprisingly m14-0 showed a similar binding affinity to both
targets with a fractional occupancy of around 90 percent as shown in Figure 4.4. It is proved
that m14-0 binds to the histidine with very high affinity (Kd expected to be in low nM range).
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Figure 4.4: Binding analysis of m14-0. The binding affinity of aptamer m14-0 was analysed by FluMag based in
vitro fluorescence assay using magnetic beads. The fractional occupancy was calculated based on the fluorescence
intensity.

Applications of histidine aptamer m14-0:

Due to high purity and low cost production, aptamer can be used in many analytical or
biophysical methods that has traditionally utilized antibodies. Since aptamer m14-0 is highly

specific to histidine, we can use it for following applications.
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1) Protein Purification:

Affinity chromatography is one of the most effective technologies used for the purification
of proteins from crude or semi purified extracts. Proteins are often expressed with fusion-tags
like His-tags for affinity purification and to aid solubility in commercially available plasmid
vectors. Aptamer mediated affinity chromatography enables purification of proteins in a single
step. Aptamer m14-0 selected against histidine can easily bind to a histidine tagged protein.
Thus Protein loading, washing and elution can be easily carried out through affinity
chromatography.

i) Enzyme-Linked ImmunoSorbent Assay

Enzyme-Linked ImmunoSorbent Assay, is based on the use of monoclonal or polyclonal
specific to a target for quantitative detection. ELISA is highly applicable for the detection of
protein biomarkers in research, diagnostics and therapeutics. Since antibodies have limitations,
we can use aptamers as Enzyme-Linked Aptamer Sorbent Assay (ELASA). Thus, anti His-tag
aptamer m14-0 can be used to detect the histidine tagged proteins in ELISA.

iii) Surface Plasmon Resonance:

As discussed in previous chapters that SPR is used for the affinity analysis in ligand-target
binding assays. In SPR, Nickel coated sensor chips are used which has a limited application
due to electrostatic interaction. Anti his-tag aptamer provides a better method where aptamer
can be conjugated to surface with streptavidin/biotin conjugation without loss of selectivity /
affinity, and can be regenerated or refolded. Histidine tagged protein can thus easily bound to

the aptamer resulting in the fixation at the surface for SPR experiment.
Overcoming issues related to evolution of parasite sequences in SELEX:

To overcome the problems related to the evolution of parasite sequences in general,
Duconge proposed an introduction of antisense oligonucleotide in the proceeding rounds of
SELEX as an antidote. This antisense oligonucleotide will lead to decrease in the parasitic
sequences resulting in an enrichment of other new sequences having an affinity for the target.

Indeed, this can be easily monitored by HTS analysis after every round.
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Improvement in Magnetic Beads SELEX:

We have observed that there are many complications with magnetic beads SELEX which
should be addressed carefully. Since magnetic beads are used for such selections to immobilize
the target, these beads usually settle down during incubation resulting in aggregation (not
visible by naked eyes) which can highly affect the SELEX. Such problems can be overcome by
using an incubator which force the beads to disperse after every specified time unlike spinning
rotors. As these aggregates are not visible with naked eyes that can also lead to poor washing

resulting in the recovery of non-interested sequences.

One of the major complication with magnetic beads is the elution of interested sequences by
heating. To overcome this problem, we propose that after washing, the interested sequences can
be amplified directly on the magnetic beads. This can enhance the possibility of amplifying
only sequences that are bound to the target immobilized on beads.

Since in the literature, so far many SELEX processes have been reported based on the nature
of the target. However, it is a fact that there is no exact criteria for SELEX. Although the SELEX
is initiated with a library having a huge diversity of sequences, the selection of aptamer is highly
influenced by many parameters i.e. SELEX type, SELEX library, buffer conditions, library and
target concentrations, PCR amplification, washing and elution etc. It is a beauty of SELEX that
evolution of candidates are highly dependent on the conditions of SELEX provided, so we

suggest that more than one SELEX should be run in parallel with different parameters.

Conclusion:

In conclusion, we performed a selection against HMMP14 target receptor with natural
nucleic acid library of 10 diversity but this DNA naive library drove the selection against the
receptor tagged histidine (co-receptor) resulting in the enrichment of parasite sequences. We
assumed that the failure of this SELEX was due to late introduction of counter selection step
from the round 6 resulting in the enrichment of parasite sequence which were then not able to
be removed due to PCR amplification. However the histidine specific aptamer can be used in

many analytical and biophysical methods.
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Chapter-5: In vitro selection of DNA
aptamers against Discoidin  Domain
Receptor-2 (DDR-2)
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Discoidin domain receptor-2 (DDR2) as a family member of receptor tyrosine kinases is
involved in many biological processes such as cellular growth, differentiation, metabolism and
motility in response to internal and external stimuli *°. This receptor is activated by collagen in
order to perform their kinase activity but in pathophysiological conditions it leads to the
activation of matrix metalloproteinase which are responsible for cell invasion and migration by
degrading the extracellular matrix of cells through invadosomes % 53, The detail about DDR2
structure and its role in melanoma has already been discussed in Chapter 1, so in this chapter
we will discuss the selection of an aptamer against the DDR2 to be used as a theranostic agent.

Cross-Over SELEX against Discoidin Domain Receptor 2:

Cross-Over SELEX is a hybrid of different SELEX methods introduced to enhance the
selection efficiency and to avoid the generation of aptamers against potential co-receptors of
the biomarker of interest. Cross-Over SELEX can be performed against target in both
recombinant form and in cells 1%7. In order to select an aptamer against DDR2, we performed a
Cross-Over SELEX as a hybrid of three different SELEXs i.e. Magnetics Beads SELEX,
Filtration SELEX and Cell SELEX.

Magnetic Beads SELEX was performed by the immobilization of the 6X histidine tagged
DDR2 recombinant purified protein on Ni-NTA agarose magnetic beads. Filtration SELEX was
performed also by using the recombinant purified DDR2. The interested and non-interested
sequences were then separated by using NC membrane. Cell SELEX was also performed to
generate an aptamer which can recognize the extracellular domain of DDR2 in its native
condition. For this purpose we used HUVEC cells with overexpression of DDR2 prepared by

Saltel’s lab at University of Bordeaux.

SELEX ssDNA Library:

The ssDNA library used in this SELEX has a 40 nucleotide random window with primers
P5 (forward primer) and P3 (reverse primer) as given in table 2.1. The reason to select a library
of 40 nucleotide random window was to avoid selection of aptamers which need the primers
for target recognition. As in SELEX against DDR1 (chapter 3) we had observed that the primers
are usually involved in structural conformation, which can be avoided with a longer library.
These primer sequences cause non-specific binding by their nature, and have been reported to
lead to large numbers of false-positive binding sequences, or to interfere with binding of

sequences within the random regions 267,
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SELEX:

The SELEX was initiated with 2nmoles of ssDNA library (10 sequences) against 10
pmoles of the extracellular domain of DDR2 with a ratio of 200:1 which was decreased as the
SELEX rounds proceeded. SELEX rounds with recombinant form of EC domain of DDR2 was
performed with a protein-SELEX binding buffer while SELEX rounds with HUVEC cells
expressing DDR2 was performed in cell SELEX Binding buffer mentioned in Table 2.2. While

the respective buffers without competitors in both SELEX were used as washing buffer.

In general we performed total 14 rounds of Selection against the EC domain of DDR2
where 7 rounds were based on Magnetic beads based SELEX, 5 rounds as Filtration SELEX
and 2 rounds as Cell SELEX. The detail about SELEX procedure is given in table 5.1.

During the SELEX, we also focused on the stringency by introducing counter selection
from the early rounds. We performed counter selection against Ni Beads or NC membrane
(depending on the type of SELEX), as described earlier that during SELEX usually there are
sequences that bind to these solid supports as a parasite sequence resulting in the wrong
direction of SELEX. In order to make the selection more stringent we also performed a counter
selection against GST protein from the starting round. The washing and time was increased as

the SELEX rounds proceeded to discard non-binders and the weak binders.
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Conditions of SELEX DDR2

3 | Filtration SELEX 300 NC 105 6 8 375:1 3 (1 mL)
4 | Filtration SELEX 300 NC 105 6 8 375:1 6 (1 mL)
5 | Filtration SELEX 225 None None 6 6 375:1 6 (1 mL)
6 | Cell SELEX 150 None None None 2500000 None 3 (1 mL)
Cell SELEX WB
7 | Filtration SELEX 150 None None 6 5 30:1 6 (1 mL)
8 | Cell SELEX 100 None None None 1000000 None 5 (1 mL)
Cell SELEX WB
9 | Filtration SELEX 30 None None None 0.8 375:1 6 (1 mL)

Table 5.1: Selection conditions applied for Cross-over SELEX against DDR2. Conditions of Cross-Over SELEX

performed against DDR2 receptor. Total 14 rounds of SELEX was performed with 7 rounds of magnetic beads
SELEX (Green), 5 rounds of Filtration SELEX (Yellow) and 2 rounds of Cell SELEX (Orange).

126



The candidates were amplified into a total volume of 1 mL according to the procedure
described in chapter 2. In this SELEX, we switched the polymerase after every round with Go
Taq, Gold Taq, Diamond Tag and Phusion. The reason of switching of the polymerases was to
avoid the biased amplification if any. As it has been demonstrated that polymerases sometimes
shows biasness during incorporation, or not able to incorporate all bases correctly resulting in
production of short sequences 2%8. Before performing the amplification, we optimized the
amplification with each polymerases in order to avoid any by-product formation %’ as described
in chapter 2. Another reason to use Taq polymerases and Phusion polymerase is their
“processivity”, as Taq Pols have 5 times while Phusion has 10 times more processivity than Pfu
polymerase. Processivity is the ability of DNA polymerase to carry out continuous DNA
synthesis on a template DNA without frequent dissociation which can be measured by the
average number of nucleotides incorporated on a single association/disassociation event by

DNA polymerase.
High throughput Sequencing:

The HTS analysis of DDR2 SELEX was performed as described in chapter 2. Since the
random window of the library used for this SELEX was 40 nt long, sequences between 37-42
nucleotides were analysed. It was observed that the diversity of the pool after performing 14
rounds of selection had not decreased promisingly i.e. 91.3 % in the 14" round as described in
table 5.2.
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SELEX Total sequences Unique sequence Diversity

Round 0 4237948 4220712 99,6 %
Round 1 2124522 2105756 99,1 %
Round 2 1700523 1648217 96,9 %
Round 3 1743768 1721184 98,7 %
Round 4 1756855 1737607 98,9 %
Round 5 1766688 1748941 99,0 %
Round 6 3269073 3254788 99,6 %
Round 7 3558194 3538779 99,4 %
Round 8 2622835 2593860 98,9 %
Round 9 3975317 3911863 98,4 %
Round 10 837761 825240 98,5 %
Round 11 667668 656871 98,3 %
Round 12 850664 834867 98,1 %
Round 13 680680 641899 94,3 %
Round 14 510826 466544 91,3 %

Table 5.2: Diversity of rounds in SELEX against DDR2. The rate of decrease in the diversity is too slow. After 14

rounds of selection only 9 percent diversity has decreased.
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Only few candidates showed increase in the frequency during the SELEX. Based on the
NGS evolution profile, 4 sequences were selected named as D2.1, D2.2, D2.3 and D2.4 as

shown in Table 5.3.

R7 RS RS RI0 RII RI2 RI3 R
141 358 237 489 854 741 026 626
229 176 955 135 705 103 196
327716 12 129 132 196
176 358 3

Cndts Sequences RS R6
D22 GCCATCCCGTCAGTCTCAGTCACCTCATTGGTGTCGTCG
D23 TATCACCCCGTCAAGTCAGTCAAGGTTGTTGTGTCGTGCG
D24  GTCCTGTCTGTCGTGTATGTCCCATCTGTTGCGTCCACCG

D2.1 TCCCACATTACCTTCTTTTGCATCCTTCATGTTCGCGTCG

Table 5.3: NGS analysis of SELEX against DDR2. The NGS data analysis of the four highest abundant sequences.

The sequences are given with their reads per million from R5 to R14. Sequence D2.2 and D2.3 evolved from cell
SELEX rounds share three motifs of 7 bases together while D2.4 and D2.1 shares small motifs together.

All the selected sequences were 39 or 40 nt long. On alignment of these sequences with
reference to the most abundant sequence D2.2, we identified conserved motifs that occurred in
combination with each other for all sequences as described in figure 5.1.

cov pid 1] 47

2.2 100. 6% 100. 0% |cc cccEiCBC--- ID E -cE--c
02.3 94.9% 66.7%  TATCACCCC c G---- 66| TGLAIG- L6y - CBJG-C
02.4 89.7% 53.7%  ----GUCCTRYCTRCGTOUATRCCCATCTOUG- CBCCAC--C
02.1 87.2% 43.9% - CCCACATTACCT-|JCTTTGCATCCT CA- TCRCeTC

Figure 5.1: Alignment of selected sequences from DDR2 SELEX. Sequences were aligned by using ClustalW.

The alignment of sequences are given with cov % (percentage of positions covered by motif) and PID (percentage
identity) with reference to D2.2 sequence. Different conserved motifs identified in all sequences are indicated in

the background colours.
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Sequences D2.2 and D2.3 were the highly represented sequences which also share high
homology between them. Interestingly, D2.2 and D2.3 were evolved during R6 and R8
respectively which were cell SELEX rounds. As D2.2 was evolved in R6 (first cell SELEX
round), the evolution was higher in R8 (second cell SELEX round) as compared to R7 (filtration
SELEX round). In later rounds which were based on selection against histidine tagged
recombinant DDR2, the evolution of these candidates were not increased as shown in table 5.3.

Slot Blot Assay of DDR2 candidates:

Four candidates (D2.1, D2.2, D2.3 and D2.4) were analysed by Dot blot Assay (slot format)
based on filter retention method as described in chapter 2. For this assay, 5nM of FAM labeled
candidates were used against 50nM of DDR2. We observed an increase in fluorescence
intensity in the slots subjected to D2.2 and D2.3 with DDR2, while there was no signal detected
for D2.1 and D2.4 (Data not shown due to high background signal issues). Based on these
results, we decided to perform new selection against DDR2 expressed on HUVEC cells with
the doped library of D2.2 and D2.3. The discussion has been given in chapter 6 for this

perspective.
Conclusion:

In this chapter, we have used Cross-Over SELEX targeting HUVEC cells expressing DDR2
and recombinant purified DDR2. After performing 14 rounds, the SELEX was analyzed by
High throughput sequencing. Although the diversity of the pool was not decreased promisingly,
4 sequences were selected based on NGS evaluation. Two sequences D2.2 and D2.3 emerged
from cell SELEX rounds were presented as most abundant sequences with an RPM of less than
100. As these sequences share high homology between them, we aim to perform a Cell SELEX
with the doped libaries of these two sequences to generate better variants targeting DDR2 in its

native conformation.
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Chapter-6: Thesis Prospects and Summary
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Research perspectives of aptamer selected against DDR1:

Although we have successfully selected an aptamer DS_3.1 against DDR1 which has been
validated by Dot blot assay. This aptamer needs to be further characterized by different
biophysical experiments. Stoltenburg et al. have demonstrated that the binding affinity of
aptamer can vary based on the type of biophysical analysis method 2%°. DeRosa and colleagues
have further emphasized on characterization of aptamer binding with several approaches, since
they have demonstrated that some biophysical experiments failed to characterize the aptamer
due to difference in nature of the target 2%°.

a) Biophysical characterization of DS 3.1 and DS _3.1tl by Surface Plasmon
Resonance (SPR):

Surface Plasmon Resonance has been extensively used in the study of aptamer binding
kinetics 2. SPR allows for a highly sensitive real time analysis of molecule interactions 27°. It
allows label-free detection of interactions between targets immobilized at a solid—liquid
interface and partners in solution injected in various tracks of the chip 2%, SPR is a well suited
biophysical characterization method to determine the Kkinetic parameters, the equilibrium

constant and the stoichiometry of a reaction.

In order to characterize the binding of DS_3.1 and DS_3.1t1, we aim to perform an SPR
analysis. For this purpose the biotinylated aptamer will be immobilized on streptavidin coated
CMS5 sensor chip BIACORE. One problem associated to the immobilization of aptamer is the
structural conformational changes associated to the fixation which can disturb the binding,
especially if the primer is involved in binding. This problem can be solved in two ways. (i)
5’prime biotinylated aptamers are synthesized with a spacer 18 to be immobilized on the chip
without any structural impairment. (ii) Aptamers are synthesized with additional 18-20 bases at
5’prime end which will be a complementary sequence to the biotinylated anchor immobilized
on the streptavidin coated CM5 chip, but the risk associated with this method is an impairment

of structural folding due to the anchor.
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b) Determination of Kd of DS_3.1 and DS_3.1t1 by Isothermal Titration
Calorimetry (ITC):

Isothermal titration calorimetry (ITC) is an example of thermodynamic related techniques
applicable for characterising the affinity between aptamer and its target 2. ITC relies on the
fact that formation of the aptamer-protein complex is an exothermic process which releases
heat. Unlike other techniques, ITC provides a detailed thermodynamic picture of the molecular
interaction, i.e. binding constant (Ka), reaction stoichiometry (n), enthalpy change (AH),
entropy change (AS), and Gibbs free energy change (AG) which makes this method sensitive
and suitable for the analysis of binding affinity by thermodynamic characterization 2’3, Since
ITC is a label free technique and it works by directly measuring the binding equilibrium of a
ligand with its binding partner in solution, it can better characterize the binding affinity due to
its sensitivity. The limitations associated with ITC is that it requires high concentrations of

ligand or target for measurement and larger total amounts of material than most other methods.

Determining the concentrations appropriate for an ITC experiment depends on the
relationship between the protein and the ligand, as the amounts of each need to be adjusted for
the magnitude of heat and the expected binding constant 2’4, These values should fit into a

theoretical c-window in order to analyse the data. The C value is described by the equation
C = nxKax[M]

Where n is the stoichiometry of the reaction, Ka is the binding constant and [M] is the aptamer
concentration. The optimal C value should be between 10 and 100, and can be adjusted by
varying the concentration of the aptamer. The concentrations of the aptamer and target proteins
used in ITC depends on the binding constant of the aptamer. For an optimal C value above 10,
the concentration of the ligand in the syringe must be 20X more than the concentration in the

sample cell.
In vivo imaging of melanoma cells using nanoparticles conjugated DS_3.1:

MRI is a highly resolution imaging technique widely used in clinical research. As discussed
earlier in chapter 1 that aptamer conjugated with nano-particles have been successfully used for
targeting tumor sites without any in vivo toxicity 22° 27>, Since silica has good biocompatibility
as is accepted as “Generally Recognized As Safe” GRAS, silica based nanoparticles have been

used in imaging, drug delivery and therapy 27®. Futhermore silica nanoparticles encapsulating
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fluorescent dye known as Cornell dots have been approved by FDA as human melanoma
targeting imaging probe in Phase 1 clinical trail 277

As our main objective is to identify aptamers as an in vivo imaging agent, we aim to perform
an MRI of melanoma tumor in xenograft model using aptamer DS_3.1 conjugated with silica
nanoparticles. For this purpose, we aim to use dually fluorescent silica nanoparticles (DF-SiO2
NPs) of 19nm covalently covered with a PEG 28, In an investigation of biodistribution in mice,
it has been demonstrated that the fluorescent silica nanoparticle accumulation increases due to
enhanced permeability and retention effect caused by PEG, thus make them a valuable label for

in vivo imaging studies.
Research Perspectives for selection of DNA aptamers against DDR2:

For the successful selection of an aptamer against the DDR2 extracellular domain receptor,
we are currently performing SELEX in two different ways as a perspective. The 1% perspective
is using the doped library of the evolved candidates from the previous selection (chapter 5) and
perform Cell SELEX 8, 2" perspective is to perform a Functional SELEX based on particle

display *°°.
DOPED SELEX against Extracellular domain of DDR2:

As discussed earlier that doped SELEX has been demonstrated as a useful tool to optimize
aptamer selection against the specific target %, In Chapter 3, we also have demonstrated that
doped SELEX can generate better variants of already selected aptamer with high affinity. Based
on these results we decided to perform a doped SELEX against the extracellular domain of

DDR?2 target receptor.
Doped Library:

Based on the HTS analysis of the previous DDR2 SELEX, 4 candidates were selected. After
performing an analysis by in vitro fluorescence assay aptamers D2.2 and D2.3 were selected as
described earlier in Chapter 5. D2.2 and D2.3 are the sequences evolved from cell SELEX
rounds and share high similarity between them due to presence of 3 same motifs of 7 bases each
as shown below in Figure 6.1. We are therefore highly interested in performing Cell SELEX
based on the doped library of D2.2 and D2.3.
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Figure 6.1: mfold predicted structure of D2.2 and D2.3 random window. D2.2 and D2.3 share three motifs (given

in blue, red and green) which are involved in stem and loop formation.

For this purpose, we have recently synthesized two separate doped libraries of D2.2 and
D2.3 by doping 5% of other three bases along with 85% of the original base position present in
the library. The percentage of original sequence present in the doped library will be 0.2%.
Although SELEX is a bet but here we are interested in performing a cell SELEX driven by D2.2

and D2.3 by doping, which can possibly generate better variants.
Aptabeacon approach as a Functional SELEX against DDR2:

In Functional SELEX, the affinity of sequences in a library is quantitatively measured
individually by Fluorescent Activated Cell Sorting (FACS) in a high-throughput manner 27°.
For this purpose, oligonucleotide library up to 100 million (108) sequences can be sorted out by
FACS. Functional SELEX has been discussed in Chapter 1.

Functional SELEX has high advantages, as it provides a more efficient screening method
by selecting aptamers in few rounds compared to the conventional SELEX method where the
rate of decrease in diversity is very slow. It may be assumed that in conventional SELEX

methods, protein targets potentially display many aptatopes with different binding affinity
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which result in slower screening of candidates unlike functional SELEX which provides highly

efficient screening method.
Aptabeacon Library:

To select a functional aptamer against the DDR2 extracellular domain, we will use the
strategy of aptamer as an “Aptabeacon” molecule which will be sorted out by FACS analysis.
Aptabeacons are molecular beacons with an internally quenched fluorophore whose
fluorescence is restored upon binding to its target with structural conformational changes 2%

5" GACGCACGGACGGACTGAGCA WWVVWVWVWWWWVWVVVVVVWVVVVVVVVVT GACCGGAGCGAGGCAGGCAGG 3
5" GACGCACGGACGGACTGAGCA VWWWWWWWVWVVWVVVVVVWVVVVVVVITY GACCGGAGCGAGGCAGGCAGG 3

l

53" GACGCACGGACGGACTGAGCA VTVVVVVVVVVVVVVVVVVVVVVVVVVVVY GACCGGAGCGAGGCAGGCAGE 3
3" GACGCACGGACGGACTGAGCA TVVVVVVVVVVVVVVVVVVVVVVVVVVVVY  GACCGGAGCGAGGCAGGCAGG 37

A= SELEX Library

.[ DDR2

B= Aptabeacon Model

Figure 6.2: Functional SELEX against DDR2 with Aptabeacon approach. A= Aptabeacon SELEX library as a

mixture of 30 ssDNA libraries. These libraries contain 30 nucleotide random window with 29 V (V=A, G, C) and
1T bearing fluorescein. For each library, the position of Thymine is changed. The primers are similar for each
library with 1 thymine in the forward primer which bears a quencher Dabcyl. B= Aptabeacon model explains that
the aptabeacon library will be fluorescent upon binding to the target protein due to structural conformational

changes.

The library has been synthesized with the strategy that the single thymine base in the
random window will be coupled with fluorophore while the thymine base in the 5” primer will
bear a quencher as shown in Figure 6.2. For this purpose, we will use fluorescein and dabcyl as
fluorophore and quencher respectively since the excitation spectrum of dabcyl completely

overlaps the emission spectrum of fluorescein 281,
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SELEX Procedure:

As discussed earlier that the diversity of the starting library should be up to 102 sequences
to perform functional SELEX. One way of decreasing the diversity of the library is to perform
few rounds of conventional SELEX and then switch to functional SELEX. Soh and colleagues
have reported an aptamer selection by functional SELEX in which the library was first subjected
to “pre-enrichment” reducing the diversity to a scale that can be used as particle displaying

aptamers generated through emulsion PCR for FACS analysis 7.

With the perspective to select an aptamer against DDR2, we have recently performed 4
rounds of Magnetic Beads SELEX as shown in Table 6.1. For this purpose, we used a mixture
of 30 ssDNA libraries of 30 nucleotide random window with same forward and reverse primers
for amplification. The random window of all these libraries contains bases 1T and 29V (V = A,
G, C). For each library the position of the thymine in the random window is changed as shown
in figure 6.2. Indeed for conventional SELEX rounds, there is no need of labeling the

aptabeacon library with fluorophore and quencher.

Rounds sSDNA Counter Selection Washing
Selection PBS-Mg 1X
DDR-1 DDR-2
(pmoles) (pmoles) (pmoles)
1 2000 10 10 5*100 pL (1 min)
3*100 pL (10 min)
2 175 10 10 5*100 pL (1 min)
3*100 pL (10 min)
3 100 05 2.5 5*100 pL (1 min)
3*100 pL (10 min)
4 50 02 1 5*200 pL (1 min)

3*100 uL (20 min)

Table 6.1: Selection conditions applied conventional-SELEX rounds against DDR2. Conditions of conventional

SELEX rounds performed in order to decrease the diversity for functional SELEX.

With the aim to decrease the diversity, earlier 4 rounds of selection were performed with
high stringency. As mentioned in Table 6.1, the concentration of sSDNA and DDR2 was
decreased and the washing was performed with higher volume with time up to 20 minutes to
discard sequences of non-interest. The agarose gel results of the first 4 rounds after PCR have

been shown in figure 6.3.
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Figure 6.3: Agarose gel images of amplified rounds in conventional SELEX against DDR2. 3% agarose gel result
of the first 4 rounds of DDR2 SELEX as magnetic beads SELEX. Library (72bp) can be seen with 0.5 ug of DNA

ladder in each gel. PCR was performed with Taq polymerases for each round. After PCR 4uL of amplified volume

was loaded with loading buffer. The intensity of the band correspond to the PCR amplification has decreased as

the SELEX proceeded.

The fifth round will be functional SELEX round. Scheme of functional SELEX with aptabeacon

library is described in figure 6.4.
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Figure 6.4: Scheme of Aptabeacon selection by Particle Display method. The scheme shows the principle of the

generation of an aptabeacon and the basic underlying working steps to generate this kind of new beacons. 1 Beads
are functionalized with the primer bearing a quencher Q. 2 PCR reaction in emulsion allows the amplification of
the sequences and the incorporation of a homogeneous sequence population on the beads surface. 3 Breaking of
the emulsion and recovering of the beads. 4 Two rounds of FACS selection elucidate the beads that show a switch
depending on the presence of the ligand. 5 A PCR reaction amplifies the selected sequences and prepares the new

matrix for the next round of selection and amplification.
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Click SELEX against HMMP14:

SELEXSs with modified bases have been discussed already in chapter 1. Here in this chapter,
we will discuss only about Click-SELEX with indole to select an aptamer against HMMP14
receptor. As discussed earlier that hydrophobic aromatic side chains have the most profound
influence on the success rate of SELEX. Indole is not only an aromatic but also can form another
H-Bond with the target, thus increases the range of epitopes that are available for binding.
Vaught has demonstrated that benzyl and indole modified nucleobases enabled successful
aptamer selection whereas non-modified DNA failed to generate aptamers targeting TNRSF9
282 The Click-SELEX strategy was first described by Mayer and colleagues in 2015, selecting
successfully an aptamer with high affinity (Kd= 18.4 nM) against Cycle 3 GFP using 5-ethynyl-
2'-deoxyuridine triphosphate in the SELEX library instead of Thymine 2%, This dUTP present
in the library was further derivatized with the addition of Indole by using copper(l)-catalyzed
alkyne—azide cycloaddition (CUAAC) or click chemistry 17 283 All these results shows that
SELEX with modified DNA libraries can make it more versatile and flexible to generate high
affinity aptamers. Click-SELEX further makes it easy to apply due to the compatibility of
Indole bearing triphosphate for enzymatic processes during SELEX thus providing an easy way

to generate libraries 172,

SELEX Libraries:

In order to select an aptamer against HMMP14 and to compare the SELEX, we are currently
performing two SELEXs in parallel i.e. SELEX with and without Indole bearing click libraries.

The random window of this library contains equal distribution of bases theoretically.
‘5-CACGACGCAAGGGACCACAGG-NI-CAGCACGACACCGCAGAGGCA-3’
N=dA:dG:dC:EdU = 1:1:1:1.

For Click-SELEX, the EdU in the library is further modified by adding an Indole molecule
using Click reaction as shown in Figure 6.5 reported by Mayer and colleagues 2*°. The detail

about the reaction step has been discussed in chapter 2.
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Figure 6.5: CUAAC functionalization of EdU-containing DNA molecules with Indole azide.

Comparison of Click and Non-Click SELEX Libraries by HTS Sequencing:

Before starting the SELEX, we first performed a high throughput sequencing of the libraries
to analyze the compositions of bases in the random window after PCR amplification. For this
purpose the samples were prepared for NGS as suggested by the sequencing platform (described
in Chapter 2). For the NGS amplification of the Click-SELEX library, we first clicked the
library with indole (Figure 6.5) according to the procedure discussed in Chapter 2 and later
performed NGS with the clicked Library. Furthermore, dNTPs (dA, dG, dC) and EdU instead
of dT were used for PCR amplification of both libraries. After sequencing, the base composition

in the libraries were analyzed as shown in figure 6.6.

The NGS results shows that in non-modified library the composition of bases in the
sequences are nearly in the range of 23%-24% for Adenine and Cytosine, and 27%-28% for
Guanine and Thymine (Figure 6.6-A), while in modified SELEX library the percentage of EJU
is less as compared to other bases (Figure 6.6-B). It is due to the lower yield of EdU, as the
chemical synthesis is based on 3’ to 5’ that’s results in less incorporation of EJU due to lower
rate of reaction as compared to other natural bases. This issue can be simply overcome by
increasing the percentage of EAU during chemical synthesis as Azema et al. has successfully
demonstrated that rate of incorporation of different bases can be balanced through concentration

modulation 284,
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Figure 6.6: Analysis of base compositions in Click and Non-Click SELEX libraries by NGS.

It is quite evident that EdU is present in the modified library which is enough to perform
Click-SELEX by addition of Indole through Click chemistry. As far as the diversity is
concerned, the number of EdU bases (15%) present in the library is enough to induce diversity

and to drive the SELEX successfully in generating high affinity aptamers.
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SELEX with Click-Library:

We have performed 5 rounds of selection against HMMP14 receptor using Click-SELEX
Library. For this purpose we used Magnetic based SELEX 2% and Filtration SELEX 1%, The
detail about the SELEX procedures has given in chapter 2, while the selection protocol for
Click-SELEX is given in table 6.2.

Click-SELEX
SELEX
Rounds
Library | CS-1 Cs-2 Cs-3 Selection Ratio Washing
ssDNA | Ni/NC | GST-H | HMMP2 | HMMP14 | HMMP14: | PBS-Mg 1X
sSDNA
pmoles pmoles | pmoles pmoles
Magnetic Beads 700 5uL 100 17.5 175 1:40 5*100 pL
1 | SELEX
Magnetic Beads 300 5uL None 7.5 7.5 1:40 8*100 pL
2 | SELEX
Magnetic Beads 300 5uL None 7.5 7.5 1:40 8*100 pL
3 | SELEX
Filtration 300 NC 100 7.5 7.5 1:40 10* 1 mL
4 | SELEX
Filtration 100 NC 100 25 25 1:40 10* 1 mL
5 | SELEX

Table 6.2: Selection conditions applied for Click SELEX against HMMP14.

In each round of Click-SELEX, the EdU present in the library was modified with an azide-
bearing Indole by CUAAC. After incubation with HMMP14 in the selection step, the bound
sequences were eluted and amplified by PCR with EdU triphosphate instead of thymidine. This
step removes the modification in the elongating strand and reintroduces the alkyne moiety. The
azide bearing indole was then reintroduced by click chemistry (CUAAC) and the obtained
library is subjected to the next selection cycle. The only limitation associated with Click-
SELEX is the yield of the clicked library. We have observed that a large amount of library is

required to have an efficient Click reaction to obtain enough clicked library for future rounds.

143



SELEX with Non-Click library:

SELEX with the EdU bearing library (without any modification by Click reaction) was also
performed in order to compare the two SELEXs. We performed 5 rounds of SELEXs with
Magnetic beads based SELEX and Filtration SELEX, in the same manner as Click SELEX.
The ratio (1:40) of library and the target concentration was kept same to provide same
competition level in the mixture between the ligand and the target for both SELEXSs. Except the
starting library where we initiated the non-modified SELEX with 2nmoles (for Click-SELEX,
it was 700 pmoles as the yield was low). Moreover the washing volume was also kept similar
as Click-SELEX (Table 6.3).

Non Click-SELEX
SELEX
Rounds
Library | CS-1 Cs-2 Cs-3 Selection Ratio Washing
ssDNA | Ni/NC | GST-H | HMMP2 | HMMP14 | HMMP14: | PBS-Mg 1X
SSDNA
pmoles pmoles | pmoles pmoles
1 | Magnetic Beads 2000 5uL None 10 10 1:200 5*100 pL
SELEX
2 | Magnetic Beads 300 5uL None 75 7.5 1:40 8*100 uL
SELEX
3 | Magnetic Beads 300 5uL None 75 7.5 1:40 8*100 uL
SELEX
4 | Filtration 300 NC 100 7.5 7.5 1:40 10* 1 mL
SELEX
5 | Filtration 100 NC 100 25 2.5 1:40 10* 1 mL
SELEX

Table 6.3: Selection conditions applied for Non-Click SELEX against HMMP14.

HTS Sequencing of Click-SELEX and Non-Click SELEX:

After performing 5 rounds of selection, we performed the high throughput sequencing for
all rounds of both SELEX. Sequences with window range within 39-45 nucleotides were

recovered while the shorter and longer sequences were discarded from the data. There was no
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evidence of evolution observed in both SELEXs after performing 5 rounds in both SELEX. The
diversity of the pool was still above 99 percent for each round (data not shown).

We believe that 5 rounds of selection are not enough to select a high affinity aptamer with
a large library of 10%° sequences. Tolle et al, in their method paper for CLICK-SELEX has
mentioned that 15 rounds of selection were required to select an aptamer of 18nM Kd 73,
Moreover, they have also demonstrated that the Click-SELEX started evolving from Round 6,
as the starting library had a diversity of more than 10 sequences.

Indeed, we are interested in selecting an aptamer which is dependant on indole moiety for
its affinity as described by Tolle et al *°. Thus we want to sort the click SELEX and non-click

SELEX to select interesting sequences after performing more rounds.
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SUMMARY:

Aptamers are single stranded oligonucleotides with high affinity and specificity against
target molecule. Since the discovery of aptamers, it has been largely translated into clinical
practice. Due to the superiority of aptamers on traditional peptide or protein based ligands in
terms of affinity, selectivity, chemical versatility and safety, they are extremely useful in in-
vivo imaging of cancer cells. The aim of molecular imaging is to enable the precise visualization
of specific markers of a pathological process, in a non-invasive manner, and thus to facilitate
the subsequent establishment of appropriate treatments. Discoidin Domain Receptors (DDRs)
and Matrix metalloproteinases-14 (MMP-14) have been proposed as markers of tumor
proliferation and invasion in melanoma.This thesis focuses on the selection of DNA aptamers
against these biomarkers of melanoma, considering various aspects related to their selection

from large pools of randomized ssSDNA libraries.

The main focus was on selection of DNA aptamers based on alternative supports for
candidates sorting with massive parallel sequencing. In Chapter 3, we have demonstrated the
selection of DNA aptamer DS_3.1 against DDR1 which binds to its target with a Kd of 33 nM.
Therefore, this developed DNA aptamer can be exploited as a promising imaging module for
non-invasive cancer diagnosis. For this purpose we aim to perform an MRI imaging in
xenograft model by conjugating the aptamer with silica nanoparticles. In Chapter 4 we focused
on the selection of DNA aptamer against receptor HMMZ14 which is highly involved in
metastatic melanoma. Unfortunately after iterative rounds of SELEX without counter selection
step, the selection was driven against the co-receptor histidine tag rather than HMM14 with the
evolution of high affinity parasitic sequences. With the aim to select an aptamer against
HMMP14, we are performing a click SELEX with indole modification on EdU which has been
described to improve the versatility of aptamer. Chapter 5 is based on the selection of an
aptamer against DDR2 by cross-over SELEX. In this chapter we focused on targeting the
receptor in recombinant form as well as expressing on cells. Beside low reduction in diversity,
few sequences were evolved after iterative rounds of selection. Two sequences D2.2 and D2.3
evolved from cell SELEX rounds are selected based on their structural characterization. We
aim to perform a cell SELEX from the doped libraries of these two sequences. Functional
SELEX has been applied to select high affinity aptamers. We therefore aim to also perform
functional SELEX against DDR2 by using aptabeacon library, where sequences of interest can
be easily sorted by using FACS. This sorting will be based on the structural switch dependent

fluorescence of the sequences on binding with target as these sequences will contain fluorescein
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fluorophore on the single thymine in the random window while quencher dabcyl on the thymine
in the 5° flanked region. Our final goal is to use all these aptamers as theranostic agents in

melanoma cancer.
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