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ABSTRACT

Ribonucleic acids have been found to have a majerin causation and propagation
of diseases. Targeting such therapeutically impoRdNA can be a method of treatment of
various diseases. Two such therapeutically impoRMNA discussed in this dissertation are
telomerase and extracellular microRNA.

Telomerase is a ribonucleoprotein whose role has baplicated in cancer.
Telomerase catalyses telomere extension by ugiogten of its RNA as a template. During
this process a RNA/DNA heteroduplex is formed. Vdeehattempted to inhibit telomerase
by targeting this heteroduplex using nucleic agitlbrs such as intercalators. In this
dissertation, we sought to understand the mechaofiselomerase inhibition by
intercalators, using a structural approach. Thaiaffof binding of ethidium bromide to the
RNA/DNA heteroduplex was examined by photocrosstiglethidium azide to the
telomerase RNA and using a primer extension agdajdium azide had a greater affinity
for the RNA/DNA heteroduplex compared to the teloase RNA alone.

Designing specific inhibitors using ethidium bromias the scaffold proved to be
challenge due to the off target binding to othecleie acids. Thus, the next part of the

dissertation dealt with identifying weak inhibita&telomerase and then increasing the



affinity for the target enzyme by developing intgrans with the protein portion of the
enzyme. Naproxen was used as a scaffold to inteotluectionalities which would interact
with the inner surfaces of the protein portionlad enzyme. Peptide libraries using naproxen
as the scaffold having varying lengths and motiéserdesigned. The synthesized derivatives
of naproxen were tested for their ability to inhitglomerase in order to obtain a molecule
which was a better inhibitor of telomerase thanraagn alone.

The final portion of the dissertation deals wilentifying and targeting extracellular
microRNA released from cancerous cells. MicroRNA small (22-25 nucleotides) RNA
duplex which regulate gene expression by cleaviegdrget mRNA or by blocking protein
formation. We hypothesized that microRNA releagethe extracellular fluid behave as
signaling molecules. Extracellular microRNA weresetyved in the media of culturing
carcinoma cells. Thus identifying and targetingsthextracellular species can be another

strategy in cancer therapy.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

In recent years, ribonucleic acids or RNA have batenactive therapeutic targets.
RNA, DNA and proteins are the three macromoleculeish are essential for life. All genetic
information is stored in DNA in the nuclei of cellEhis information is copied into messenger
RNA (mRNA) by a process called transcription. la ttytoplasm proteins are synthesized
using this information and the mRNA as a templates is considered the central dogma of
genetics® However the role of RNA has been found be morerdie than just being a mode
of transferring information between DNA and proteiRNA has been found to have other
important roles. These include:

1. Regulatory:

Several non-coding RNA have been found to be ireabiv regulating gene
expression. One such type of non-coding RNA areaRiblAs. These are small RNA (21-25
nucleotides in length) which block gene expresbipiRNA by binding to a complementary
sequence on its target MRNA and either cleaviog ity preventing ribosomes from bindifg.
SiRNAs are another example of non-coding RNA whiehave in a manner similar to
microRNAs but are generally not endogenous in DAgi

2. Catalytic

RNA can behave as enzymes in catalyzing chemieatimms. An example of this is
observed in splicing during mRNA transcription. iSjplg is the removal of introns from

exons and it occurs by the RNA portion of the inttmdergoing self cleavad& his type of



RNA was named ribozymes (ribonucleic acid enzynnel) some common types include
hammerhead ribozymes and hairpin ribozyfhes.

3. DNA synthesis

RNA can act as template to synthesize DNA usingreayme called reverse
transcriptase. This is most commonly observedtioveuses which contain RNA as the
genetic material. Telomerase is another ribonucleoprotein whichtsssizes the ends of
chromosomes or telomeres, using its inherent RNa tasnplate™®

4. Genetic material:

RNA has been found to be the genetic material inymigpes of viruses such as
Influenza virus and hepatitis C virisThe RNA in this case is generally single stranioled
double stranded RNA is also observed in some tgpesuses. This type of double stranded
RNA from virus can cause RNA interference in hadlscand can sometimes trigger an
interferon response.

These examples indicate that due to the importdes played by RNA; any
deregulation in its state can result in diseaseg. £lich example is the presence of telomerase
in most forms of cancer. This is due to the mecstanproperty of telomerase to extend
telomeres which increases the longevity of the eanells. This makes it a therapeutically
important RNA and targeting it is an attractivei-aancer therapy. We have pioneered a
novel method of targeting this ribonucleoproteinténgeting the RNA/DNA heteroduplex
with small molecules$® Using a structural approach, | have sought to rstaed the
mechanism of inhibition of telomerase by these smalecules and design specific

inhibitors.



Similarly microRNAs which play a major role in geregulation have been found to
be causative reason of many diseases. We havept¢to understand if microRNAs which
have been observed to exist extracellularly belasv&gnaling molecules and are responsible

for the proliferation of cancerous cells.

Importance of inhibiting telomerase

Telomerase has been found to be highly expresseahiter cell$? The mechanistic
reason for this occurrence is the role played lpmerase in maintaining the length of
telomeres. Telomeres are specialized ends of clsomes responsible for maintaining the
chromosomal integrity. These are shortened duragp @ound of DNA replication. When the
telomeres reach a critical length, the cells unolesgnescence and cell death. While this is the
normal occurrence in somatic cells, regeneratiVls aad cancer cells exhibit uncontrolled
proliferation due to the maintenance of the teldmiength by telomerasg.Since telomerase
is highly expressed in cancerous cells but is @hieemormal somatic cells, it can be
considered as a highly specific cancer target. #althlly 80 % of cancer types have been

observed to express telomerase making it a poteutiaversal target for cancer therapy/

Telomeres and Hayflick limit:

Chromosomes are organized structures of DNA prasehe nuclei of cells. They
consist of highly coiled DNA associated with proteiSince chromosomal DNA contains
several genes and other regulatory elements, anggkato the DNA can be hazardous. Thus
repair mechanisms exist within a cell to repair brgaks in the DNA, such as non-

homologous end joining and base excision repaidskri chromosomes differ from double



stand breaks in the DNA by the presence of telosadrelomeres (“telos” — end; “mer” —
part) are G — rich tracts located at the termiaglan of chromosomé%:*° The telomere ends
are protected by telomere binding proteins (ex. POEN1)?*?The presence of telomeres
imparts chromosomes integrity and protects therabsmme termini from degradation or
end-joining®??°

However, telomeres are shortened during DNA refiioadue to the inherent nature
of the process. DNA replication proceeds in a seoniservative mannéf.(Figure 1) This
means that each replicated DNA consists of onemaligarent strand and one newly
synthesized strand. DNA synthesis is performed taynaly of enzymes called DNA
polymerase. Deoxyribonucleotides consists of twansts, the sense strands having a 5’-3’
directionality and the antisense strand with a’3liectionality. DNA polymerase can
synthesize the DNA strand only from the 5’-3’ diten. Hence during replication the two
strands of the parent DNA are unwound resulting raplication fork. Short RNA primers act
as template for the DNA synthesis. The complemétiteparent strand having a 3'- 5’
directionality is synthesized continuously andeisrted as the leading strand. The
complement of the parent strand with 5’ -3’ direnality is synthesized in short pieces called
Okazaki fragments. The RNA primer is excised amrdftagments are then joined by DNA
polymerase. The destruction of the RNA primer ttessllts in a 3' overhang and a shortening

of the telomeres. (Figure 2)
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Figure 1. Semi-conservative method of DNA replicatin
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Figure 2. The end-replication problem during DNA replication

In 1965, Hayflick discovered that cells divide didige number of times (called the

Hayflick limit) before undergoing senescence aritldssath. It was then discovered that there

was a correlation between the number of cell divisiand the length of the teloméfe.

Telomere erosion occurs during DNA replication asalibed earlier. Once the telomeric

length reach a critical limit the chromosome en@sracognized as double stranded DNA

breaks. Thus at the Hayflick limit, the criticairort telomeres cause a permanent arrest of



growth which is called replicative senescence, alitytstage 1 or M1. Cells which avoid this
stage by the inactivation of checkpoint genes (i&8 undergo further shortening of telomeres
and then reach a second proliferative block, cafiedality stage 2 or M2. This stage is
generally characterized by massive cell déatells which avoid this condition are able to
do so due to the activation of an enzyme telomei@isertening of telomeres is not observed

in the cells with activated telomerase and henesdltells attain cellular immortality.

Telomerase role in cancer cells:

As opposed to normal somatic cells, cancer cedigldy uninhibited proliferation. In
these cells the telomeric length is not shortemetlreence the cells do not undergo senescence
and death. It was found that there was a correldt@ween the maintenance of the telomere
length and an over expression of the enzyme telasedn the cells. Telomerase was first
discovered irfTetrahymena thermophilia in 1985 by Blackburn et &.1t is a
ribonucleoprotein which extends the telomeres whabte been shortened during DNA
replication and thereby maintains the telomerigtkrover the critical limit. Bodnar et al.
transfected two human cell lines (retinal pigmemtheelial cells and foreskin fibroblasts)
which do not express telomerase with vectors coftinghe telomerase catalytic subunit.
They observed that these cells elongated telonar@£xhibited longer viability compared to

the telomerase negative contrdis.

Telomerase structure and function
Telomerase is essentially a ribonucleoprotein whoadalytic function depends on

two components: 1. the reverse transcriptase proT&RT) and 2. the telomerase RNA (TR



or TERC). Ligner et al. first identified the TER&gion fromEuplotes aedicul atus as protein
p123%2 Although telomerase has several structural siiti#arto other known reverse
transcriptase (RT), it has certain unique featateh as possessing an intrinsic RNA and the

capacity to add multiple repeats of telomeres thhoextension and translocation.

Palm (active site)

Template

pl123/Est2p
polymerase

domain
- _.J‘-' -

Telomerase s Tel I
RNA glomere

Figure 3. Schematic representation of telomerade

Sequence comparison between telomerase TERT ragobprototypical RTs revealed
that the universally conserved RT motifs were presethe TERT® *Additionally
telomerase has an approximately 400 amino acidinal extension and an approximately
150 -200 amino acid C-terminal extension. Thus#h@merase structure can be divided into
four domains:

1. N —terminal domain which contains the moderatelyserved GQ block

2. RNA binding domain containing conserved ma@if3, QFP and T

3. Reverse transcriptase domain containing theesoed RT motifs and



4. The C-terminal extension

One difference that telomerase has from other R'&spresence of a “linker” region
between the N-terminal motif and the rest of thetgin. This region is very diverse and can
range from 20 amino acids to 500 amino acids. $hggests a large conformation flexibility
between the N terminal region and the rest of tioéep.

N-terminal region:

In some organisms lik8. cerevisiae, the N-terminal domain of telomerase is not
required for activity in-vitro and the residues #xhweak nucleic acid binding activity.
However, mutation in this region in the case of anmMERT can reduce or eliminate in-vitro
activity.>>** The N-terminal domain contains the GQ motif arrégion in this motif is
required for telomere maintenance and viabilityisutot required for telomerase activity.

RNA —binding region:

The RNA binding domain is the region extending fribra “linker” region present
after the N-terminal domain to the conserved Targrhis domain is required for binding
the integral RNA present in telomerase. It has eand that mutations in this region can
result in complete loss of RNA binding activity.

RT domain:

This domain consists of a mixture whelices an@-sheets and is organized in a
manner similar to HIV reverse transcriptases caitgia “finger” and “palm” regiofi’ The
motifs important for the RT function have been fduo be conserved in TERT proteins by
sequence analysis. All reverse transcriptases icoatsignature motif “YXDD” which is
found to be essential for enzymatic activity. Twe aspartates have been found to be

essential for their role in binding metal ions e ttatalysis of RTs by the two- metal



mechanism. Three aspartates were identified il\tard C motifs of TERT proteins, two of
which were present in a sequence analogous tovtKBD” sequence of RTs. The sequence
in hTERT required for enzymatic activity was “LVDDThis suggested that that telomerase
mechanism of action employed the two metal ion raedm of catalysis. It was subsequently
found that replacing the aspartate residues wéhiaé resulted in a loss of telomerase
activity. Drosoupoulous and co-workers further migad that substitution of the valine
resulted in changes in enzymatic activifyAn effect on the nucleotide insertion rate and
polymerase fidelity was also observed.

C-terminal domain:

The C-terminal domain has the same spatial posésotie thumb domain of other
reverse transcriptases. This domain is essentialctivity in human TERT?® But in some
species like yeast telomerase it has been reptivedhe CTE region promotes telomerase

processivity and regulates telomerase localizdiigins not essential for its catalytic function.

Telomerase RNA

Telomerase is distinct from other reverse transasgin that it contains an intrinsic
RNA. In humans the telomerase RNA is 451 nuclestiddength and is transcribed by the
RNA polymerase If° The RNA contains a sequence which is complemetettye telomere
sequence and hence acts as the template to ekteteldmeres. The telomerase RNA has
been found to vary in size and sequence amongéiiffepecies. However it was found that
telomerase RNA from different ciliates possessedrserved secondary structure. Chen et al.
established an evolutionary conserved secondargtate for vertebrate telomerase RNA

based on phylogenetic comparative analy$By this method, 35 vertebrate telomerase RNA



sequences were aligned and this revealed thatNi#els eight highly conserved regions
named CR1 to CR8. The CR1 region contains the @egkequence used to extend telomeres
(5’-CUAACCC-3). The conserved regions CR2 and GIR& predicted to fold into a
pseudoknot structure and this pseudoknot strucsyseesent at close proximity to the
template region. Basically the telomerase RNA dostéour evolutionary conserved
domains: 1. the pseudoknot domain, 2.the CR4-CRiatlg 3.the Box H/ACA domain and
4. the CR7 domain.

The pseudoknot domain has an important role imtelase function. In ciliates as
well as humans it has found to be required fombelase assembly in vivo. However it has
reported that the pseudoknot is a transient stredgtuhuman telomerase and is only formed
in a catalytically active telomera&eThe Box H/ACA domain is required for the 3’ end
processing as well as for the stability of the RNAhere is reduction in telomerase assembly
in cells upon deletion or mutation in this regidihe human telomerase contains two regions
which interact with the catalytic component of tHEERT. These two regions consist of the
nucleotides 1-209 which contain the template regioth the nucleotides 241-330 which

contain the box H/ACA domain and the CR4-CR5 domain
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Telomerase associated proteins
Several telomerase associated proteins assisttdraction of this enzyme with
telomeres. Ir8. cerevisiae, telomerase is associated with two accessoryraet&stl and

Est2 which have been shown to be important fomtele@ maintenance.

TERT associated proteins: Tietrahymena, the proteins p80 and p95 were found to
co-precipitate with telomerase. The mammalian hoguoe of p80 is TEP1 (telomerase
associated protein 13'This 2,696 amino acid long protein is found to iate with the
telomerase RNA. Although TEP1 associates with belttmerase RNA and protein, its
function has not yet been understood. The moleallaperones p23 and p90 are found to be
associated with telomerase and are required foaghembly of the functional telomerase.
45461 4.3-3 proteins were also found to be associatél teiomerase and these proteins play a
role in signal transduction and apoptosis. Theganstact as regulators of nuclear localization

of telomerase but are not required for telomeratigity.*’

Telomerase RNA associated proteins:

In S cerevisiae the telomerase RNA is found be associated witp&iteins.**This is
a protein which commonly binds to small nucleolaonucleotides (snoRNAS). Similarly in
humans, proteins which commonly bind to snoRNAsehasen found to be associated with
telomerase RNA. Examples of such proteins inclu@daR1, dyskerin, hANOP10 and
hNHP2° The association of these proteins with telomeRISA suggests that these proteins
are involved with the stability and localizationtbe hTR. Dyskerin is found to be bound to

the H/ACA region of telomerase RNA and proposebdaequired for ribosomal
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processing? Mutations in dyskerin results in a disease coaditialled dyskeratosis
congenitd’. This disease is also manifested due to mutatiotiee HTERC gene?*Other
proteins found to be associated with hTR includetogeneous nuclear ribonucleoproteins

like C1, C2, A1, UP1, hStau and LZ2®°

Mechanism of action of telomerase:

The method by which telomerase extends telomeredived elucidated by Blackburn
et al.>**Inherently telomerase behaves as a reverse trptes®ii.e. synthesizes DNA using
RNA as a template. However the mechanism of adidalomerase is distinct from other
reverse transcriptases because it utilizes its@mtéRNA to extend the telomeres and it
involves two steps: extension and translocationhénfirst step telomerase binds to telomeres
by means of the template region present in iténsic RNA. The template region has the
sequence 5-CAAUCCCAAUC- 3'. Thus it facilitatesetsuccessive addition of the telomeric
sequence —TTAGGG. After this extension the enzyanestocates to the end of the telomeres
and further extends it. Thus in its mechanism ¢tibadelomerase is capable of adding
multiple repeats of the telomeric sequence.

Telomerase follows the two metal mechanism of alentide addition as observed in
all polymerases including HIV-RT. The aspartate residues found near the activéisitethe
two magnesium ions required for the activity. I leeen found that substituting the aspartate

groups with alanine results in the loss of telorsereatalytic activity®
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Telomerase inhibition:

As described earlier telomerase has been impligatadnajority of cancers. Thus a
number of approaches have been developed for tedmménhibition as a strategy for cancer
therapy?°
Telomerase inhibitors can target the

1. RNA component of telomerase:

a. Antisense oligonucleotides:

14



The inherent RNA of telomerase acts as a temfdatielomere extension. The
telomere binds to a region on the telomerase RNi&whas a sequence complementary to
the telomere sequence. Thus anti-sense oligonidsoivhich possess the telomere sequence
can bind to the template region of the telomerasd@ Bnd block telomerase activity.
Telomerase activity can be blocked in a passiven@awhere the anti-sense oligonucleotides
hinder the telomere binding to the telomerase RN#e active method of blocking
telomerase activity employs antisense DNA oligoeatitles and the RNase H enzyfh&@he
antisense DNA binds to the telomerase RNA and itscRNase H to degrade the RNA and
effectively block telomerase activity. A common lplem associated with antisense
oligonucleotides is stability as DNA oligonucleaglare highly labile. Hence antisense
oligonucleotides with modified backbones have bdereloped to render higher stability to
the molecules. The only caveat in using the madlifietisense is that blocking of telomerase
activity occurs only by the passive mechanism sRiase H is unable to cleave modified
nucleic acids. Substantial research in this argebkan performed at Geron corporation. They
designed 2’ deoxy and 2’ substituted oligonuclesgithrgeting the 11 mer template region
which were found to be effective as telomerasehittiis. One such substituted antisense
oligonucleotide, a 13 mer N3-P5 thio phosphoranedaGRN163 was found to inhibit
telomerase with an kg of 1 nM in tumor cell line§?®°

b. Hammerhead ribozymes:
Hammerhead ribozymes are RNA molecules that posgesaiclease activity.
Ribozymes can be designed against the telomerageaRtiVe site which can block

telomerase activity. These molecules possess tieeant problem of RNA stability and using
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modified nucleotides can affect the ribonucleasei#z. Additionally it has been observed
that after over 20 passages after treatment otbzyimes the cells did not show a reduction

in telomere length and exhibited uninhibited pestiftion®®®’

c. Preventing the assembly of the telomerase RNt with the protein subunit:

Keppler et al. identified two regions on telomeragech were required for the
assembly of the telomerase holoenzyme. They desigigonucleotides targeting different
regions on telomerase and identified two oligonoiitkes which inhibited telomerase activity
by preventing the assembly of the telomerase halpaa. Oligonucleotides which bound to
the P3/P1 pairing region or the CR 4 — 5 domaichdd telomerase activity if added prior to
telomerase assembly. The P3/P1 region is locatébdeopseudoknot region which as
described earlier is required for telomerase agtiviowever the addition of the
oligonucleotides has to be done before the asseailthe telomerase holoenzymes otherwise

this method of telomerase inhibition is ineffectffe

2. The telomerase protein sub-unit (TERT):

a. Catalytically inactive TERT subunit:

Mutants of the protein subunits of telomerase wih&oduced into cancer cells are
able to sequester the telomerase RNA but are ut@akbeend the telomere. Hahn et al.
designed a catalytically inactive telomerase progeibunit which had alanine and isoleucine
instead of aspartic acid and valine at the aciite®3Cells infected with the mutant form did

not exhibit telomerase activity and had shorteréahteres.
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b. Knockdown of the mRNA coding for TERT:

Dong et al. designed a siRNA targeting the mRNAigdor the protein portion of
telomerase. This siRNA was administered to breaster cell lines, MCF-7 and MDA-MB-
453 both singly and in conjunction with the antikcar drug Doxorubicin. The hTERT
MRNA was reduced to about 40% in the cells trewi#it the SiRNA and a decrease in the
hTERT protein level was also observed. This redudin the telomerase level was found to
correlate with decreased number of viable celRN#i and doxorubicin when administered

together caused a greater decrease in the numbizbté cells’

Reverse transcriptase inhibitors:

Reverse transcriptase inhibitors (RTI) are commaiskd in the treatment of HI%.
They can be of three different types:

Nucleoside analog reverse-transcriptase inhib{fdARTIs or NRTIS)

Nucleotide analog reverse-transcriptase inhibitNt&\RTIs or NtRTIS)

Non-nucleoside reverse-transcriptase inhibitors R¥UI)

The nucleoside and nucleotide reverse transcrifpthsaitors can compete with
dNTPs as the substrate for incorporation into thed DNA by HIV reverse transcriptase and
inhibit the extension of the DNA. In a similar ma&nrthey can be incorporated into the
telomere by telomerase and inhibit the enzyme’wifict 3’-azido-3’-deoxythymidine (AZT)
and 6-thio 7-deaza -2’-deoxyguanosine 5’ triphospli@8DG-TP) are some examples of RTIs
which have been tested against telomerase anddeswenstrated the ability to inhibit

telomerasé?’*
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G-quartets stabilization:

Telomeres are G-rich sequences that have the ¢tapadorm tetra-stranded
structures by Hoogsteen base pairing called G-gisaiG-quartets hinder the function of
telomerase. Hence molecules which are capablabiliging these quartets behave as
inhibitors of telomeras€:’® Some compounds that have been tested againsteelsenand
have been found to be effective include porphyan\atives, acridine derivatives and 2, 6
diamidoanthraquinones. However molecules whichetaitte G quartet are said to lack
specificity for cancer cells due to the possibibfythe presence of this structure even in

normal cells’”"®

Assays used to determine telomerase activity:

In order to observe telomerase activity in-vitral @he subsequent loss of activity in
presence of inhibitors several assays have beeziaped. Some of these assays include

1. Nuclease protection assays

2. RT-PCR

3.in gitu hybridization

4. Direct method using radioactivity

5. TRAP-based assays

6. PCR-based fluorescent assays

In our laboratory two of the above mentioned ass&® used extensively. The first
one is the direct assay using radioactivity. Tisag was developed by Morin et al. and

involved the incorporation of %P radiolabeled nucleotide into a primer by telorsefaA
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primer having the telomeric sequence (TTAGGG) waded to a cell lysate having
telomerase activity along with dTTP, dATP and?P dGTP. The products are isolated and
visualized with radioimagery. This is considerediract method as the products of the
telomerase extension are radiolabeled and carréetlglivisualized. Further steps to increase
the product signal are not used.

Sun et al. developed a modified version of thealisssay using a biotinylated
telomere sequence primer. The advantage of udigtiaylated substrate was that the
subsequent radiolabeled extended product coully &asisolated using streptavidin coated
beads”

The problems encountered with the direct assawdiecfirstly the weak signal
strength of the product. Multiple days of exposoiréhe gel is required to obtain a
discernable signal. Secondly since gel electroi®is used to analyze the product, there is a
limitation to the number of points that can be usdigh throughput screening of inhibitors
could not be performed using this assay. Finally #issay had all the hazards associated with
working with a radioisotope.

Kim et al. developed a PCR based assay callectlbenéric repeat amplification
protocol (TRAP) assay to overcome the problem efwleak radioactive product signal. In
this assay a non-telomeric oligo (TS oligo: 5'-AATGTCGAGCAGAGTT-3') was used as
the telomerase substratéTelomerase added telomeric repeats to this oligentide and the
resulting products were amplified using a downstrgaimer and the TS oligonucleotide. A
radionucleotide was incorporated during the PCRIificgtion and the resulting products
were visualized by resolution using gel electropls@. This assay had certain problems

associated with it such as, inhibitors of telomerssreened using this assay caused the
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inhibition of theTaq polymerase used for PCR amplification and the hiszaf using
radioisotopes.

Dr. Rawle Francis, a graduate student from ourrktiooy, developed a variation of
the TRAP assay which addressed the concerns atbuiih this assay A biotinylated
telomeric substrate oligo was used as the priméchwlias extended by telomerase.

The products were then isolated using streptavidated PCR tubes. This allowed the
removal of any inhibitors screened against teloseeemd the subsequent washing to ensure
non-interference of the inhibitors with the PCR &figation. The bound products were then
amplified using the telomerase substrate (TS) adigh a downstream primer and the
amplified products were quantitated using a fluoees dye which predominantly bound to
double stranded oligonucleotides. Thus this assey/non-radioactive and hence could allow

the high throughput screening of multiple inhib&t@f telomerase.
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Figure 6. Schematic representation of the PCR-baseatssay of telomerase
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Inhibition of telomerase by targeting the RNA/DNA heteroduplex:

Telomerase uses its inherent RNA to extend thetetes. Hence the formation of an
RNA/DNA heteroduplex is a key event in the mechana$ action of telomerase. Our
laboratory has pioneered a method to inhibit telase by targeting this heteroduplex using
small molecules. There are two potential ways bictvian intercalator can inhibit
telomerase:

1. Extension inhibition: The intercalator bindsihhe RNA/DNA heteroduplex and
distorts it. Thereby it prevents the addition af thucleotide to the telomere and stops
extension.

2. Translocation inhibition: The intercalator birtrdehe RNA/DNA heteroduplex and
stabilizes it. Thus prevents the detachment ofdlmmere from the telomerase RNA and
thereby prevents translocation. A schematic repasion of this idea is provided in figure 7.

The advantages of this approach are manifold:

1. The formation of the RNA/DNA heteroduplex iassary for telomerase activity.
Thus by targeting this heteroduplex it is possibldisrupt either the extension or the
translocation step in the telomerase mechanisrotafra

2. RNA/DNA heteroduplex are not commonly encourderecells, making the
telomerase RNA/DNA heteroduplex a rare target &orcer therapy

3. Another unique aspect associated with the talaseeRNA is the telomerase
protein portion (TERT). Thus the molecules whiclyéd the heteroduplex can be used as
platform to attach functionalities which can intdrwith the protein region. This can further

enhance the specificity and the affinity of theiloitor for telomerase.
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4. Since the polymerization of the DNA strand oscaifter the formation of the
RNA/DNA heteroduplex, it can be inferred that tloéivge site residues of telomerase are
present at close proximity to the heteroduplex.dg¢eminctionalities can be attached to the
scaffold that interact with these residues andmi@#y inhibit telomerase more effectively.

5. Small molecules do not encounter the problentis stability which are associated
with nucleic acid based therapies. Additionallystapproach will have greater specificity
towards telomerase compared to reverse transagiptagitors or other generic telomerase

inhibitors.
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Strategy to target the RNA/DNA heteroduplex:

The RNA/DNA heteroduplex could be targeted with\wnaucleic acid binders such
as intercalators. Some intercalators which are knDWNA binders are ethidium bromide,
propidium iodide etc. Intercalators are charazegtiby a planar core which can stack
between the base pairs of duple¥eslthough intercalators are generic nucleic adidibrs,
specificity and affinity for telomerase could bdahed by introducing functionalities on the

intercalators which could develop interactions witd TERT region.

Figure 8. Ethidium bromide intercalating between bae pair$?

Dr. Francis, a former graduate student from thedtmian laboratory screened
commercially available intercalators for their #iito inhibit telomerase. The results of the
screening experiment at provided in table 1. Tlsalts indicate that ethidium bromide and

rivanol effectively inhibit telomerase with gin the low micromolar rangé&*®?
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There exists literature precedence that ethidiunmiide preferentially binds to a
RNA/ DNA heteroduplex. Ren et al. have demonstratdg a competition dialysis assay
that ethidium bromide has a preference for a RNAADMteroduplex over 12 other nucleic
acid structure&? Similarly Corrina West, a former graduate studsrthe laboratory,
demonstrated that from a mixture of nucleic acittiiig molecules, ethidium bromide had
the strongest affinity for a RNA/DNA heteroduplesabing the telomerase sequefitshe
added a mixture of intercalators to a preformeetoetuplex, allowed the molecules to bind
and then washed the unbound molecules. The het@edwas then heated to separate the
strands and the molecule which bound with thetgstaffinity was identified to be ethidium
bromide. Additionally it was proved in our laboratahat the inhibition of telomerase was
due to binding to the RNA/DNA heteroduplex and tia G-quadruplex formed by the
telomeric sequence. This was proved by using agrimich was (TTAGGG)versus
(TTAGGG);for the telomerase assay. The primer which had wibyrepeats of the telomeric
sequence was too short to form a G-quadruplex andtiiidium bromide exhibited inhibition
of telomerase. These different studies supporhjipethesis that telomerase inhibition by

ethidium bromide is due to the targeting of the RBIRA heteroduplex.
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Table 1. Ranking of compounds inhibiting telomerase

Rank by IGp Compound name K3 (LM)
1 Ethidium Bromide 3.7
2 Rivanol 8.2
3 Acridine Orange 12.2
4 Acridine Yellow 21.7
5 Ethidium carboxylic acid 22
6 9-Acridine carboxylic acid 44
7 ACMA 52
8 Actinomycin D 99
9 Daunorubicin 112
10 2-Anthracene carboxylic acid 118
11 7-amino Actinomycin D 166
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CHAPTER 2
DETERMING THE MECHANISM OF INHIBITION OF TELOMERASBY

ETHIDIUM BROMIDE

Although literature precedence strongly indicalteg ethidium bromide preferentially
binds to a RNA/DNA heteroduplex, we were interestedbtaining further support to the
hypothesis that telomerase inhibition is due totéingeting of the heteroduplex formed during
the enzyme’s mechanism of action. The experimeribpeed by Corrina West established
that ethidium bromide binds preferentially to a-fbemed heteroduplex. However the
telomerase’s mechanism of action is a dynamic @oudich involves multiple extension
and translocation steps. In an in-vitro assay Black et al. demonstrated that the enzyme
dissociates from the primer with the telomeric sgpe during the course of primer
elongation>°Additionally it was demonstrated that RNase H dusiscleave the telomerase
RNA indicating that this RNA/DNA heteroduplex istnery stable®® If the RNA/DNA
heteroduplex formed during telomere extension wasstent, the possibility existed that
ethidium bromide could bind to the RNA strand of #nzyme or the DNA strand and thus
caused telomerase inhibition. If this was the ¢hseapplicability of the intercalator as

scaffold in designing a specific inhibitor of telerase is reduced.
Ethidium azide as photocrosslinker:
We tried to answer this question by probing thalisig site of the intercalators using a

structural approach. We accomplished this by uaiugrsion of the intercalator which could
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be tethered to nucleic acids using light. The te&laaee RNA was then probed using a primer

extension assay to identify the region of intermalainding. A primer extension assay

employs a reverse transcriptase to extend a peoraplementary to the RNA. The reverse

transcriptase’s activity is hindered by anythingakhs bound to the RNA, which in this

experiment is the ethidium azide. The result istenextended products compared to the full

length cDNA formed in the absence of ethidium azitdee products could then be separated

using gel electrophoresis which indicated the pmsivf the bound intercalator.

Dideoxysequencing was performed on the RNA to ifietite location of binding of
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We used ethidium azide, a structurally similar agak of ethidium bromide (figure
11) to photocrosslink to the telomerase RNA botthamabsence and presence of the DNA
substrate. In order to differentiate the affinifytloe intercalator for the RNA and the
RNA/DNA heteroduplex the crosslinking was perforniiedh in the absence and presence of
the DNA substrate. As described earlier the hurelomterase RNA is 451 nucleotides in
length and is divided into 8 regions name CR1-C&fan. The template region is present in
the CR1 region and hence we concentrated our stodi¢he CR1 region which is around 75

nucleotides in length.
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Figure 11. Mechanism of photocrosslinking of ethidim azide to nucleobases

Experimental procedure:

Preparation of HelLa cell homogenate:

Homogenate containing telomerase activity was pegpasing the method as
described by Kim et df. HeLa S3 cells, obtained from the National Cellt@ne Center and

grown to an average density of 0.5 X t@lls/mL, were suspended in cold washing buffér (1
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mM HEPES-KOH, pH 7.5, 1.5 mM Mg&110 mM KCI, 1 mM DTT) and pelleted at 10,000
x g for 1 minute at 4C. The pellet was resuspended in cold lysis bifférmM tris-HCI, pH
7.5, 1 mM MgC}, 1 mM EGTA, 0.1 mM PMSF, 5 mM BME, 1 mM DTT, 0.5ZHAPS,
10% glycerol) and lysed for 60 minutes on ice. $hspension was then centrifuged at
100,000 x g for 1 hour at€ and the supernatant containing the telomerasétaatas
removed, adjusted to 20% glycerol, aliquoted andest at —80C.

Photocrosslinking of ethidium azide to telomeradéAR

Ethidium azide at concentrations ranging from Ju®6to 80 uM was added to 200 pl
of HeLa cell extract in a final volume of 300 pln®assay point did not contain any inhibitor
solution for the O M concentration. The mixturassallowed to incubate for 30 minutes at
37°C and then radiated with F15 T8-D light bulbs36 min. This experiment was performed
in the absence and presence of 20 uM of DNA substra

Extraction of RNA from photocrosslinking experimgnt

The RNA from the assay points was extracted usiRbr&éagent as per the supplier’s
protocol. Briefly, 500 ul of TRI reagent was addecdach point and allowed to stand for 5
minutes at room temperature. 200 pl of chloroforas when added to each point and the
samples were shaken vigorously and then allowestiaiad for 15 minutes at room
temperature. Phase separation was effected byifagirig the samples at 12,200 g for 15
minutes at 4°C. The aqueous layer was removedhenBMNA was pelleted using 850 ul of
isopropanol. The samples were chilled at -20°Cfbours and the RNA was precipitated by
centrifugation at 12,000 g for 15 minutes at 4°Ge Pellet was washed twice with 75 %
ethanol, allowed to dry and then taken up in RNeszwater.

Primer extension:
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Primer extension on the CR1 region of telomerasé Rids done using 1 nM°P
labeled primer(5-CGGCGCCTACGCCCTTC-3) (IntegratetlA Technologies), 0.1 pmol
of extracted RNA, 2 ul 5x hybridization buffer (§M tris-HCI, 60 mM NaCl, 10 mM DTT,
pH 8.3) in a final volume of 10 ul. The primer waamealed to the RNA by heating at 85°C
and then allowing cooling to room temperature. 2T of the annealing mixture, 500 uM of
dNTPs and 1 pl of AMV RT mix (AMV RT, 5x extensitnffer (50 mM tris-HCI, 60 mM
NaCl, 10 mM DTT, 60 mM MgGl 50 mM magnesium acetate pH 8.3) were addediimah f
volume of 5 ul and the mixture was incubated fon80utes at 55°C. The reaction was
terminated by heating at 85°C for 10 minutes. bfildbading buffer was added to the samples
and electrophoresis was done on a 10 % denatueingt @000 V for 90 minutes.

Dideoxy sequencing for telomerase RNA:

2 ul of the annealing mixture, 500 uM of dNTPs and of AMV RT mix (AMV RT,

5 x extension buffers, 50 mM magnesium acetateg waken in four tubes. To each
microcentrifuge tube 2 mM of each ddNTP was added ffinal volume of 5 pl. Primer

extension and gel electrophoresis was performetssibed earlier.

Study of intercalator binding to telomerase RNA inthe absence of DNA substrate:

We first wanted to learn if ethidium bromide boundhe telomerase RNA in the
absence of the substrate. Varying concentratioeshadium azide was added to Hela cell
lysate containing telomerase in the absence dDiii& substrateln order to tether the
ethidium azide to the telomerase RNA the mixture wadiated for 30 min. Irradiation of
ethidium azide results in the formation of a phe&ative nitrene which can form a covalent

bond with bases present in its proximity. After ttradiation, RNA was extracted from the
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mixture by a phenol-chloroform method. In ordespecifically perform primer extension on
the telomerase RNA we used a primer previously bsefintal et af” The primer was 18
nucleotides in length and had a sequence whiclcaraplementary to the 3’end of the
telomerase RNA (region containing the CR1 region).

After annealing, the primer was extended using ARV-and dNTPs. The dideoxy
sequencing was performed in a similar manner vighetxception that the primer extension
mix included dideoxynucleotide along with deoxyragtides. The dideoxy nucleotide lacks a
hydroxyl group at the 2’ position. Thus when a didgucleotide gets incorporated into the
primer during the primer extension AMV-RT is unatdeadd the next nucleotide and the
chain terminates. When a particular dideoxynuctkné.g. ddGTP is added to a primer
extension reaction it is incorporated at the posgiwhere there is a cytosine in the RNA. The
chain does not extend further and the product$earisualized using gel electrophoresis.
The bands obtained in the lane where the reactigtura contained the ddGTP indicates the
positions of the cytosine in the telomerase RNAugthe position of ethidium bromide
bound on the RNA can be determined by matchindpémel formed due to the binding of
ethidium azide to the respective band on the lanaegining dideoxynucleotides in the

reaction mix.
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Figure 12. Gel depicting the photocrosslinking oftaidium azide to telomerase RNA in
absence of DNA substrate

In the gel image (figure 12) we observed numerausglb in the lanes where the
telomerase RNA was treated with ethidium azidesTindicated that the ethidium azide had
bound indiscriminately throughout the length of BIA resulting in “stop sites” for the

AMV-RT. In other words the “stop sites” were regsowhere the AMV-RT could not extend
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the primer due to the presence of the bound etmdizide. This initial result indicated that
the intercalator binds to telomerase RNA in thezsabe of the DNA substrate.

One explanation for this observation is that altfothe affinity of ethidium bromide
for duplexes is well known, the intercalator hasrbeeported to bind to single stranded
nucleic acids. Rosu et al., while studying ethidiomomide’s ability to bind to G-
guadruplexes reported that ethidium bromide alsmbdo single strands of nucleic acids
albeit weakly?® Additionally as described earlier the telomeradkARolds into a secondary
structure which forms duplexes and this world alkxditional binding of the intercalator.

One interesting observation from the gel imagegare 12 is that the bands at the
template region appear to be darker than the renggportions of the lane. This suggests that
although it appears that ethidium azide binds ordignately to the CR1 region of the
telomerase RNA,; its affinity for the template ragi@ppears to be greater. Forstemann et al.
reported a similar observation, upon probing tmepiate region of the telomerase RNA using
DMS . This could be due to the fact that the templaggon of the telomerase is more
accessible for binding due to its role in bindiodtie telomeric substrate.

We then determined the change in the binding &ffiior the template region with
change in the concentration of the intercalatomtthe ImageQuant® software we
determined the signal intensity of the bands até¢h#plate region and from the whole lane.
We then calculated the proportion of the signaifitbe template region to the whole lane.
This was done to correct for any discrepanciebensignal which could arise due to errors in
loading. This proportion was then plotted agairasting ethidium azide concentrations using

Kaleidagrapfi. The plot of proportion versus varying ethidiunid@zconcentration sis
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depicted in figure 13. We then determined the agmpteinding affinity (Kiapp of ethidium

bromide azide for the template region by fitting fhlot to the equation:

P = (E*(Bnax - Pnin))
(E + Kiapp + Prin
where P = proportion, E = ethidium azide concéiaina Bn.x = maximum proportion,
Prmin= minimum proportion.
Using this equation we obtained an apparent bindffigity or Kgapp0f 8.9 uM with a
R value of 0.89 for the binding of ethidium azidete template region of telomerase RNA in

the absence of DNA substrate.
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Figure 13. Binding curve to determine apparent bineéhg affinity or K gapp for ethidium
azide binding at template region of telomerase RNA
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Importance of the presence of DNA substrate in thentercalators’ ability to bind to the
telomerase RNA:

The next important question to answer was whetieretwas any differential affinity
of the intercalator for the RNA/DNA heterodupler.drder to ensure that every species of
telomerase existed in the form of a heteroduplexvamted to determine the saturating
concentration of the DNA substrate. For this puepes added varying concentrations of the
DNA substrate to the HeLa cell homogenate contgiteéfomerase and then added 3.3 uM
(ICsp concentration of ethidium bromide) of ethidiumdezto the mixture. We then allowed
the solution to equilibrate for 30 minutes followleglirradiation for 30 minutes. The steps of

RNA extraction, radiolabeling and gel electrophegas done as described earlier.
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Figure 14. Photocrosslinking of ethidium bromide ale to telomerase RNA in presence
of varying concentrations of DNA substrate
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Result:
The gel image in figure 14 shows the binding ofdtim azide to the telomerase

RNA at different concentrations of the DNA substrafgain bands were present
prominently near the template region. The sigrmahfthe bands was quantitated and the
proportion of the signal in the presence of thestnalbe to the signal in the absence of the
substrate was determined. The proportion was pl@ig@inst varying substrate concentrations
using the equation

P = (S*(Rnax- Pmin))

(S + Kiapp + Prin

where P = proportion , E = substrate concentrafgg, = maximum proportion, &,
= minimum proportion.

The plotted graph is depicted in figure 15. We oigtd a Kypp0f 3 UM from the
substrate oligo and also observed that saturagiogeiched around 10 uM of substrate

concentration.
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Figure 15. Binding curve to determine apparent binthg affinity or K gapp for DNA
substrate

Crosslinking of ethidium azide to telomerase RNA irthe presence of substrate DNA:

In order to probe the affinity of ethidium azide the RNA/DNA heteroduplex, we
used a saturating DNA substrate concentration (@2pwhich was above the saturating
concentration observed earlier. The ethidium azateentration was varied from 0-80 uM.
We observed that the ethidium azide binding pattethe presence of the DNA substrate was
significantly different from the binding patternssyved in the absence of the DNA substrate.
(Figure 16) Instead of bands being observed througthe length of the RNA, the bands
were prominently present at the template regiomdBat other locations were distinctly
absent. This indicated that the ethidium azide daamly to the template region of the

telomerase RNA when in the presence of the DNAtsates A possible reason for this
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pattern of bands is that the binding of the substi@the template introduces conformational

changes in the RNA structure making the other reginaccessible to the ethidium azide

binding.
GC AU 012525510 204080
TY YT VY YY VY
Template
region

Figure 16. Photocrosslinking of ethidium azide toglomerase RNA in presence of DNA
substrate
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We then determined the apparent binding affinitiKg@yppfor binding of ethidium
azide to the template region in presence of the BNBstrate. We quantitated the bands at the
template region and the signal from the templaggorewas normalized to the signal from the
whole lane. The proportion was plotted against wvargthidium azide concentrations and the
apparent binding affinity was calculated in a sanihanner to the experiment performed in
the absence of DNA substrate. The data in figuress Bh average from two determinations.
The KyappWas determined to be 1.3 pM with a R value of 0198s Kyappis lower than the
Kaappfor binding to the RNA alone suggesting that thtericalator has a greater affinity for

the RNA/DNA heteroduplex compared to the RNA alone.
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Figure 17. Binding curve to determine apparent binthg affinity or K gapp for ethidium
azide binding at template region of telomerase RNAn presence of substrate (data is an
average of two determinations)
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In this work we have sought to understand the m@shaby which heteroduplex
targeting inhibitors such as intercalators inhieibmerase. We identified the location of
binding of ethidium bromide to telomerase usingracsural approach. Although it appeared
that the ethidium bromide could bind to both tHerteerase RNA and the RNA/DNA
heteroduplex, the binding affinity was different the two species. The apparent binding
affinity or KgappOf ethidium azide to the template region in preseof the DNA substrate to
be 1.3 uM which is Kqppis significantly lower than the &y, for binding to the RNA alone
(8.9 uM). Hence we can conclude that ethidium bdenfias a binding preference of the
intercalator to the RNA/DNA heteroduplex versusRi¢A alone. Thus it can be said that the
intercalator causes telomerase inhibition by tangehe RNA/DNA heteroduplex and it can

used as a scaffold to build more specific inhilstof telomerase.
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CHAPTER 3
DESIGNING OF PEPTIDE LIBRARIES WITH A WEAK INTERCAATOR AS THE
SCAFFOLD
In our laboratory we established that ethidium bdenwas capable of inhibiting
telomerase with an Kgin the low micromolar range (3.3 uM). Additionaity chapter 2 we
understood that the intercalator preferentiallgéded the RNA/DNA heteroduplex that is
formed during the mechanism of action of telomerbtgnce in order to obtain a specific
inhibitor of telomerase, ethidium bromide appedrede the most suitable scaffold to
introduce functionalities which could develop imtetions with the protein (TERT) region.
Unfortunately strong intercalators like ethidiunofmide have the disadvantage of inherent
non-specificity. Ethidium bromide could potentialiind to any heteroduplex in a cell and
exhibit off-target binding. Hence there was a paigy that the interactions between the
introduced functionalities on ethidium bromide deldmerase would not be discernable due
to the non-specific binding of ethidium bromidethe generic nucleic acids, which were
present in large excess when compared to telomerase
In order to circumvent this problem we sought tenitfy a new scaffold which would

retain nucleic acid binding abilities but have wéo affinity. This would allow any new
groups added to the scaffold to develop uniqueact®ns with telomerase and exhibit
increased affinity and specificity. The strong matdative nature of ethidium bromide could
be attributed to its three ring aromatic structame positive charg€® Neutral molecules with
a two ring aromatic structure would retain inteatizle properties but would possess reduced
affinity for nucleic acids. There is substanti&tature precedence of the weak intercalative

properties of two ring aromatic structures suchj#aoxaline, indole, quinoline and
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naphthalene derivativé§ Many proteins which interact with nucleic acidvé@antercalative
amino acids (tyrosine, typtophan) at the active. $it HIV-RT the tyrosine at the active site is
positioned in such a manner such that its sidendnéercalates between the primer
nucleotides? Similarly Kaneda et al. reported that AP endoramés specifically recognize
apurinic/apyrimidinic (AP) sites in DNA by usingdluse the intercalative properties of
tryptophan (indole side chain). These tryptophaiees were earlier reported to be essential
for the activity of AP endonucleas®s.

Since most intercalators are associated with cyicity, we were interested in
identifying a new scaffold which was known to beartoxic in nature. For this purpose, we
searched for the new scaffold among FDA approvaedsirWe selected FDA approved drugs
having a two-ring aromatic structure to test féongerase inhibition. The structures of the
selected drugs are provided in figure 18. The dwg® screened for their ability to inhibit
telomerase activity using the single point PCR-bdkerescent assay. As described in
chapter 1, this assay was developed by Dr. Ravaedis, former graduate student from our

laboratory.
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Figure 18. FDA approved drugs having a planar twoing structure

Selection of a weak intercalator as a scaffold:
Experimental procedures:

PCR based assay of telomerase: As described inecHaghis assay employs a
fluorescent method of detection of the telomermdoicts. Briefly HeLa cell extract was
prepared from HelLa S3 cells (National Cell CultGenter, Minneapolis, US) as described in

chapter 2. The selected drugs were added to dPHLa cell lysate containing telomerase
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in a reaction mixture containing assay buffer (3@ tris-OAc, 50 mM KCI, 1 mM Mgy, 5
mM B-mercaptoethanol, 1 mM spermidine, pH 7.1), 1 ubtibylated TRAP primer
substrate oligo (5’-biotin AATCCGTCGAGCAGAGTT-3nd 1 mM of each dNTP in a
final volume of 20 pl. The drug concentration waamtained at 10 mM and each drug was
tested in triplicates. After incubation for 1 hair37 °C the biotinylated extension products
were allowed to bind to streptavidin coated PCResufRoche) in presence of 200 pl of
reaction termination buffer (10 mM tris-HCI, 2M K@H 7.2) for 30 minutes. The solution
was aspirated and the PCR tubes were washedrines tivith 200 pl of washing buffer (10
mM tris-HCI, 1 M NacCl, pH 7.5) to avoid false pagés due tdraq polymerase inhibition by
the inhibitors. Subsequent amplification of thedarcts was done using 10 uM of biotinylated
TRAP forward primer, 10 uM reverse primer (5° CCGNXOCCTTACCCTTACCCTAA-3)),
50 uM of each dNTP and 1.25 unifigg polymerase in a final volume of 50 pl. The PCR
amplification was allowed to proceed for 22 cycl@santitation of the amplified dsDNA
products was done by fluorescence detection (ebantd85 nm, emission 535 nm) using
PicoGreen® nucleic acid stain (Invitrogen) in 1& [0 mM tris-HCI, 1 mM EDTA pH 7.5).
The estimated 163 of the drugs was calculated using the formulg ¥[1]/(1/[(s-c)/(t-¢)-1]),
where [1] is the inhibitor concentratiosjs the fluorescence signal in presence of the
inhibitor, t is the fluorescence signal in the absence of itdriandc is the PCR control
signal which contains primers and nucleic acidsnautelomerase extension products. The

results of the single point assay are providedlhet 2.
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Table 2. Results of single point assay screening RRxpproved drugs against telomerase

Name of Estimated
commercially ICs0
available drugs (mM)
Primaquine 0.6
Propranolol 1.5
Hydralazine 2.9
Naproxen 9.2

Folic acid > 200

The IG, of the tested drugs were in the millimolar rangdi¢ating that the drugs
weakly inhibit telomerase. Primaquine inhibitecbteerase most effectively with ansin
the low millimolar range. It was interesting to @that there was a charge dependence on the
ability of the drugs to inhibit telomerase, witletpositively charged drugs inhibiting
telomerase more effectively than the negatively@a drugs. This occurrence is possibly
because the positively charged drugs have a griedé¢eaction with the negatively charged
phosphate backbone of the heteroduplex. This stggptne idea that these drugs inhibited
telomerase by binding to the heteroduplex. Frontékted drugs we selected naproxen as the
starting point for the synthesis of new derivatideg to following advantages: the lack of a
positive charge in its structure would potentiditgit the non-specific binding to nucleic
acids and the carboxyl group could easily be dargd with amino acids. We assayed for
telomerase activity in presence of varying con@ians of naproxen (0-40 mM) using the

PCR-based fluorescent assay. Thg 6 naproxen was determined by using the equaten

47



1/ (1+[1)/1Cs0) wherep is the fluorescent signal normalized to the sigrhined in absence
of the inhibitor and [1] is the inhibitor concenti@n. The IG of naproxen was determined to

be 3.1 mM. (Figure 19)
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Figure 19. 1G5 dose response curve of naproxen

Design of Naproxen based library by split and mix rathod:

In the earlier section we established that napreva&na weak inhibitor of telomerase.
In order to improve its affinity to telomerase viiet sought to introduce specific moieties on
naproxen which could interact with telomerase. fwotor differentiating the RNA/DNA
heteroduplex in telomerase from other duplexe®lls ¢s the protein region of the

ribonucleoprotein (TERT). Developing interactiamish the protein region by attaching
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amino acid groups to naproxen would potentially@ase the affinity to telomerase. A
schematic representation of the idea is providddyure 20. Naproxen has the advantage of
possessing a carboxy handle which could easilyebeatized by amino acids.

Initially we decided to synthesize tripeptide lingaptide libraries of naproxen using
combinatorial chemistry. The advantage of usinglwoatorial chemistry for the synthesis of
the libraries is that it allows the systematic ssis of a large number of molecules which
can then be screened against telomerase. We sigeatthéise combinatorial libraries using a
divide-couple-recombine (DCR) process by solid phaeptide chemistry. After screening
the synthesized libraries we attempted to idenkti&/active molecule by iterative
deconvolution method. Some of the techniques us#ukei synthesis of this library are

described further below.

I = RNA/DNA targeting platform

= Combinatorially generated ‘>
specificity element /

Figure 20. Schematic representation of using napr@n as a platform to introduce
interactions with protein portion of telomerase
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Solid phase peptide synthesis:

This method of synthesizing peptides was pionebyellerrifield. **Generally the
solid phase is a bead which in porous in naturetla@dynthesized peptide remains attached
to it until cleaved. The main advantage of thidhiteque is that the peptide remains attached
to the solid surface throughout the synthesis wfachiitates the manipulations in the
synthetic procedure. For instance any unreacted@atid and coupling agents at each
coupling step can be easily removed and multigpssof purification are not required during
synthesis. The amino acid on the solid surfaceahaamine group which is coupled to the
carboxy group of another amino acid whose aminagie protected. The most commonly
used protecting groups of the alpha amine groug-arec and Boc. The Fmoc group is base
labile and the Boc group is acid labile. The Fmamug is the more commonly used
protecting group as it provides an orthogonal mtxde from the side chain protecting groups
which are generally acid labile. Thus solid phasgtide synthesis involves multiple steps of
deprotection of the amine group, washing and cag@nd these steps can be performed
easily as the peptide remains attached to the sotfdce. After the completion of the
synthesis the peptide is cleaved using an acidrgéyn85 % TFA which simultaneously

deprotects the side chain protecting groups aravekethe peptide from the solid support.

Divide-couple-recombine method of synthesis:
This process involves division of the resin intoltiple equal portions and then
coupling of a single specific amino acid to eachatgportion. After coupling all the resin

portions with one amino acid attached to it areediand then further divided. Each resin
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portion is then again coupled to another amino anmlthis result in multiple libraries
containing two random amino acids. This processbearepeated as many times as required
in order to generate libraries of various sizes frhixing of the resin allows for the synthesis
of a mixture of peptide compounds. This processalthe synthesis of one bead —one

compound arrays?

Iterative deconvolution:

This is the most common method of identifying tiséve@ compound from a mixture
of compounds in a library. This process involves skinthesis of sublibraries of the original
library where one or more positions contain a figeaino acid. If the synthesis of the library
is done by the divide-couple-recombine method pibstion of the last amino acid can be
fixed by omitting the final pooling step. Thus edudtch of resin contains a mixture of
compounds which have a known amino acid in onetipasiEach of these sublibraries is then
screened against the target and the subset shawiivgy determines the identity of the
amino acid at a particular position. This procesthen repeated by adding known amino
acids at another position along with the earlieniified amino acid at the fixed position until

the identity of the amino acids at each positiokniswn.*>®’

Synthesis of library 1:

The first library synthesized using the split anid method was a tripeptide library
with the naproxen attached to the third amino daidhe first round of synthesis the third
position had a specific amino acid instead of atunexof amino acids. 18 of the 20 natural

amino acids were used in the synthesis of therljbfehe amino acids which were not used
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were arginine and lysine due to the presence ahane group in the lysine side chain and a
guanidine group in the arginine side chains. Bb#sé groups had the potential of being
positively charged and could potentially introduoa-specificity.

Hence the designed library could be depicted aX XA i.1grnaproxen (library 1)
where X refers to a random mixture of amino acius &1.1g) refers to the 18 specific amino
acids. Additionally in order to impart stability tbese libraries from proteases we used
unnatural D- amino acids. Since the first two poss in the tripeptide library contained a
mixture of amino acids, the number of compoundsrsgized was too large to be
characterized by mass spectrometry. Hence anoieptaie library of naproxen was
synthesized simultaneously where the first positiontained a mixture of amino acids and
the second position contained a fixed amino acidA%-1synaproxen — library 1a). This
library was used for characterization by mass spewtry with the assumption that the
successful synthesis of thg-X.1grnaproxen library would correlate with the suctalss
synthesis of the XX>-A.1grnaproxen library since both libraries were synitess

simultaneously.

Materials and methods:

Solid phase synthesis: Briefly, 37.5 mg of rink denfesin was taken in 18
microcentrigfuge tubes and swelled for 30 minutelIMP. The rink amide resin was
deprotected by 200 ul of 20 % piperidine solutio™NMP. This process was repeated twice
followed by five washes using 200 pl NMP. 120 ursaéamino acid was taken in a total
volume of 200 pl to maintain a concentration of @M. The carboxyl group of the amino

acid was activated using the activating agent 2-[i&xabenzotriazol-1-yl)-1,1,3,3-
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tetramethyl uronium hexafluorophosphate (HATU) &hN diisopropylethylamine (DIEA)
for 30 minutes. The amino acid ratio to HATU andEBlwas maintained at 1:1:2. The
activated amino acid was added to the resin aongvad to couple for 17 hours. The amino
acid mixture was removed and the resin washed éstimth 200 ul of NMP. Any unreacted
amine groups were capped using acetic anhydrideisolin NMP (10 % acetic anhydride,
5% DIEA in 200 pul of NMP). The resin was again web times with 200 pul of NMP
followed by 5 washes with 200 ul DCM. The resin wiaed and weighed. We observed that
there was a reduction in the weight of the resimf87.5 mg to 21.5 mg. This loss of weight
could have occurred due to incomplete transfeminpe resins from the mixing step. |
repeated the first coupling step using 31 mg ahresorder to increase the amount of resin
having a mixture of amino acids at the first pasitiAt the end of the first coupling, | had a
total of 57.6 mg of resin. This total amount ofinesas divided into two equal portions for
libraries 1 and 1la.

One portion was divided into 18 tubes and the kogpmixing and dividing process
was repeated with that portion to generate thergecandom position for library 1. The
amino acid concentration in the reaction soluti@swaintained at 300 mM. Since the
guantity of the resin was reduced by half, the amhafiamino acid was reduced accordingly.
Thus 30 pmoles of amino acid, 30 pmoles of HATU @@qimoles of DIEA in a final
volume of 100 pl was used for this round of cougplifihe second portion was then divided
into 18 portions and specific amino acids were dddesach portion for both libraries 1 and
la. After the coupling of the third amino acid tlksin was not mixed. To each of the
microcentrifuge tubes, 30 pmoles naproxen, 30 psnaiédATU and 60 pmoles of DIEA

were added in a final volume of 100 ul for the fioaupling. The reaction was allowed to
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proceed overnight. After the final coupling theinesas washed 5 times with NMP and 5
times with DCM and then allowed to dry. The peplibeary was cleaved from the solid
surface by using 95 % trifluoroacetic acid. The TWas removed using a nitrogen stream and
the peptide libraries were precipitated using 4D0fjice cold ether. The peptide libraries
were then taken up in 20 pl of 100 % DMSO. Thedlilas were quantitated using the unique
chromophore of naproxen which has an absorbarn@@0atm and a determined extinction

coefficient of 1490 M.cm at 330 nm.

Characterization of X-A.1grnaproxen library by liquid chromatography and mass

spectrometry:

The LC-MS conditions used were as follows: The sot\gradient in the LC method
moved from 100% water / 0.1% trifluoroacetic acitiG0% acetonitrile / 0.1% TFA over 30
min through a C8 column. The separation was magtutgpectrophotometrically at 212, 280
and 330 nm. The mass analysis was performed usimgsa spectrometer, in the positive ion
mode along with the LC system. Representativetspe€two of the 18 libraries synthesized
with the motif X-As.1gynaproxen are depicted below. Multiple peaks caoliserved in the
lower panel depicting the total wavelength chrorgeaan (TWC) which indicates the
presence of multiple species in the libraries. different species in the library were
identified by obtaining the extraction ion chrongram (XIC) of the mass of each species in

the library.

54



"W TIC of +EMS: from Sample 7 (phe) of DataSET1.wiff (Turbo Spray)

1.10e9

1.00e94
9.00e84
8.00e84
7.00e84
6.00e84
5.00e84

Intensity, cps

4.00e84
3.00e84
2.00e84

1.00e84

Max. 1.1e9 cps.

0.00 T T T T T
2 4 6 8 10

14 16 18
Time, min

20 22 24 26

28 30 32

"l TWC of DAD Signal Data: from Sample 7 (phe) of DataSET1.wiff
483 4.01

4504 5.99

4004
350+
3004
2504
200+
150+

Absorbance, mAU

100+

503 5.4

18.23

19.62 2903

Max. 483.1 mAU.

14 16 18 20 22 24 26
Time, min

28 30 32

Figure 21. LC-MS spectra of X-Phe-Naproxen
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Figure 22. LC-MS spectra of X-Leu-naproxen
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Screening of the library against telomerase:

The library having the sequence-X,-A-1grnaproxen was screened against
telomerase using the single point PCR based aBsa. fixed amino acid point was screened
in triplicates and the assay concentration was taiged at 250 pM. However the library
containing phenylalanine at the fixed position-{%-Phe-naproxen) had solubility issues at
250 uM due to the hydrophobic nature of phenylalanHence for this library the assay
concentration was 50 pM. DMSO was maintained atib #%e assay. The results of the

screening are depicted in table 3.

Table 3. Results of screening of library 1

Amino acid in Proportion Rank
third position

His -1.34 1
Asn -0.60 2
Ala 0.03 3
Val 0.03 4
Thr 0.04 5
Tyr 0.099 6
Gln 0.18 7
Met 0.19 8
Phe 0.20 9
Trp 0.32 10
lle 0.36 11
Gly 0.45 12
Asp 0.49 13
Pro 0.53 14
Leu 0.53 15
Glu 0.65 16
Cys 0.66 17
Ser 0.80 18
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From the results we observe that the mixture ofmmumds having histidine,

asparagine, alanine and valine at the fixed indbielomerase more effectively.

Synthesis of library 2:

For the next round of synthesis we had four posdibtaries:

1. X-A¢-18rHis-naproxen

2. X- Ai-1srAsn-naproxen

3. X- Ap-1gyrAla-naproxen

4. X- A1y Val-naproxen

We opted to initially select the top hit from therleer round of synthesis which is the
library which had histidine in the fixed positiolgain in this round of synthesis the first
position contained a random mixture of amino abidisthe second position had a specific
amino acid and finally histidine was at the thigsjion. Thus the design of the library was
X- A-1grHis-naproxen.

The random position was generated by the dividglestecombine method as
described earlier. The resin after the first cauplivas divided into 18 portions and single
amino acids were added to each portion followedibifdine and naproxen to all the 18
positions. For each round of coupling 30 pmolearnino acid, 30 pmoles of HATU and 60
pmoles of DIEA was used to maintain a solution eoiation of 300 mM. The library was
cleaved from the resin using 95 % TFA, precipitaisohg ice-cold ether and then taken up in

DMSO.
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Characterization of the library was performed udinth liquid chromatography and
mass spectrometry. The liquid chromatography wa®peed using the HP 1090 system on a
C8 column. The gradient used for the mobile phaase @v100% acetonitrile in 30 minutes
and a flow rate of 0.6 ml/min was used. Represemtapectra of two libraries (X-Asn-His-
naproxen and X-Phe-His-naproxen) analyzed usingdighromatography is depicted in
figure 23. The spectra show multiple peaks repitasgthe different species in the library
which have different retention times. Since it was possible to identify the species by liquid
chromatography alone, mass spectrometry was atfarped on the libraries.

Mass spectrometry was performed on these librasagy the C8 column and a
mobile phase gradient of 0-100% acetonitrile im860. The flow rate in this case was 0.3
ml/min. The various molecules within a library wénen identified using XIC. The spectra of
X-Asn-His-naproxen is given in figure 24 and thentfied species are listed in table 4. In
spite of some species not being observed in thewd@ecided to proceed with testing of the
libraries. The libraries were the screened aga@hsmerase using the single point PCR assay
at a final concentration of 250 uM. The DMSO cornraion was maintained at 5 %.
Ethidium bromide at the Kg concentration (3.3 uM) was tested simultaneouslg positive

control. The results of the screening are depiictedble 5.
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Table 4. Species observed by LC-MS

Observed
S.no. Name MH+ mass

1 ALA 552.25 551.9
2 ASN 595.26 594.8
3 GLN 609.25 608.9
4 GLY 538.23 537.8
5 HIS 618.27

6 ILE 594.3 594.8
7 LEU 594.3 594.8
8 PHE 585.27 584.9
9 SER 568.24 567.8
10 THR 582.26 581.9
12 TYR 644.28 643.9
13 VAL 581.26 580
14 MET 569.25 567.8
15 GLU 610.25 609.8
16 CYS 584.22

17 ASP 596.24 595.9
18 PRO 535.26 534.8

Table 5. Results of screening against telomerase

Amino acid in | Proportion| Rank

second position
Thr 0.45 1
Ser 0.60 2
lle 0.60 3
Cys 0.66 4
Asn 0.73 5
His 0.79 6
GIn 0.80 7
Pro 0.83 8
Asp 0.95 9
Phe 1.15 10
Leu 1.18 11
Met 1.26 12
Ala 1.27 13
Glu 1.29 14
Trp 1.30 15
Tyr 1.30 16
Gly 1.39 17
Val 1.40 18
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In order to confirm our results of screening agaielmerase we re-tested the six
libraries which displayed telomerase inhibition &dnd that the results were a little
dissimilar. In the first round of testing the libyaX-Thr-His-naproxen was the most effective
in inhibiting telomerase while in the second rowfdesting X-Asn-His-naproxen emerged as
the lead library. The ordering of the libraries vgasilar in both the rounds of testing except

for this one discrepancy.

Table 6. Results of screening against telomerase

Amino acid in Proportion Rank

second position
Asn 0.64 1
Thr 0.72 2
Ser 0.76 3
lle 0.78 4
Cys 0.81 5
His 0.81 6

Synthesis of libraries 3 and 4:

Since we obtained two lead libraries in two rouafiscreening we decided to
synthesize two libraries, one with asparagine énsacond position and another with
threonine in the second position. These librares & single specific amino acid in the first
position.

Libraries:

1. A1y Thr-His-naproxen

2. Ai-1grAsn-His-naproxen

62



Synthesis of the libraries:

15 mg of rink amide resin was weighed out for démary which was split into 18
different tubes. To each tube 30 pmoles of a sppemmino acid was added along with the
coupling agents. After each coupling any uncoupleihes were capped by 10% acetic
anhydride, 5% DIEA in NMP. To one set of 18 tul#&umoles of threonine was added and
to another set 30 umoles of asparagine was addtt.tAis coupling step 30 pmoles
histidine was added to all the points followed By8noles of naproxen. Cleavage of the
libraries from the resin was performed as descrédzatier. The libraries were taken up in 20
pl of 100 % DMSO and quantitated using the extorctoefficient of naproxen. The
synthesized molecules were analyzed by infusidhémmass spectrophotometer.
Representative spectra of some of the molecules lrath the libraries are depicted below.
Testing of the molecules for telomerase inhibitieass done by the single point PCR based
assay by maintaining the inhibitor concentratio2%@ uM. The results of the screening of

the libraries are in table 7.
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Figure 25. MS spectra of lle-Thr-His-Naproxen (expeted mass — 582.2)
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Figure 26. MS spectra of Asp-Asn-His-Naproxen (exmpted mass — 596.2)
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Table 7. Results of screening against telomerase

a. Ai-1g- Thr-His-Naproxen library b. A118rAsn-His-Naproxen library

Amino acid in| Proportion| Rank Amino acid in| Proportion| Rank

first position first position
Asn 0.58 1 Thr 0.7 1
Ala 0.84 2 Asn 0.77 2
Ser 0.93 3 Ser 0.78 3
Glu 1.03 4 Val 0.8 4
Cys 1.06 S Pro 0.88 5
Val 1.08 6 GIn 0.85 6
Met 1.13 7 Leu 0.91 7
Asp 1.22 8 Met 0.92 8
Leu 1.22 9 Asp 0.93 9
His 1.25 10 Gly 0.93 10
Thr 1.25 11 Phe 0.93 11
Tyr 1.26 12 His 0.97 12
Pro 1.28 13 Trp 0.98 13
Phe 1.30 14 Ala 1.05 14
GIn 1.32 15 Cys 1.08 15
lle 1.32 16 Tyr 1.09 16
Gly 1.45 17 Glu 1.1 17
Trp 1.56 18 lle 1.6 18
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Results:

Table 7a lists the ranks of the the different moles in the AThr-His-naproxen
library and table 7b lists the ranks of the molesuh A:.1grAsn-His-naproxen library. The
lead molecule from the library &gy Thr-His-naproxen was Asn-Thr-His-naproxen. Thellea
molecule from the library A1grAsn-His-naproxen was Thr-Asn-His-naproxen. It was
interesting that the hits from both the librarieslthe same amino acid residues but with

different arrangement.

Determination of ICs of the lead molecules:

The single point screening using the PCR baseq afsalomerase does not provide
the true 1Go value. In order to determine the trugd@alue of telomerase the lead molecules
were tested for their ability to inhibit telomeraseer a range of concentrations. The assay
concentration of the molecules was varied from 1taN1.25 uM. As a control the §gof
ethidium bromide was also determined in this asEag. DMSO level in the assay was

maintained at 1%. The kgplots are depicted in figure 28.
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Figure 28. ICspdose response curve of a. Thr-asn-his-naproxen bsA-thr-his-naproxen
c. ethidium bromide

It was very disappointing to observe that the leedecules obtained through the split
and mix library synthesis and screening did noilekkelomerase inhibition activity.
However this phenomenon of observing false positivkile screening combinatorial library
is not uncommon. Shoichet et al. have extensivelgisd the artifactual hits observed during
the screening of inhibitor libraries against enzgraad have postulated that the molecules in
the combinatorial libraries form aggregates dutnéir nature of being organic molecules in

aqueous solution€:*° These aggregates sequester the enzyme and tfitis tiné enzyme

69



activity. It is possible that some species in aunbinatorial libraries with naproxen formed
aggregates and thus appeared to falsely inhiloirtetase. Additionally the combinatorial
libraries are generally screened at a high conagaoir (250 puM) which further increases the

chances of aggregate formation.
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CHAPTER 4
DESIGN OF NAPROXEN BASED PEPTIDE LIRARIES WITH VARNXG

LENGTHS AND POINT OF ATTACHMENT OF NAPROXEN

Our next approach in the development of specitidhitors of telomerase involved the
designing of peptide libraries differing in peptigagths and point of attachment of
naproxen. The lengths and motifs were varied torggize molecules of different sizes and
orientations which would maximize the possibilifyimeracting with the telomerase protein
region. In the earlier chapter we observed thasimnthesis of peptide libraries by
combinatorial chemistry is associated with problefaggregation and identification of false
positives. Hence we decided to avoid the syntt@siembinatorial libraries and instead tried

to synthesize single molecules within each designetif.

Selection of amino acids:

Instead of randomly selecting amino acids to inodafe into the peptide libraries we
sought to identify key telomerase residues whiehlecated near the RNA/DNA
heteroduplex. Since the crystal structure of tel@se TERT was unavailable, we attempted
to identify residues of the TERT region which h#een reported in the literature by
homology study to other reverse transcriptasesiessribed in chapter 1, telomerase contains
several conserved motifs which are important ferréhverse transcriptase function. All
reverse transcriptases contain a signature moXD®” which is found to be essential for
enzymatic activity. This motif in telomerase catsiof the amino acid residues “LVDD” in

its active site which is analogous to the active s#sidues of other reverse transcriptases.
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Due to the important role played by these residuestending the DNA strand we assumed
that they are present at close proximity to the RINWA heteroduplex. In order to support
our hypothesis we studied the crystal structund®RT, a reverse transcriptase similar to
telomerase. The active site residues in HIV-RT hheesequence “YMDD™® Upon
studying the crystal structure of HIV-RT (PDB id-HYS) using the Chimera software from
UCSF, we found that the active site residues aeqmt within 10 A of the RNA/DNA
heteroduplex. (Figure 29)

Thus there were two reasons which made these essattractive targets: these
residues were essential for enzymatic activity taede residues were at close proximity to
the RNA/DNA heteroduplex. In addition, telomerase been reported to utilize a
magnesium ion present at its active site for itsmaism of action. Amino acids which have
been known to interact with this metal ion couldgmtially be selected to incorporate in the
libraries. To identify amino acids which would hathe greatest interaction with the above
mentioned residues, we utilized theas of protein side chain interactions by Singh and
Thornton®® This atlas enumerates the most likely bindingnEarof an amino acid in any
given protein. An example of the possible intei@tsi of amino acid is depicted in the table 8
for aspartate. Using this atlas we selected the presalent binding partner of the amino
acids in the active site region (leucine, valind aspartic acid). Aspartic acid had the
maximum interaction with arginine and lysine. Itaaance with the aim of avoiding non-
specific binding, any positively charged amino aaikre not selected in the library synthesis.
Hence for aspartic acid we selected the secondramtimost prevalent binding partners. The
magnesium ion has been reported to bind mainlgitiaresidues®%The list of selected

amino acids is provided in Table 9. Six repres@rgatof each motif were synthesized
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utilizing the selected amino acids. The sequendhefolecules within each motif is given

in Table 10 and a schematic of the synthesizedfsnistdepicted in figure 30.

Table 8. Amino acids interacting with aspartic aai

Selected amino Interacting amino acids Number of
acids contacts
Aspartate Arginine 1999
Aspartate Lysine 1845
Aspartate Tyrosine 1090
Aspartate Leucine 1085
Aspartate Serine 965
Aspartate Glycine 905
Aspartate Asparagine 880
Aspartate valine 849
Aspartate Histidine 743
Aspartate Isoleucine 740
Aspartate Alanine 711
Aspartate Aspartate 670
Aspartate Phenylalanine 665
Aspartate Glutamine 662
Aspartate Proline 522
Aspartate Glutamate 500
Aspartate Tryptophan 426
Aspartate Methionine 310
Aspartate Cysteine 185




‘I.S . %
@ ASP 188 } R
_ ‘ ‘ﬁET 84 %

Figure 29. Active sites residues in HIV-RT presendat close proximity to the RNA/DNA
heteroduplex (modeled using Chimera software)

Table 9. List of amino acids selected for the syn#ésis of the libraries

Amino acids
selected

Phenylalanine
Isoleucine
Tyrosine
Histidine
Leucine
Asparagine
Aspartic acid
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Figure 30. Motifs of peptide based libraries of napxen. A. Tripeptide branched
library; B. Tetrapeptide linear library; C. Tetrape ptide branched library with naproxen
at 2" position; D. Tetrapeptide branched library with naproxen at 3rd position
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Table 10. Sequence of synthesized libraries

Tripeptide branched library

Tetrapeptide linear library

Molecule R; Linkerto R; Molecule Ry R> R3 R4
name attach name
naproxen
Al Asp Dap Tyr Bl Phe Asp Leu His
A2 Tyr Dap Asp B2 Asp Leu Tyr Tyr
A3 Phe Dap Tyr B3 Phe Tyr Asn Tyr
A4 His Dap Tyr B4 Leu His Tyr Asp
A5 Phe Dap His BS His Tyr Phe Asn
A6 Phe Dap Asp B6 Asp His Phe Tyr

Tetrapeptide branched library
(Naproxen in the 2nd position)

Tetrapeptide branched library

(Naproxen in the 8 position)

Molecule R; Linkerto R, Rs Molecule R; R2 Linkerto Rs
name attach name attach
naproxen naproxen

C1 Phe Dap His Tyr D1 Phe His Dap Tyr
C2 Tyr Dap Leu Tyr D2 Tyr Leu Dap Tyr
C3 Asp Dap Tyr Leu D3 Asp Tyr Dap Leu
C4 His Dap Leu Asp D4 His Leu Dap Asp
C5 Asp Dap Leu His D5 Asp Leu Dap His
C6 Phe Dap Asp His D6 Phe Asp Dap His
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Experimental procedures:

Solid phase synthesis of peptides: The synthedisegbeptide based naproxen
libraries was performed using standard solid plcasenistry as described in chapter 3. The
amino acids used were D-amino acids to make thgsdmore resistant to proteases. Synphase
PS rink amide discs (D series) containing Fmocgmtedd amine were used as the solid phase
for the synthesis. The loading capacity of each dias 7.8 umol for 9 discs. 2 discs (total
loading capacity — 1.73 umol) were used for thelsgsis of each peptide. 20 % piperidine in
NMP was used to deprotect the amine functionahty HATU/DIEA was used as the
activating agent for the carboxy group. The amicid & HATU and DIEA ratio was
maintained at 1:1:2. For every coupling step thenaracid concentration was maintained at
300 mM.

Deprotection of the side-chain protecting 4-metiityltgroup: The branched peptide
libraries have the naproxen attached to a sidenckar this purpose diaminopropionic acid
was used to provide the handle for attaching namroRiaminopropionic acid has the alpha
amineprotected by a Fmoc group which is base labiletaadide chain amine protected by a
mtt (4-methyltrityl) group which is acid labileh& mtt group provides orthogonal protection
during the peptide synthesis. The mtt group careb®ved by 1% TFA versus the 95 % TFA
required to cleave the peptide from the solid supj3dHence during the synthesis the mitt
group can be specifically removed to attach theamagm while the peptide still remains on
the solid support. After the peptide sequence wathssized, the mtt group was deprotected
using 4 rounds of 1 % TFA in 200 ul DCM. This waidwed by the attachment of

naproxen. The peptide libraries were cleaved fitoensolid support using 95 % TFA.
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Analysis and screening of synthesized libraries:

The analysis of the synthesized libraries was peréd using LC-MS technique. A
characteristic spectrum of FYNY-naproxen is depigtefigure 31. In the LC MS spectra
depicted below the lower pane represents thewaaélength chromatogram and the
uppermost pane represents the extracted ion chognaai (XIC) of the mass of the
molecules. The lower pane shows multiple peakkertatal wavelength chromatogram. This
indicated that there were impurities in the librddpwever the extraction ion chromatogram
or the XIC indicated that the major peak was th@lsssized product. This was confirmed by
the presence of a peak of 817 amu which is theategenass of FYNY —naproxen. The 800
amu peak corresponds to the loss of a water m@emd the 839 amu peak corresponds to
the sodium adduct. We unfortunately observed intigsrin several other synthesized species
of the libraries. Since the major peak consistethefsynthesized product in all the cases, we
performed the first round of screening with the wnifged products.

The crude synthesized molecules were tested fomeiase inhibition by using the
single point PCR based assay as described edirheas observed that several molecules in
the library were very hydrophobic and were insadubl water at higher concentrations.
Hence the assay concentration was maintained aMsand the DMSO level was maintained

at 5%.
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Figure 31. LC-MS spectra of FYNY-naproxen

Results:

We synthesized a total of 24 molecules based orcwuent strategy. The single point

assay indicated that out of the synthesized madsc@ molecules inhibited telomerase with

ICso values in the micromolar range. The molecules ieixhibited a greater inhibition

efficacy have been listed in Table 11. Among thessolecules the molecule named ‘B3’

exhibited the strongest inhibition towards telonseral his molecule was a linear tetrapetide

with naproxen and has the sequence Phe-Tyr-Asmagroxen (FYNY-naproxen). (Figure

32) The telomerase activity was assayed at vamgamgentrations of this molecule to more

accurately determine the dgdor telomerase inhibition. For this purpose, thdenole FYNY-

naproxen was resynthesized in a more purified fonnthe fluorescent based PCR assay the

concentrations ranging from 0 uM to 240 pM weredumed the 16, was determined as
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described earlier. FYNY-naproxen inhibited telonseravith an 1G, of 0.25 mM. (Figure 33).
The 1G, of FYNY-naproxen represents a 10 fold improvemerhe ability to inhibit

telomerase in comparison with naproxen alone.

H

NH, OH
HN 0
Q NH
NH o o
O a
o} Q NH
/

Figure 32. Phe-tyr-asn-tyr-naproxen (FYNY-naproxen

Table 11. Results of screening against telomerase

Rank Name Estimated

telomerase
ICs0
1 B3 105 pM
2 D1 138 pM
3 D6 255 pM
4 C2 257 uM
5 C5 444 M

6 A6 1981 uM
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y = 1/(1+m0/m1)

Value Error
m1 237.51| 122.26
14 Chisq| 0.55799 NA
R| 0.57597 NA
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Figure 33. Dose response curve of FYNY naproxen

In this chapter, we have described a novel glydfer the development of
compounds which inhibit therapeutically importandtein-nucleic acid complexes. Using
this strategy we have identified weak inhibitordedbmerase eg. naproxen with adGf 3
mM. This was then used as a scaffold to introdwese imteractions for the purpose of
increasing the affinity to telomerase. The beghefresulting molecules had ansgGimilar to
a strong intercalator. The essential advantagei®fipproach is that the scaffold is a weak
binder of nucleic acids and hence the improvegd ¢@n be attributed to its increased affinity
to telomerase. Additionally, since this approachzets the FDA approved drug naproxen as
the scaffold, it reduces the chances that the divias will be toxic. We have synthesized and

tested 24 derivatives of naproxen which is smalttion of the possible combinations of
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molecules that can be synthesized using this apprdiis possible that a stronger inhibitor
of telomerase can be generated by exploring ottabmations of peptide sequences and
motifs. We are also interested in exploring theliappon of this approach to weak inhibitors

targeting other therapeutically important proteueleic acid complex, for example: HIV-RT.
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CHAPTER 5
INTRODUCTION: MICRO RNA PROCESSING, ROLE IN DISEASEAND

DETECTION TECHNIQUES

In 1993, Ambros et al. discovered a small RNA emcbilom the genBn 4 which
regulated th&IN 14 gene'® This was the first reported regulatory functiorsofall RNAs.
In 2000 the let-7 small RNA was discoveredCielegans which regulated the LET 7 gene. It
was also found that the let-7 was conserved in neaggnisms including human§® Over
the years several small RNA have been identifieathvpossess multiple regulatory roles and
these have been named microRNA. MicroRNA or midd@Rare 21-25 nucleotide RNA
which regulate gene expression by targeting mRNdeither cleaving the mRNA or

blocking translation by preventing the ribosomanrirbinding to the mRNA.

MicroRNA processing:

MicroRNA are mainly transcribed by RNA polymeraséFol Il) and occasionally by
RNA polymerase Ill (Pol 111}:°"*%Transcription by RNA polymerase results in therfation
of primary microRNA or pri-microRNAS:’® These can be hundred to thousand nucleotides in
length, consist of a stem loop structure and pesaés cap and a 3’ poly (A) tail. The pri-
microRNA is then cleaved to produce precursor nRét@s or pre-microRNAs. Cleavage of
pri-microRNA occurs at the stem of the hairpin byratein termed Drosha. Drosha teams
with DGCRS8 in humans to form a complex called micozessor complex'>*DGCR8 is

required for guiding Drosha towards cleaving thiensicroRNA. ***
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Multiple microRNA precursors (pre-microRNAS) cam jresent in a single pri-
microRNA. Pre-microRNAs are approximately 70 nutilges in length; consist of a 5'-
phosphate and a 3’'overhang of approximately 2 wtides. Further processing of the pre-
microRNAs occurs in the cytoplasm. The pre-microRN#ke exported to the cytoplasm by
the nuclear transport protein exportin 5 via nucfeze complexest? *3n the cytoplasm the
pre-microRNAs are acted upon by the endonucleasesBMNI enzyme or Dicet**

MicroRNAs silence their target mMRNAs by being inoorated into a complex of
proteins called Argonaute (Ago) protein to form BA-induced silencing complex (RISC).
The proteins are characterized by the presencewifizargonaute-zwille (PAZ) domain and
a PIWI domain and are 100 kDa in weigttThe processing of the microRNA in the
cytoplasm and loading into the RISC is mediatedheyRISC loading complex (RLC). This
complex consists of Dicer, double stranded RNA imggroteins TRBP (Tar RNA binding
protein) and PACT (protein activator of PKR) andmhaof the Argonaute-2 proteift®*’
Dicer is a highly specific enzyme and is consenvealmost all eukaryotic organisms. The
enzyme identifies the stem portion of the pre-nfRiXé\ by the presence of the 5’ phosphate
group**® It cleaves the pre-microRNA about 22 nucleotidesfthe terminus of the pre-
microRNA to release the loop joining the stem @& pine-microRNA and the terminal base
pair. This results in the formation of a duplex eggmately 22 nucleotides in length
consisting of two strands termed microRNA: microRN#ms. The duplex formed have
characteristic 5’ phosphate and a two nucleotidev@rhang. The proteins TRBP and PACT
facilitate the cleavage of the microRNA by Dicerdigbilizing the enzymé*®*%°

The affinity of the Ago proteins for the doubleastded RNA is low. Thus the dsRNA

is unwound and only a single strand associatestiviproteins. This strand is
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complementary to the target and is called the gsiicnd. The other strand in the duplex is
called the passenger strand (microRNA*) and itagrdded. A helicase which is responsible
for the unwinding of the duplex has not been idedtibut several helicases such as p68, p72,
RNA helicase A and human Mov10 have been founds$o@ate with the RNAi machinery.
121122The selection of the strand to be loaded intdRI®C complex is determined by the
thermodynamic stability of the 5’ end. The strameff@rentially incorporated into the Ago
proteins is the one whose 5’ end is less tightiyepgt?3*2*

The microRNA then targets the mRNA with which isl@mplementary base pairing
and induces gene silencing by either blocking tedims, by preventing the binding of
ribosomal proteins or by cleaving the mRNA using &go proteins. The mechanism of gene
silencing depends on the degree of complementaeityeen the microRNA and the target
MRNA. It has been found that microRNA which bindttotarget with perfect or near perfect
complementarity, causes the degradation of the mB)#e ribonucleases present in the
RISC complex'?*The other method by which microRNA blocks gene espion is by
binding to the 3’ untranslated regions (UTRs) & thRNA targets with imperfect
complementarity?® This blocks translation by hindering ribosome fiiigdonto the mMRNA.

In this case the levels of proteins have been fdar® reduced while the mRNA levels
remain intact. The processing of microRNA in thelaus and cytoplasm is illustrated in

figure 34.
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Micro RNA and cancer:

Since microRNA plays an important role in silencofggenes, they subsequently
regulate numerous cellular processes. For instanoertebrates, microRNA regulate a varied
number of processes such as pancreatic isleteetlodpment (miR-374), adipocyte
differentiation (miR-143), heart development (miRahd differentiation of hematopoietic
cells (miR-181)-****The processing of microRNAs is strictly regulateding the
transcription and post-transcription processingy Aaregulation of the microRNA
processing can result in increased or decreasetslathich can subsequently result in disease
conditions. MicroRNA have been found to have a mayte in diseases like
neurodegenerative disorders, diabetes, heart conslidnd cancer.

Cancer is disease which is characterized by thegugeition of several oncogenes and
down regulation of several tumor suppressor gedissequently it was established that
microRNAs regulate many genes which have been aagd in cancer. Cancer cells are
characterized by uninhibited proliferation, a lossellular identity and a defect in the
mechanism controlling apoptosis and cell deathC.ldegans it has been found that
mutations in the microRNA genés-4 andlet-7 results in discrepancies in the cell cycle and
the cells undergo terminal differentiatibi.Similarly in Drosophila the pro-apoptotic gene
hid is blocked by théantam microRNA. Overexpression of this microRNA causgdessive
growth of wing and eye tissu€?®

It was also observed that human microRNA genes ieeeged at sites in the genome
which are either amplified or deleted in cancere Tibst report of microRNAs being involved
in cancer came from Calin et’af. They studied a deletion on chromosome 13 which is

commonly observed in chronic lymphocytic leukemid found that two microRNA genes,
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miR-15 andmiR-16 were located in this deletion. Subsequently themébthat these
microRNA were downregulated in patients sufferirgi chronic lymphocytic leukemia.
Cimmino et al. reported that miR-15a and miR-16egatively regulate an anti-apoptotic
gene BCL 2. This gene is over-expressed in mangezarand this is due to the down
regulation of the microRNAs which regulate'ft:This finding supports the tumor suppressor
role of microRNAs.

Many microRNA which are associated with cancer Haeen found to be located in
regions of the genomes which have been calleditéages”. miR 125b-1 is a homologue of
C. eleganslin 4 and is found to be located on a fragile sibtechromosome 11g24. This is
deleted in patients with breast, ovarian and cahdancer:*® The first family of microRNA
found to regulate a proto-oncogene RAS Vei§. RAS proteins regulate cell growth and
differentiation and are membrane associated siggalioteins. In approximately 15-30% of
cancers the RAS oncogene was found to be overesgutessulting in higher cellular
proliferation. Johnson et al. demonstrated that ¢brrelated with a reduction in expression of
let-7 microRNA®’ Thus it was ascertained that microRNAs can belhavenor suppressors.

He et al. observed that that the microRNA fromdluster miR-17-92 were
overexpressed in lymphoma cell lines. It was atamé that this cluster is located in a region
in chromosome 13 which is found to be amplifie¢chiiman B-cell lymphomas. Thus there
was a correlation between the overexpression ofikeoRNA in this cluster and
lymphomas. Using a mouse model of human B cell lyompas, He et al. demonstrated that
overexpression of the miR-17-92 microRNA increas®éyc-induced tumorigenesis in mice.
C-Myc is encoded by the Myc oncogene and regulzbgroliferation and growth and is

commonly found to be overexpressed in canié&knother microRNA which is associated
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with MYC overexpression is miR-155. Metzler etraported that miR-155 is upregulated by

100 fold in Burkitt lymphoma, Hodgkin lymphoma aBaell lymphoma?®*®

Extracellular microRNA:

The first report of the presence of microRNAs itrazellular fluid was published by
Valadi et al. where they studied the exosome meditttinsfer of nucleic acids between
cells}*° They observed that mMRNA and microRNA were reledssd both mouse and
human mast cell lines packaged in small vesiclendbcytic origin called exosomes.
Exosomes have been found to be released from gacrlls such as B cells, T cells, epithelial
cells, dendritic cells and tumor cells and eatiiad been reported to carry protetfis'*?
These small vesicles have been demonstrated ticipaté in signaling events by binding to
cells via receptor-ligand interactions and beirtgrimalized by endocytosis. This indicated
that the cargo packaged in the exosomes are caplatdd-cell communication. Valadi et al.
demonstrated that the mRNA present in the exoseovaes functional by an in vitro
translational assay. Next they found that approsetyal21 microRNAs were present in the
exosomes released from the mast cells. Additiorsaliye microRNAs were found in higher
levels in exosomes than within the cells, sugggdtiat these microRNA were specifically
packaged into exosomes. Some of the identifiedoRINA were let-7, miR-1, miR-15, miR-
16, miR-181 and miR-375. These microRNA have beend to play major roles in
important biological processes like angiogenesignmatopoesis and tumerogenesis. These
findings strongly suggest that exosomes behavara®is of nucleic acids which may be

involved in intercellular communication.
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Another report of the presence of extracellularrofRINA in serum was published by
Mitchell et al*** They observed stable microRNA circulating in thenan plasma and serum
and suggested that these microRNA can be usedamikers. They observed that
exogenously introduced microRNA were not stablsarum and were degraded in less than 2
minutes. This suggested that the extracellular oRBIA were either packaged in vesicles like
exosomes or were associated with proteins whiclaitad the stability.

Wang et al. further pursued the idea of the exti@dee microRNA being involved in
cell-cell communicatio? They hypothesized that for microRNA to behaveigsading
factors, the cells have to selectively identify @xgort the microRNA in a manner in which
they remain stable. Further the microRNA shouldadben up by the cells. They serum
deprived cells and then investigated the presehegtmacellular microRNA in the growth
medium. By centrifuging at different speeds, theyravable to separate cell pellets,
microvesicles and exosomes. The authors reportdrtitroRNA were released from cells
packaged in vesicles or exosomes as reported adVed al. but a significant amount of
microRNA were present outside these vesicles. To&t mteresting fact was that although
there were several microRNA which were present bothe vesicles and free in the
supernatant, some microRNA were present speciigatihe supernatant. This negated the
possibility that the microRNA observed in the supa¢ant were due to ruptured vesicles.

The authors treated the cells with a respiratogircimhibitor, rotenone, which
reduces the cellular ATP level and found that thduced the levels of microRNA present
extracellularly but not within the cells indicatitigat the export of microRNA is an active
process which requires energy. Interestingly, évels of extracellular microRNAs was not

affected by the treatment with 5-N, N- dimethyl kmde (DMA) which is a known inhibitor
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of exosome secretion. This further supports thetfet the extracellular microRNA are not
necessarily packaged before release. Wang etditiatilly observed a substantial number
of proteins being released into the extracelluladia. One of them was the nucleolar RNA-
binding protein, nucleophosmin 1 (NPM1). It wasriduhat a majority of the protein was
present in the supernatant but not in the vesigless. suggests that this protein is exported
with the microRNA and could be the reason for ttadidity of the microRNA. In order to test
whether NPM1 imparts stability to microRNAS, theraurs incubates a synthetic microRNA
with the protein and treated it with RNase A. Theynd that NPM1 made the RNA resistant
to RNase cleavage which supports the theory tigptiotein is involved in the microRNA

export and stability.

Circulating microRNA and diseases:

As mentioned earlier, microRNA was found to playpajor role in the development
and progression of cancer. Lawrie et al. were itlsé tb study if the microRNA overexpressed
in cancer was found to exist extracellularly anthére was difference in the extracellular
levels between cancer patients and healthy subjBeé&y studied the extracellular levels of
three microRNAs: miR-155, miR-21 and miR-210 whieére found to overexpressed in
patients suffering from diffuse large B-cell lympha (DLBCL). The sera of patients
suffering from DLBCL showed higher levels of thecn@RNA® This was the first report
which showed the presence of microRNA in biologftiats and suggested that microRNA
could be utilized as non-invasive biomarkers ofoesn

Mitchell et al. inoculated human prostate cancéis ¢82Rv1) cells into mice and

were able to detect the human cancer miR-629* aRd660 in the plasma of the mice.
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These human derived microRNA did not have any dotfgin mice indicating that they were
generated from the cancer cells. Further by compgdhe serum of metastatic prostate cancer
patients and healthy human serum, they observédnifa141 expression was significantly
higher in patients with prostate cancer and itedated with the levels of prostate-specific
antigen (PSA}*

Chen et al. compared the microRNA from differeqey of sera, healthy serum,
serum from patients with lung cancer and patieritis @olorectal cancer using both gqRT-PCR
and Solexa sequencing’ Firstly they observed that the microRNA preserthiablood and
sera of healthy patients were stable and consiatanhg the patients. Compared to healthy
patients, in patients with lung cancer 28 microRNv&se not observed while 63 new
microRNAs were observed. Similarly in patients watilorectal cancer 69 new microRNA
species were observed. Another interesting obsernvetas that certain microRNA species
were common for both patients with lung cancer @sidrectal cancer (ex. miR-134, miR
221, miR-222 etc.)

These studies establish the fact that microRNApaesent extracellularly and the
microRNA profile differs in normal and disease ciioths. Although the microRNA
observed in disease conditions are treated as bkensait is highly likely that the presence of
microRNA in extracellular fluids is for some spécipurpose. We hypothesize that the

microRNA exported from the cells have certain pblgsgical roles.

Hypothesis:
The earlier paragraphs have established the rol@@bRNA as regulators of cellular

development and as the causative reason of salisealses including cancer. We propose a
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new role for microRNA, that as mediators of intditdar communication. Support of this
hypothesis comes in the form of literature indicgtihe presence of microRNA in
extracellular fluid. It has also been reported tha levels of the extracellular microRNA are
sometimes significantly higher than intracellukewéls. In some cases the microRNAs
observed extracellularly are not observed withencblls suggesting a specific reason for the
cells to export the microRNA into the extracelluflaiid. Additionally extracellular

microRNA have been found to be upregulated in diseanditions like cancer. Further the
profile of extracellular microRNA has been foundvery different in normal people and
cancer patients.

The roles of these extracellular microRNA havelrexn elucidated and they have
been treated as biomarkers of disease conditt$Our hypothesis is that these smalll
RNAs are released as signaling factors and cangphagjor role in progression of diseases
like cancer. We hypothesize that in cancer, theoRbIA are released extracellularly as
signaling factors for proliferation. To elaborate believe that specific microRNA are
released from cancerous cells and are taken uptoyah cells in the vicinity which then
causes those cells to display increased prolifanati

Dr. Subhashree Rangarajan and Dr. Samit Shah,gmduate students from our
laboratory, initially designed a method to captomieroRNA which existed extracellularly.
They immobilized ethidium benzylic acid, an intdatar which binds nucleic acids, onto a
resin. This resin was then introduced into the mediculturing cells via a transwell. We
observed some promising but inconsistent resulesevthe cells exposed to resin modified

with the intercalator had fewer cells which wereal
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Additional support of our hypothesis is the repaftRNases which have been found
to be quite effective in the treatment of canceudkova et al. reported that polymer bound
RNase effectively inhibited tumors in mid&>**Bovine serum RNase or BS-RNase was
modified with hydrophilic poly[N-(2-hydroxypropyinethacryl-amide] (PHPMA) to prevent
its degradation or fast elimination. These polyemated RNases were more cytotoxic when
administered intravenously compared to native B&&&N Experiments using RNase
radiolabeled with 125-I exhibited that the nativ8-BNase was internalized by tumor cells
within 1 hour while polymer conjugated RNases waisimternalized. Even after 24 hours of
administration 40% of the conjugated RNases rerdaiméhe blood stream while 98% of the
native RNase was eliminatétf:*>®
We intended to test our hypothesis by:

1. Determining the presence of microRNA in the raedficulturing HelLa cells

2. ldentifying the extracellular microRNA

3. Generically removing nucleic acids (specific&iA) from the extracellular media
of culturing HeLa cells (a cervical cancer ceid) and observing effect on proliferation

4. Capturing the extracellular microRNA and obseguihe effect on proliferation

Methods of detecting microRNA:

The detection of microRNAs is challenging duelte short length, limited number in
cells and the lack of a poly (A) tail to allow P@Rplification. Most methods of microRNA
detection depend on hybridization. There existsivain methodologies of detecting
microRNA namely the solid phase (where hybridizatd sample microRNA occurs to

probes bound on a solid surface) and solution pfrad®idization occurs in solution). Solid
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phase techniques are generally useful in casegbfthroughput screening and solution phase

is more applicable where in-vivo determination aénmRNAS are required.

Solid phase techniques:

Northern blotting: In the method, the microRNA asparated via gel electrophoresis.
This is followed by transferring the microRNA omigrocellulose membrane and then
soaking it in a solution containing the microRNApe. The probe has a sequence
complementary to the microRNA sequence and is élswently labeled or radiolabeled. After
hybridization, the unhybridized probes are washeayaand the microRNA detected. The
disadvantage of this method is that it is a lor@epss requiring over 24 hours for completion.
The sensitivity of this technique was improved tarallay et al. by using LNA modified
probes. Due to the greater stability of an LNA nfiedi probe the hybridization could be
performed at the higher temperature of 50 °C. fétdsiced the assay time from 16 hours

154,155

using DNA probes to 2 hours when using LNA modifpgdbes:

Microarrays:

This is the most common method used to perforngh-throughput detection of
microRNAs.*8n this method the probe having a sequence compiemeto the microRNA
is bound to a solid surface. The cDNA of the midk#Rof the sample is made and is
fluorescently labeled or biotinylated. The cDNAalfowed to bind to its complement on the
solid surface and the unbound species are washayl dw the biotinylated cDNA a
streptavidin labeled fluorescent probe is addede®@mn of the fluorescent signal intensity

aids in understanding the expression level of tloRNA. This method is very useful in the
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detection of multiple microRNAs in a very expeditsomanner. The only disadvantage of this
technique is that microarrays are still expensoviabricate and there is a lower threshold of
RNA sample required in order to allow detectionnemicroRNA which are expressed in

very low amounts can miss detection by this tealiq

Microarrays using electrochemical method of detecti

This method was developed by Gao et al. wheresattyet microRNA were conjugated
to electrocatalytic species such as OsO2 nanofeasriic Ru(PD)Cl,. DNA probes with
sequence complementary to the target are immobibrea solid surface. After hybridization,
the target is detected by observing an increasarient. The advantage of this system is that

is has very high sensitivity”*®

Label free detection of microRNA:

The above discussed methods of microRNA detectapl@y a label (fluorescent or
electrochemical). Driskell et al. developed a lgbet method of microRNA detection using
silver nanorods which are adsorbed on a glass. Slite microRNA are allowed to then
adsorb onto the silver nanorods. This is followgdlbtection of the surface enhanced Raman
scattering spectra. This method is very reprodedold shows very high specificity. But the
disadvantage of this method is that individual sf@ecf the microRNA have to be taken
before the assay in order to record the represeatspectra and there is a problem that

sequences which have overlapping peaks cannoffeeeitiated:>°
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Solution phase methods of microRNA detection:

gRT-PCR: The most popular method of microRNA débecin the solution phase is
reverse transcriptase polymerase chain reactioAR8R)*°Performing qRT-PCR on
microRNA includes a few extra manipulations siroe iack of a poly (A) tail on the
microRNA poses a challenge in the cDNA synthesmusTin this method the mature
microRNA which lacks a poly (A) tail is poly adeaygd using poly (A) polymerase. A poly
dT primer is then added which anneals to the pa)ydils and gets extended by means of a
reverse transcriptase resulting in a cDNA. PCRerégpmed by using two primers in which
the forward primer is specific to the microRNA seqoe and the reverse sequence is
standardized. The PCR amplification is monitorece@ time by using a fluorescent dye like
SYBR green which binds specifically to dsDNA. Thaimadvantage of this system is that
RT-PCR can quantitatively detect very small amoohfRNA.

Another method of solution phase detection of miki@ is by using fluorescence
correlation spectroscopy developed by Neely dhahis method two fluorophore labeled
oligonucleotides are added to the microRNA samfihe. labeled oligonucleotide hybridizes
to its complementary microRNA sequence. The unbdabeled oligonucleotides are bound
with an oligonucleotide with its complementary seigce but containing a quencher. Thus the
background fluorescence is significantly reducedl thirs allows the detection of very low
concentration of RNA (up to 500 fM}%*

Cissel et al. developed a method of RNA detectiperploying the luminescent
enzyme Rluc. Two complementary sequences of oligeotides were conjugated to the N-
terminal and C terminal fragments of the enzymeeWthe sequences hybridize the two

fragments are brought to close proximity resulimg¢he formation of the active enzyme
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which displays luminescence. In the presence ofticeoRNA, the sequence competes with
the microRNA sequence for hybridization. Henceehisra decrease in luminescence which
indicates the presence of the target microRNA. ddheantages of this method is that it is

rapid and Rluc based assays have high sensitfity.
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CHAPTER 6
EXPERIMENT TO OBSERVE AND IDENTIFY SMALL RNA IN THE

EXTRACELLULAR MEDIA OF CULTURING CELLS

The presence of extracellular microRNAs has beparted by several researchers as
described in chapter 5. However we wanted to asoettiat microRNA were being released
during the culturing of HelLa cells and further itlgnthe released microRNA. In order to
determine the presence of microRNA in media, wéopered RNA extraction on the media
of culturing cells, radiolabeled the RNA and thésualized them by radioimagery. An

illustration of the scheme of the experiment isickeyl in figure 35.
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Figure 35. Schematic representation of experimenbtdetermine the presence of
microRNA in the media of culturing HeLa cells
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Materials and method:

Cell culture: | was assisted in the initial celltave studies by Piyush Jain. HelLa cells
were plated by Piyush Jain at 5%, 30 % and 100%wancy in a 24 well plate in 480 pl
media (DMEM with 10% FBS) and cultured for 24 houxfter 24 hours the media was
collected and RNA extraction was performed on thikected mediaAs a control RNA
extraction was also performed on media in whicksd&d not been cultured. This was done
to ensure that any microRNA observed was not fioefétal bovine serum present in the
media.

RNA extraction: 500 ul of TRI reagent was addeth®tubes containing media. The
tubes were vortexed and then allowed to stand fombites at room temperature. Then 200
pl of chloroform was added to the tubes and theswiere gently shaken. The tubes were
then allowed to stand for 15 minutes at room tepee in order to allow for phase
separation, followed by centrifugation at 12,00@1g15 minutes. The colorless aqueous layer
was collected in a separate tube and the RNA wagptated using 500 pl of isopropanol.
The tubes were stored at -20 °C for 12 hours. THA Ras precipitated by centrifugation at
12000 g for 10 minutes at 4 °C. The pellet waa thiashed 3 times with 75 % ethanol and
resuspended in 5 ul of RNase free water.

Dephosphorylation of the 5’ phosphate of the ex¢@&NA: In order to visualize the
extracted RNA, the nucleic acids were radiolabelgidg the the enzyme polynucleotide
kinase (PNK) ang-P*2 ATP. This enzyme catalyzes the transfer of a phatgpgroup from
they-P* ATP to the 5" hydroxyl group of the nucleic acithus the 5’ end of the nucleic acid
had to be dephosphorylated for this enzyme toTds was accomplished using the enzyme

calf intestinal alkaline phosphatase.
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Briefly, 4 ul of the extracted RNA was dephosplatgd by adding 4 ul of RNase
free water, 1 ul of 10 x dephosphorylation buffex ¢omposition - 50 mM tris-HCI (pH 8.5),
0.1 mM EDTA) and 1 ul of calf intestinal phosphat#ésvitrogen) and incubating at 37 °C
for 1 hour. The reaction was terminated by the tamldibf 1 mM of EDTA and heating at 65
°C for 15 minutes.

PNK labeling : To the microcentrifuge tube contadRNA, 2.5 ul of 10 x PNK
buffer (0.5 M tris-HCI, pH 7.5, 100 mM Mg§1100 mMB-ME) , 2ul ofy-P*2 ATP
(20mCi/mmol) and 1.55 pl polynucleotide kinase imase dilution buffer (50 mM tris-HCI,
pH 8.0) (USB) was added. The solution was incubate3¥ °C for 30 minutes. The reaction
was terminated by heating at 65 °C for 5 minutgz@sence of 170 pl of 5 M guanidine HCI.
The radiolabeled RNA was precipitated using 6.6ft40 mg/ml glycogen, 75 % ethanol and
centrifuging at 17400 g for 30 minutes at 0 °C. pk#et was washed twice with 75 %
ethanol and allowed to dry for 20 minutes at roemgerature. We also radiolabeled DNA
molecular weight markers in a similar manner. TiINARvas taken up in 5 pl of RNase free
water. 1 pl of the RNA was added to a loading buftsisting of 80% formamide, 10 %
TBE and loaded on a 8 % poly acrylamide gel. Gettebphoresis was done for 1 hour,
followed by drying of the gel for 1 hour. The gehsvexposed for 1 day using phosphoimager
plates (Kodak phosphor storage screen) and thelnustag a gel reader (Molecular Dynamics

640 Storm Phosphorimager).

Results:
The image of the gel is depicted in figure 36. Hramt bands which corresponded to

the length of microRNAs (18-24 nucleotides) wersafed in all the lanes where RNA had
101



been extracted from the media of culturing cellsege bands were absent in the lane of
media which had not been in contact with cultugedls indicating that the RNA were
released from the cells and were not from thersgiesent in the media. This gel image
supported our hypothesis that RNA which appearedtaespond in size to microRNAs were
released into the media from culturing HeLa céflswever, it was interesting to note that the
bands appeared identical in nature even thougbaliehad been cultured at different

confluencies.

Figure 36.Gel image showing bands which corresportd microRNA
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Quantitation of the extracellular microRNA:

We were required to have an estimate of the amalumicroRNASs that were being
released into the media. This was necessary fectse the method of identification of the
microRNAs (microarray versus gRT-PCR). Typicallycnoiarrays require a larger amount of
microRNA compared to gRT-PCR method of identifioatiln order to accomplish this we
labeled known quantities (40 — 0.625 attomolesjrobligonucleotide while labeling the
extracted RNA. The known quantities of radiolabedédonucleotide and the extracted RNA
were separated using gel electrophoresis. Theaetive signal obtained from the known
guantities of oligonucleotide was quantitated alodt@d against the number of moles to
generate a standard curve. The signal intensity fiee extracted RNA was converted into
moles using this standard curve.

For this experiment RNA was extracted from the medicells cultured at 5% and
100 % confluencies. The media was collected imdl.Bicrocentrifuge tubes and the tubes
were centrifuged at 120,000 g for 1 hr at 4 °Ce Tard centrifugation was done in order to
remove any cells which might have been collectadwertently. More importantly it had
been reported by Valadi et al., that microRNA weleased encapsulated in exosomes from
cells. We were interested in the microRNA which evpresent free in the media. The hard
centrifugation had been reported to effectivelycppiate exosomes. We removed the top 200
pl of the media to avoid the precipitated exosoaresthen performed RNA extraction on the
media as described earlier. The RNA was radiolabatedescribed earlier along with varying
moles of an 18 nucleotides long oligonucleotideeSehspecies were then resolved by gel

electrophoresis. The signal from the varying molethe oligonucleotide was quantitated and
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the signal intensity was plotted against the nunmb@les to generate a standard curve (Figure
38). Upon quantitating the signal intensity of Heds and using the standard curve, we
found that the amount of microRNA in the extradaifunedia ranged in attomoles (11-23
attomoles). This is an amount that would not b&@aht for identification using the
microarrays. Hence we opted for using the gRT-P@&#hod of identification of the

microRNA.
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Figure 37. Gel depicting different concentration oflabeled 18 mer oligonucleotide and
characteristic bands obtained from media of culturng cells.
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Figure 38. Variation of signal intensity of a radidabeled oligonucleotide with change in
concentration

Identification of extracellular microRNA:

The gPCR method of microRNA identification has bdeacribed in chapter 5. The
identification of the extracellular microRNA releasfrom culturing HelLa cells was done
using the Genome - wide gPCR microRNA expressiofilprg performed by System
biosciences. The primer complementary to all theakmmicroRNASs listed in Sanger’s
database were present in three 384 well plateslluwstration of the procedure in provided in
figure 39. Briefly in this procedure the microRN#\poly adenylated at the 3’ end using the

enzyme poly (A) polymerase and ATP. The microRNA thien converted to the cDNA using
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an oligo dT primer attached to a known sequenadigbnucleotides and a reverse

transcriptase enzyme. Hence the cDNA synthesiyetib technique is specific due to the

microRNA sequence but has a common sequence at émel. This cDNA is then amplified

using polymerase chain reaction. The reverse primttre reaction is the complementary to

the 3’ end of the cDNA and is common to every wEfle forward primer is specific to each

microRNA.
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In order to identify the extracellular microRNA, Hecells were plated at 30 %
confluency in a 24 well plate in Optimem (serunefreedia). This confluency was selected
based on two assumptions: firstly that at thisestég cells would be proliferating which
would induce them to release microRNA and secotidiyat 30 % confluency there would
be sufficient cells to generate adequate amoums@bRNA for detection. The plating was
done in serum free media in order to reduce angiptisy of interference with any serum
ribonucleases. After culturing the cells for 24, e media was collected and spun at
100,000 g for 1 hour. The upper portion of the raedas taken and RNA extraction
performed as described earlier. A portion of theARMas radiolabeled and visualized by gel
electrophoresis to confirm the presence of smalhRNe remaining portion was frozen on

dry ice and then shipped to Systems Biosciences.

Results:

In the three plates used for identifying the midk#R plate 1 and plate 2 contained
the primers complementary to the microRNA strantd&lvwere the guide strands. As
explained earlier these are the strands which bjecle expression. Several of these
microRNA were observed in the media removed frottudng cells. Since this media had
been subjected to a hard centrifugation and o™yugper layer had been used, these
microRNA were not present bound within exosomegldte 3, the primers complementary
to the passenger strand (microRNA*) were presetgréstingly one such strand (miR 125b-
1*) was also observed in high amounts in the medtide the miR 125b-1 strand was not

observed.
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The names of the microRNA present in high concéptra are listed in Table 12.

Among all the observed microRNA miR-181c and miR-5p are present in significantly

higher amounts.
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Plate #2
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Figure 40. Graphical representation of relative abaudance of extracellular microRNA
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Table 12. List of microRNA observed in the media o€ulturing HeLa cells

Relative

abundance
MicroRNA sequence (Million)
hsa-miR-181c 996
hsa-miR-362-5p 923
hsa-miR-125b-1* 9.7
hsa-miR-548l| 8.5
hsa-miR-923 6.7
hsa-miR-135a 7.5
hsa-miR-539 6
hsa-miR-135b 3.8
hsa-miR-132 3.8
hsa-miR-181a 3
hsa-miR-574-5p 15
hsa-miR-523 1.3

It was interesting to observe that some microRNAgtvwere observed in the media
of HeLa cells had already been implicated in cantlee microRNA 181c which is the most
abundant species observed in our analysis is aalime of the miR-181 precursor.
Depending on the position of cleavage during preiogsthis precursor generates different
mature microRNAs named miR 181a-d. Ji et al. foilvad hepatocellular carcinoma (HCC)

cells in which the Wnt/catenin pathway is activabetiave as hepatic cancer stem cells. It
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was also observed the all four miR 181s (a-d) weerexpressed in these cefld Two other
microRNA from the list, miR-135 a and b have bemplicated in colorectal cancer. It had
been reported that a major initiating event of oedtal cancer was the inactivation of the
adenomatous polyposis coli (APC) gene. Nagel eteahonstrated that miR-135 a and b
target the APC gene and suppress its expressias. dinupregulation of these two
microRNAs correlated with a low APC gene expressfdiThese reports indicate that it
would be interesting to observe if the removalhaise microRNA from the extracellular fluid

had any effect on the characteristics and behafithre cells.
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CHAPTER 7
DESIGN OF METHOD TO GENERICALLY CAPTURE EXTRACELLUAR
MICRO RNA

The role of the extracellular microRNA observedlood, serum etc. have not been
elucidated and the presence of microRNA in theaeellular fluid has often been treated as
biomarkers of diseases. Our hypothesis is thaetle&tracellular microRNA behave as
signaling factors. This hypothesis could be testedbserving the effect on a certain cellular
function upon removal of the extracellular microRNA order to test our hypothesis we
decided to observe the effect of removing microRiM the extracellular media on the
proliferation of cancer cells.

In the earlier chapter we established the presehigecroRNA in the media of
culturing cancer cells. In preliminary studies, Bubhashree Rangarajan and Dr. Samit Shah
demonstrated that introducing an agent which bmaseic acids exclusively in the media of
culturing cells causes a reduction in cellular pechtion. Their experimental design involved
the covalent immobilization of an intercalator oateesin. However any unreacted
intercalator could potentially cause the observetdifpration reduction.

In order to address this concern we designed ardift system by which an agent
capable of binding to nucleic acids was suspenuiedtihne media of culturing cells. SynPhase
PA rinkamide discs (Mimotopes) were used as thetsmioe used to capture nucleic acids.
These discs were grafted with polyamide which a#ldwhe use of these discs in both organic
and aqueous solutions. The discs contained an agniog which was protected by the base
labile Fmoc group. Removing the Fmoc group resuhétie discs having a free amine group

which would be positively charged at physiologighl. Hence the disc would be cationic in
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nature and could potentially bind the negativelsirged nucleic acids. As a control a disc was
designed which would have all the amine groups edpyth acetic anhydride and thus

would potentially not bind to nucleic acids. We idied to test for the change in proliferation
of HelLa cells (a cervical cancer cell line) in pnese of the discs. Since we believed that the
extracellular microRNA were behaving as proliferatsignals, by removing these microRNA
from the media of culturing HelLa cells we expedtedbserve a reduction in cellular

proliferation.

a. b.

MNH-Fmoc

Qe

Figure 41. Schematic depiction of a. image of polyaside coated lanterns; b. disc with
rinkamide linker and fmoc protected amine; c.disc whose amine functionality has been capp
with acetic anhydride and a disc with a free amine functionality
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Before testing this system in cells, we wantedsicesaain that a deprotected disc
(which is cationic in nature) was capable of remguiucleic acids from a solution and a
capped disc would not bind nucleic acids. Heng&lly two discs were modified and placed
in microcentrifuge tubes containing nucleic acidd &e reduction in the nucleic acid

concentration in the solution was monitored.

Materials and methods:

Deprotection and capping of discs: Two polyamidated discs (SynPhase,
Mimotopes) were swelled in NMP for 30 minutes. Hmoc group was removed by treating
with 20 % piperidine in 200 pl NMP twice for 30 mies each. The discs were then washed 5
times with NMP. One disc was then capped using Hreétic anhydride, 5% DIEA in 200 pl
NMP for 1 hour and then washed 5 times with NMPthBibe discs were washed 5 times with
water to remove the organic solvents. The disc& Wwkrcked with 1 mg/ml of BSA for 12

hours to block any non-specific binding of nuclaaids.

Testing discs for ability to bind nucleic acids:

Experimental procedure: 200 nM of a 22 nucleoisBNA was taken in two
microcentrifuge tubes. To one microcentrifuge ttheecationic disc was added and to the
other the capped disc was added. 2 ul aliquots reeneved at different time intervals,
diluted to a final volume of 200 pl (assay concnM) and the concentration of nucleic acid
remaining in solution was determined using QuantiDliGreen ® ssDNA (Invitrogen)
reagent. This is an ultrasensitive, green-fluonesnacleic acid stain used for quantitating

oligonucleotides in solution. OliGreen® gives arauderistic fluorescence (excitation 485
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nm, emission 535 nm) upon binding to single strdnaecleic acids. A standard curve was
prepared using different concentrations (0 nM -al) of the single stranded DNA. The
fluorescence of the solution was recorded at diffetime points and the concentration was

determined from the standard curve.

Results:

The results of the binding study are in figure Bi2stly the standard curve depicts a
linear change in fluorescence intensity with chaingaligonucleotide concentration. 2 pl of
oligo solution was taken from each of the microdérge tubes over a period of 24 hours,
diluted with OliGreen® in 1 x tris-EDTA buffer (2Q@l final volume) and the fluorescence
intensity was recorded. This fluorescence intensdg converted into oligonucleotide
concentration using the standard curve. The oligatide concentration was plotted against
time using the Kaleidagraph® software. The redalépicted in figure 43) indicated that
there was a reduction in the concentration of na@eid in the microcentrifuge tube
containing the cationic disc. There was no chargeed in the oligonucleotide
concentration in the microcentrifuge tube contagrtime capped disc. This indicated that the
cationic disc effectively removed single strandadleic acids from a solution while the

capped disc (blocked with BSA) was incapable ofllnig to nucleic acids.
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Figure 43. Capture of nucleic acids using cationidiscs
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Biological study using disc:

It was ascertained in the earlier experiment thatcationic disc was capable of
capturing nucleic acids. We initially wanted to eb& the effect of removing extracellular
microRNA from the extracellular media on cellulaolieration. In order to determine the
effect, it was required to introduce the catioriscdnto the media of culturing cells. A
method of suspending the cationic discs in the enediculturing cells was designed by Dr.
Friedman by screwing pins on the lid of a 96 wédk@. The discs were suspended into the
media of the culturing cells using the pins atsatice of 0.2 mm from the base. Pictures of
the 96-well plate lid modified with pins and distsspended using pins in depicted in figure
44. Hela cells were cultured in the 96 well pldtee effect on cellular proliferation was

observed by performing MTT assay.

Figure 44. A. Lid of a 96 well plate in which screw had been inserted. B. discs
suspended from screws inserted through the lid of 86 well plate.
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Materials and methods:

Twenty replicates of polyamide discs were depretdets described earlier. Ten discs
were then capped using 10 % acetic anhydride. @Ggpmdithe deprotected amine groups
made the disc neutral and was used as a contritd. it exposed to discs were used as
another control. The discs were soaked overnigRiNase free water. HelLa cells were
plated at 5 % confluency in DMEM (Invitrogen) supmplented with 10% FBS. The media
was changed to 10 % serum containing colorlessar(@di phenol red) after 12 hours. Media
without phenol red was used because it was obsénatdhe cationic disc bound to phenol
red which in turn had an adverse effect on thescall this point the discs were suspended
from the pins screwed onto the lid. The lid waspthover the 96 well plate containing cells
and the cells were allowed to culture for 4 daysth& end of 4 days the discs were removed
from the media of the cells and MTT assay to testéllular proliferation was performed on
the cells.

MTT assay for cellular proliferation: The MTT asdaya colorimetric assay which
indicates the number of viable cells. MTT is adetie which is yellow in color and is
reduced to purple colored formazan by mitochondddlctase present in living cells. The
purple formazan has a characteristic absorbanceammaxat 490-500nm. Thus the greater
number of viable cells the greater in the purplectormation which would be indicated by a
higher absorbance at 490 nm. We used the Cell9@@rNon-Radioactive Cell Proliferation
Assay from Promega for the assay. The assay ingdhe addition of 20 pl of MTT solution
to 200 ul of colorless DMEM in each well of the W6ll plate. The plate was then incubated

at 37 °C for 1-4 hours. The plate was read at anrbance of 450 nm using the plate reader.
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Results:

The graph depicted in figure 45 is an average akep@ats to the experiment. The
results indicate a decrease in absorbance in theftacells exposed to deprotected discs,
compared to the row of cells not exposed to discan be assumed that the deprotected discs
were having an effect on the cellular proliferatpossibly by removing nucleic acids from
media. It was interesting that row of cells exgbt®ethe capped disc were also having an
effect on cellular proliferation. It was possibat the acetylated discs were also removing

nucleic acids from media.

0.8 1
0.6 1
0.4 4

0.2 1

Normalized absorbance at 450 nm

No discs Capped discs Deprotected discs No pins or discs

Figure 45. Results of MTT assay

We have observed earlier that discs which havéeen blocked by BSA are also
capable of binding nucleic acids. In the in-vittody the discs were blocked with BSA in

order to prevent any non-specific binding of nucktids. Hence the capped discs did not
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remove any nucleic acids from the solution. Howenrehe in-vivo study we did not block
the discs with BSA in order to not introduce otfaeign substances in the cell culture
studies.

Potentially there could have been another explandtr the reduction in the cellular
proliferation that we were observing in the preseofcdiscs. It was possible that the discs
were removing essential nutrients from the mediaene undergoing degradation and thus
effecting the growth of the cells. In order to gohfor this phenomena, we allowed
deprotected discs and capped discs to stand inanfiedi day. This would allow the discs to
either bind to components of the media or undeegrablation and leach into the media.

In order to mimic our earlier experiment we allowaddia to stand in well without
any discs. As another control media also was plateetlls not containing any pins or discs.
This pre-treated media was then added to celleglat 5 % confluency in a 96 well plate.
The cells were allowed to culture for 3 days arehtMTT assay for performed on these cells.
The results in figure 46 indicate that there igeauction in cellular proliferation when the
cells were exposed to the preconditioned mediasThis indicates that the reduction in the
number of viable cells is due to the removal of e@pecies which is released from the

culturing cells.
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Figure 46. Results of MTT assay performed on cellsultured in conditioned media.

Immobilization of RNases on a solid support:

We demonstrated earlier, that discs capable ofitgnaucleic acids caused a decrease
in the number of proliferating cancer cells. In@rtb further support our hypothesis that the
effect on proliferation is due to extracellular neRNA, we decided to subject the microRNA
to cleavage by RNases. Ribonucleases or RNasesieleases which cleave RNA and thus
render them inactive. Puckova et al. demonstridi@idpolymer bound RNases were more
effective as anti-cancer therapy.We wanted to observe whether solid bound RNases we
capable of cleaving extracellular microRNA and wWieetthere was a correlation with the
reduction in cellular proliferation as describediea

We again used polyamide grafted discs as our saliport, which have an amine

group protected with a Fmoc group. As describetiezdhese discs have a free amine group
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upon deprotection. In order to ensure that thexs mo interference due to the binding of
nucleic acids by the disc we capped the amine gwotlpglutaric anhydride. The RNase was
then reacted to the carboxy handle of the gluid by the formation of an amide bond with
the amines present in the protein.

Numerous ribonucleases exist which cleave diffef@mbs of RNA. Some examples
include:

1. RNase A: it specifically cleaves single stranB®tA near the 3’ end of cytosines
and uracils.

2. RNase T1: it also cleaves single stranded RN thee 3’ end of guanosines.

3. RNase V1. this ribonuclease cleaves double aédiRNA non-specifically

4. RNase H: this ribonuclease cleaves RNA whidh the form of a RNA/DNA
heteroduplex resulting in single stranded DNA.

At this point we were not aware whether the micréRMere exported in the
extracellular media in the form of single strandslgplex. Hence we selected two RNases:
one which cleaved single stranded RNA (RNase A)thadther which cleaved duplexes

(RNase V1) for our experiments.

Experimental procedure:

Modification of the polyamide grafted discs withuggric anhydride: The discs were
soaked in NMP for 30 minutes followed by deprotattf the amine group with 200 ul of
20% piperidine in NMP. The deprotection was perfedntwice for 30 min each. The discs
were washed 5 times with NMP and then allowed &otrevith 300 mM glutaric anhydride,

600 mM DIEA for 12-15 hours. The discs were theshea 5 times with NMP. Any
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unreacted amine group was capped using 10% acdtjclede, 5% DIEA in NMP for 1 hour.

The discs were washed 5 times with NMP followedhyashes with RNase free water.

Reaction of the discs with RNase: The discs weaetesl with EDC (1M) and NMI (100 mM,
pH 6) in 200 pl for 1 hour. The reaction solutioassaspirated and the discs washed with
RNase free water. We activated the carboxyl groitip the water soluble carbodiimide prior
to the addition of the RNases in order to preventfarmation of amide crosslinks between
proteins. RNase A was obtained from Sigma-Aldrictt RNase V1 was obtained from
Ambion Inc. We also found that the reaction of Ridases to the solid support was dependent
on the pH of the solution. We reacted the disacheédrRNases in phosphate buffered saline
(sodium phosphate 10 mM, NaCl 138 mM, KCI 2.7 mMpld 4, 6 and 8. 1 mg of RNase A
(conc. 0.58 mM) and 5 pl of RNase V1 (0.1 U/ plsvi@ken in a final volume of 200 ul. The
disappearance of the ribonuclease was charactdnzel/-Vis spectrophotometer. RNase A
has amaxat 280 nm and an extinction coefficient of 9708.Mn* at 280 nm. The extinction
coefficient of RNase V1 was not reported. Hencentlnaber of moles reacted on the discs

was calculated using the extinction coefficienRdfase A.

Results:

It was determined that the reaction of RNase tasttiel support occurred most
efficiently at pH 8. The UV-Vis spectra in figur& depicted a characteristic peak at 280 nm
before the start of the reaction (0 hour) and dffehours of reaction at pH 8. A decrease in
absorbance at 280 nm was observed after 17 houissindicated a decrease in the RNase

concentration in solution due to the reaction lith solid support. The concentration of
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RNase remaining in solution was determined using@$¥\A extinction coefficient. The initial
concentration in solution at 0 hour was 0.58 mM #nadfinal concentration after 17 hours of
reaction was 0.44 mM. We calculated that 33nmadlésNase had reacted onto the solid

support. This indicated that 28% of the startinghbar of moles of RNase had reacted to the

disc.
Absorbance
06
05
[P ieater. 377 86 e, 264, 0960000
= ph 8 15 lw Masler Absorbance. 265, 0192000
04
O hr
03
After 15 hrs
02
01
oo 200 300 400 500 600 700 B0

Wavelength (nm)

Figure 47. UV-vis spectra depicting the absorbancepectra of the RNases at different
time points of reaction.

Testing the ability of solid support bound ribonuckases to cleave RNA:

Before introducing the RNases which were covalemtiynd to a solid support into
the biological system it was necessary to conflrat the RNases retained their ability to
cleave RNA. In order to test the activity of the &Jds, the discs were introduced into a
solution of ssSRNA and a solution of dsSRNA. We td9&NA cleavage using the dye

OliGreen®. This dye exhibits fluorescence upon lsigdo nucleic acids. As the nucleic acids
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are cleaved to shorter fragments, the binding @fdye is hindered and hence a reduction in

fluorescence is observed.

Experimental procedures:

500 nM of a ssRNA was taken in 200 pl of 1 x trigcN buffer and 20 nM of dsRNA
was taken in 200 pl of 1 x tris-NaCl buffer in teeparate microcentrifuge tubes. RNase
modified discs were added to the microcentrifudgesu From the tube containing dsRNA, 20
pl of solution was removed at regular intervals and of solution was removed from the
tube containing ssRNA. OliGreen® was added to #mepdes to make a final volume of 200
pl. The fluorescence was detected using a spastrofineter and the fluorescence was
converted in to concentration using a standardecasvdescribed earlier. In order to ensure
that the RNA cleavage is not due to the inadveitgmiduction of RNases into the buffer we
allowed the RNA (single stranded and double strdhde remain in the buffer in
microcentrifuge tubes in the absence of the RNazdifiad discs. Samples were taken from

these tubes over a period of time and the integfithe RNA was checked using OliGreen®.

Results:

The graph in figure 48 represents the proporticss®NA remaining in the solution
as a function of time. There is a reduction ind¢bacentration of SSRNA with time in the
microcentrifuge tube containing RNase modified slidthe ssSRNA from the microcentrifuge

tube containing buffer alone did not exhibit angiege in concentration. This indicated that
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the reduction in the amount of full length RNA tbigh OliGreen® could bind is due to the
RNases bound to the discs.

Similarly the graph in figure 49 represents therdase in proportion of the dsRNA
with time. It was interesting to observe that theagage of the dsRNA was a slower process
compared to the cleavage of the ssSRNA. Again tiRNdsstored in the buffer in the absence
of the RNase modified disc did not show any de@é@&asoncentration. This established that
that the RNases retained their ability to clealenicleic acids even after being covalently

immobilized on the solid support.
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Figure 48. Change in concentration of full lengthisgle stranded RNA with time
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Figure 49. Change in concentration of full length duble stranded RNA with time

Biological study using RNase immobilized on discs:

We observed in that introducing a cationic disthextracellular media of culturing
cells causes a reduction in cellular proliferatihna similar reduction in proliferation is
observed upon introducing RNase modified disaxpuid be potentially due to the removal of
the extracellular RNA from the media. In orderesttthis we covalently reacted
ribonucleases to a solid support. After ensurirag the immobilized RNases retained their
ability to cleave RNA we suspended them into theimef culturing cells as described in
earlier. After allowing the cells to culture forvegal days, an MTT assay was performed on

the cells to observe the effect on cellular proditen.
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Experimental procedure: Ribonucleases were covglattached to 10 polyamide grafted
discs as described earlier. HeLa cells were platé&do confluency in a 96 well plate in
DMEM (Invitrogen) supplemented with 10% FBS. Thedmewvas changed to 10 % serum
containing colorless media (no phenol red) aftehd@rs. The discs were suspended into
media using the lid with pins. As a control 10 gtzed discs (discs whose amine group is
capped with acetic anhydride) were also suspenttedhe media of cells. The cells were
allowed to culture for 4 days and at the end odysdMTT assay was performed as described
earlier.

Results:

The graph depicted in figure 50 is an average ofrepeats of the experiment. The
trend observed is similar to the trend observed #ié cationic discs. The RNase modified
discs cause a decrease in cellular proliferatiawéier a decrease in cellular proliferation is
also observed with the acetylated discs. This pimemon has been observed earlier and we
attribute it to the potential non-specific bindiofnucleic acids to the acetylated discs. This
result appears to support our hypothesis thatatieation in cellular proliferation is due to the

removal of extracellular microRNA.
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Figure 50. Result of MTT assay

In this chapter, we used two different techniquesetnove RNA from the
extracellular media of culturing cells. Both théigaic discs which can bind nucleic acids and
discs with RNases covalently bound to them showaelcaease in the cellular proliferation.
The decrease in the number of viable cells wassatatdar (approximately 40% less viable
cells). This indicates that it is the possible rgai@f microRNA from the extracellular media
is causing this decrease. However conclusive prbtifis hypothesis can only be obtained if

we can identify the microRNA species which has f@ceon cellular proliferation.
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CHAPTER 8
DESIGNING OF A DISC CAPABLE OF SPECIFICALLY CAPTURIG

EXTRACELLULAR MICRORNA FROM MEDIA OF CULTURING CELIS

In chapter 7, we demonstrated that the genericioayolf extracellular microRNA by a
cationic disc resulted in the decrease in cellptafiferation. After identifying the
extracellular microRNA present in the media of oulig HelLa cells we were interested in
identifying if any one or more microRNA were respilrle for the decrease in the
proliferation which was observed. This could paedht be accomplished by specifically
removing a single microRNA from the media usingcitsnplement. In order to ensure that
the complement is only capturing the extracellatd@roRNA and not affecting intracellular

microRNAs, we designed a system to immobilize thmglement on the solid surface.

Experimental design:

Rink amide polyamide discs were used as the sopgat on which the complements
were immobilized. The complements of the obserwedheellular microRNA were designed
to contain 2" O methyl modified nucleotides. Thetigonucleotides have a methoxy group at
the 2’ position instead of the hydroxyl group. Timgarts the molecules with greater
stability. The reasons for selecting 2’0 methyl RB#\the antisense were manifold. Firstly,
Majlessi et al. demonstrated that 2" O methyl RNAried duplexes with RNA which had a
very high melting temperature, second only to deluformed between two stands of 2° O
methyl RNA. RNA-DNA duplexes did not have such ghilegree of stabilit}?° This

suggested that an oligonucleotide with 2’0 methilARbases acted as a better complement
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than oligonucleotides comprising of deoxynucleatidedditionally 2’ O methyl RNA
modified oligonucleotides are inherently resistanucleases. Further Meister et al. were
able to demonstrate that adding the 2’ O methysanse of miR-21 to S100 cell extract
prevented the cleavage of the miR-21 target mRfAhis indicated that 2’ O methyl RNA
complements of microRNA were capable of blockingjitlactivity.

In order to block miR-21 activity in glioblastomells, Chan et al. transfected
different concentrations of the 2’ -O-methyl-oligateotide complementary to miR-21 into
the glioblastoma cell lineFhe cells were analyzed by Northern blots 2 days-pransfection
for the presence of miR-2These analyses confirmed that the target microRBi¢aine
undetectable after introduction of the 2’ -O-metblfyonucleotide in the low nanomolar
range The authors hypothesized that the binding of tii& rdethyl RNA to its target was so
tight that it could not even be dissociated dutimgnorthern blot procedut®’ This
established that 2’ O methyl RNA modified nuclettds bound RNA efficiently and were
stable in cells and cellular extract.

The polyamide discs used for the generic captuinei@oRNA could be used as the
solid support on which the complement could be iroifimed. The discs contain an amine
group which can be used as handle to attach theease modified with a carboxy or

phosphate group. However any unmodified amine greoyald be positively charged and

could potentially result in non-specific bindingraicleic acids. Thus the synthetic scheme we

followed involved the reaction of the amine growpth glutaric anhydride. This would result
in an amide linkage between the amine group andbttee carboxy groups of glutaric acid.
The other carboxy group can be used as a handktaith amine modified 2° O methyl RNA.

In order to introduce the amine group to the 5’ ehthe 2° O methyl RNA, the
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oligonucleotide was first phosphorylated and theacted with ethylene diamine to form a
phosphoramidate linkage with a free amine grou §ynthetic scheme is depicted in figure
51.

Polyamide discs have the advantage that they earséd in both polar and non polar
solvents'® Thus the reaction of the amine groups on thewligt glutaric anhydride was
performed in NMP (organic solvent) and the reactibthe glutaric acid modified discs with
the 2° O methyl RNA complement was performed ineval he synthesis of an amine
modified 2’ O methyl RNA and the subsequent reactmthe solid surface had to be carried
out in a polar solvent in order to dissolve th@atiucleotides. The activating agent used for
this reaction was the water soluble 1-ethyl-3-(@welhylaminopropyl) carbodiimide (EDC).
Initially in order to test the reaction scheme veeided to only modify the antisense of miR-

181c with the amine functionality and immobilizeoit the solid support.

HO

PNK, ATP

‘0O—P—0

Ethylene diamine
EDC, NMI
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Figure 51. a. Synthetic scheme to introduce an anerfunctionality on the 2’ O methyl
RNA b. Synthetic scheme to attach amine modified 22 methyl RNA to the solid
support

Materials and methods: 2’ O methyl modified RNA vadgained from IDT. Rink
amide lanterns were obtained from Mimotopes. T4/Ratleotide kinase enzyme was
obtained from USB and ATP was obtained from GEthestiences.

Amine modification of 2’ O methyl RNA: The 2’ O ritg/l RNA obtained from IDT had a 5’
hydroxyl group. This was converted into the phosplgaoup using the enzyme T4 poly
nucleotide kinase and ATP. To the microcentriftigee containing 1 nmole of 2’ O methyl

RNA, 2.5 ul of 10 x PNK buffer ( 0.5 M tris-Hcl, pAH5, 100 mM MgCI2, 100 mM-ME) ,
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2ul of ATP (10mCi/mmol) and 1.55 pl PNK in kinastitdon buffer (50 mM tris-HCI, pH

8.0) was added. The solution was incubated at 381°80 minutes. The reaction was
terminated by heating at 65 °C for 5 minutes. Toghosphoryated 2’0 methyl RNA 1000
nmoles (final concentration 0.05 M) EDC, 400 nmdfesal concentration 20 mM) NMI and
100 nmoles (final concentration 5 mM) ethylene drewas added in a final volume of 50

pl. The reaction was allowed to proceed for 6 hamc then the RNA was precipitated using
20 mg/ml glycogen and 75% ethanol for 12 hours. dinéhe modified 2° O methyl RNA was
then precipitated by centrifugation at 17,400 ¢ &€ for 30 minutes. The phosphate modified

RNA and the amine modified RNA was characterizedhlfiysion in mass spectrophotometer.

Mass spectrometry of modified 2’0 methyl RNA: ThHeopphorylated and amine
modified 2’0 methyl RNA was dissolved in water:am®trile (50:50) mixture containing 1%
triethylamine to make a final concentration of NI.|I'he oligonucleotide was then analyzed
using the negative ion mode in a Q Trap mass speeter (ABI). The spectra of the

modified 2° O methyl RNA are depicted in figure 51.
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Figure 52. a. MS spectra of phosphorylated 2’ O mayl RNA; b. MS spectra of amine
modified 2° O methyl RNA
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Result: In figure 52 a, the upper panel showsih#iple charged species of the
phosphorylated 2° O methyl RNA. The lower pandhis deconvoluted spectra obtained from
the multiple charged states. The expected masegitiosphorylated 2° O methyl RNA is
7391.0 amu. We observe a single peak at 7394 adicaimg a difference of 3 mass units.

Similarly in figure 52b, the upper panel shows tindtiple charged states of the amine
modified 2" O methyl RNA and the lower panel depittte deconvoluted spectra. We observe
the main peak at 7436 amu and the expected m#@d488amu. Again the difference observed
in 3 mass units. In the lower panel a smaller pealbserved at 7592 amu. The difference in
mass between these two peaks is 156 mass unith wiiicesponds to the formation of an
EDC adduct. Since the major peak in the mass speeter is the amine modified 2’ O

methyl RNA we proceeded with the immobilizationtbe solid surface.

Modification of rink amide resin with glutaric acidiwo discs were soaked in NMP
for 30 minutes followed by deprotection of the aengroup with 20% piperidine in 400 ul of
NMP. The deprotection was performed twice for 3@ each. The disc was washed 5 times
with NMP and then allowed to react with 300 mM ghit anhydride, 600 mM DIEA in NMP
(final volume 400 pl) for 12-15 hours. The discgevihen washed 5 times with NMP. Any
unreacted amine group was capped using 10% acdtjcade, 5% DIEA in NMP (final
volume 400 pl) for 1 hour. The discs were washé&dcBs with NMP followed by 5 washes

with RNase free water.

Reaction of amine modified 2’0 methyl RNA with acidgroup on disc:
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The target number of moles of 2’0 methyl RNA compdat on the disc was 1 nmole.
We used twice the number of moles (2 nmoles pe) fiis the reaction. The final
oligonucleotide concentration in the reaction wasM). To two discs modified with glutaric
anhydride, 1 M EDC and 0.1 M 2’0 methyl RNA was eddnh water maintained at pH 4.5.
The reaction was allowed to proceed for 48 hours.ailbwed the reaction to proceed for an
extended period of time because the efficiencynaitia bond formation is reduced in aqueous
medium. This is because water competes with theeafinctionality to react with the
activated carboxy group. Since the concentrationaiér is far greater than the concentration
of the amine group the formation of the amide bisntindered. Although we had earlier
observed the efficient formation of an amide boatieen the phosphorylated 2’ O methyl
RNA and the ethylene diamine, we were concernettiiesformation of the amide bond in
the solid phase may be challenging. The reactiotturg was quantitated before the start of
the reaction and at the end of 48 hours. The guaéioth was performed using fluorescence
detection employing OliGreen®. We observed thatoslni.5 nmoles (70% of the starting

number of moles) had reacted per disc.

Testing the ability of discs modified with oligonuteotides to capture its complement
from solution:

In the chapter 6 we observed different microRNAcsgeexisting in the media of
culturing HeLa cells and we wanted to ascertaanif one species is responsible for increased
proliferation in cancer cells. In order to deterenthis, it was imperative that the complement
immobilized on the solid phase specifically remooeeé particular species of microRNA i.e.

its complementary sequence. Any non-specific bigdihdifferent species could result in un-
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interpretable results. Hence we wanted to testi®ibility of the discs modified with the 2’
O methyl RNA complement of miR-181c to specificathpture miR-181c from a solution.
We first designed a scrambled sequence of miR-a8tlmbtained
deoxyoligonucleotide strands of the miR-181c seqaemnd the scrambled sequence. DNA
was selected instead of RNA due to its greateildgya#nd lower cost of synthesis. The two
sequences are depicted below.
miR-181c sequence: 5-AACATTCAACGTGTCCGTGAGT-3
Scrambled sequence: 5- GCAATCGACTTAACGGACTTGT-3
Hypothetically when a disc modified with the complnt of miR-181c is introduced
into a solution containing DNA with miR-181c sequenit should remove the DNA strand
from the solution. Thus a decrease in the oligaceatration in solution should be observed.
However when the disc modified with the complemsnmtroduced into a solution
containing the DNA with the scrambled sequenceDNéA should not bind to the
complement. Thus no change in the oligonucleotateentration in solution should be

observed.

Experimental procedures: Deoxynucleotides congsiirthe miR-181c sequence and
the scrambled sequence were obtained from IntehEAA technologies. The rink amide
discs were modified with glutaric acid as descrilvethe earlier. Two discs were modified
with 2’0 methyl complementary RNA. After modificati the discs were blocked with 2
mg/ml of BSA for 14 hours. The final number of mela 2° O methyl RNA calculated to be
immobilized on each disc was around 1.5 nmolesnfhales of the miR-181c sequence

oligonucleotide (complementary sequence) and 0.dlesrof scrambled sequence
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oligonucleotide were taken in 500 pl 1 x tris-Nd@ffer (1 mM tris, 110 mM NacCl) in two
separate microcentrifuge tubes. The modified diga® then added to each microcentrifuge
tube. The change in concentration of the respecligenucleotide in solution with time was

determined using a fluorescent based assay usi@ye€eh®.
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60 - B Scrambled sequence
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Figure 53. In-vitro assay to specifically capture aocleic acids using a solid bound
complementary sequence

Results: The results in figure 53 indicate a desaéa oligonucleotide concentration
in solution for both the complementary and scramhisiequence. This indicated that the discs
modified with 2" O methyl RNA appeared to non-sfieeily remove both the
complementary and scrambled oligonucleotides frolut®n. We knew that this non-

specificity did not arise due to surface of thecdis the discs had been blocked by BSA.
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Hence this result was initially difficult to expfasince the 2’ O methyl RNA should bind to
its complement more efficiently than the scramideduence.

We checked the complementarity of the scrambledeseze to the 2° O methyl RNA
using the Oligoanalyzer tool on the Integrated DN&hnologies website and found that the
maximum number of base pairs formed between theht@npared to the 21 mer
complementarity observed between the 2’0 methyl Ridfplement and 181c sequence.
Hence the binding of the scrambled sequence t@'tBemethyl RNA as efficiently as the
complement was unusual. Our explanation for theeolation was that the 2’ O methyl RNA
immobilized on the disc existed at very close pmay to each other. Thus it was possible
that the scrambled oligo bound with low complemetytédo multiple 2’0 methyl RNA.
Hence it was removed as efficiently from the solutas the complementary sequence.

This kind of phenomenon is commonly observed inraa@orays where multiple genes
are clustered within a very small area. In micrapexperiments stringent washes with a
detergent is commonly included in the protocoldmove any mismatched binding between
probe and oligonucleotides. In spite of the washessnatches are observed quite
commonly*917°

Another possible cause of non specificity could@afrom the formation of EDC
adducts on the 2’ O methyl RNA. We had observetighdng a long reaction time to
oligonucleotides in the presence of high concematof EDC can result in the formation of
EDC adducts with the amine groups present on teeshd hese were characterized by
multiples of +155 mass units observed in the mpsstsometer. In figure 54 we observe the
result of allowing the reaction of ethylene diamimiéh phosphorylated 2° O methyl RNA in

presence of EDC to proceed for extended periodisnef (12 hours). The higher masses
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observed in the mass spectrometer is the resthieataction of the EDC to the nucleobases.
Formation of EDC adducts could introduce positikiarges on the oligo. Thus the binding to
the oligonucleotides could be due to electrosttiaction between the positive charge on the
2’ O methyl RNA and the negatively charged phosplhaickbone of the oligonucleotides in
solution. We initially sought to address the secpasssible cause of non-specificity and

modified our reaction conditions to eliminate tlusgibility of EDC adducts.
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Figure 54. Spectra depicting multiple EDC adductsdrmed on 2’ O methyl RNA
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Modified method of immobilizing 2’ O methyl RNA on a solid surface:

We designed a method of reacting the amine mod#i&€d methyl RNA with the
carboxy group on the disc in a manner where ther@éthyl RNA would not be exposed to
the activating agent. This would prevent any po&neéaction between the bases of the 2' O
methyl RNA and the activating agent. A similar nogtlof immobilizing amine modified
DNA to succinylated glass beads has been desdbip&dalsh et at”* The disc modified
with glutaric acid was soaked in RNase free watedfhour. The acid moiety on the disc was
activated using 1 M EDC and 100 mM NMI (pH 6) ifirmal volume of 200 ul for 1 hour
with gentle shaking. The EDC/NMI solution was aafed and the disc was quickly rinsed
with water. Then 1.4 uM of amine modified oligo waakled to the disc and allowed to react
for 6 hours. The immobilization of the antisenselmasolid surface was monitored by
following the loss of the nucleic acid in the sa@at Due to small quantities of 2’ O methyl
RNA used for the reaction UV-Vis spectroscopy caudd be used for the purpose of
guantitation. The monitoring of the reaction wadq@ened using the fluorescence detection
method employing OliGreen® as described earliee fliorescence signal was converted
into concentration using a standard curve. The @anation was plotted against time and the

curve obtained is depicted in figure 55.
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Figure 55. Decrease in oligonucleotide concentratidn solution indication reaction to
the solid surface
Results:

In figure 54 we observed a decrease in the 2’ hyh&NA concentration in the
solution with time. This indicated that the 2’0 iImg@tRNA was immobilized on the solid
support. The concentration of nucleic acid remgnmsolution after the reaction was
calculated to be 0.25 pM (99% reaction efficiendyje discs were washed after the reaction

and the amount of 2’0 methyl RNA in the washes negdigible.

Binding studies using discs modified with 2° O metyl RNA:
We observed that the 2’0 methyl RNA capture oligdeatide can be reacted onto the
disc using our modified method of preactivatiornhaf carboxy group on the resin with the

coupling reagent and then reacting with the amiodified capture oligonucleotide. We were
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then interested to know if the 2° O methyl RNA resatin this manner could differentiate
between the complementary and scrambled sequedaeimove only the complement from
the solution. This experiment was performed innailar manner as the binding studies using
complementary and scrambled sequence as descabdext.e

For this experiment 2’ O methyl RNA was again redain the solid support as
described earlier. The 2° O methyl RNA on each eiss calculated to be 3.15 nmoles. 80
pmoles of complementary and scrambled oligo wasnték two microcentrifuge tubes in 200
pl volume of 1 x tris-NaCl buffer. Thus the 2’ O ting RNA on the disc was at a
concentration of 15.8 uM and the oligonucleotideefin solution was at a concentration of
0.4 uM. In a third microcentrifuge a disc without®methyl RNA reacted on it was added to
80 pmoles of complementary oligonucleotide. Tteeslwere blocked with 1 mg/ml BSA for

12 hours before the start of the binding experisent
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Figure 56. Results of binding studies
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Results of binding studies:

The results in figure 56 indicate that the discdoet bind to either the
complementary sequence or the scrambled sequehedir3t interpretation that can be made
from these results is that the non-specific bindibgerved in the earlier experiment was most
likely due to the formation of EDC adducts on tlasds of 2° O methyl RNA.

However it was disappointing that the 2’ O methidARwas unable to specifically
remove its complement from the solution. In oradeunderstand these results, we looked
more closely at the structure of the 2° O methyl/RDsing the Oligoanalyzer tool on the
Integrated DNA Technology website. We observed tiiatRNA forms very stable hairpin
loops by forming self-dimers. As can be observefigure 57 the T, of each hair pin is over
44 °C. Thus it is highly possible that at ambiemperatures (~ 25 °C) the 2’0 methyl RNA
on the discs are in the form of hairpin loops.untsa case the 2’0 methyl RNA would not
bind to its complement. In order to test this hyyesis, we decided to heat the discs at

elevated temperatures to break the hairpin loops.
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Experimental conditions:

Two discs were modified with 2’ O methyl RNA anddad to microcentrifuge tubes
containing complementary and scrambled sequenceesteéd at 85 °C. The concentration of
2’ O methyl RNA on the disc was 2.8 pM (0.56 nmate&00 pl). The concentration of the
oligonucleotides in solution was 750 nM (0.15 nrsale200 pl).The tubes were then allowed
to cool slowly to room temperatures. Aliquots offgdes from both the tubes were removed
at different time intervals and tested for the afigcleotide concentration in solution using

the fluorescence based assay using Oligreen®.
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Figure 58. Results of binding studies
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Results:

We observed in the graph in figure 58, that thess wreduction in the percent of
complementary oligo in solution compared to thestled sequence. This indicated that the
2’ O methyl RNA immobilized on the disc was abldifferentiate between the
complementary and scrambled sequence. Hence ipegssble that the elevated temperature
caused the hairpin loops to unfold which allowegl tomplementary oligo to bind to the 2° O
methyl RNA on the disc.

In spite of this being the first instance whereabserved a differential binding by the
2’ O methyl RNA on the disc, we had several conseFirstly the binding of the
complementary oligo was only about 20 %. We wddde preferred to observe a greater
percent of removal of the complement from the sotuin the in-vitro experiment. That
would have provided a greater assurance that gmfgpmicroRNA would be removed from
the media of culturing cells.

Secondly, the percentage of scrambled oligonudeoii solution appeared to be
greater the 100 %. The only possible reason fgrabcurrence was that the reaction of the 2’
O methyl RNA to the disc was not completely effitiand a certain proportion of the 2° O
methyl RNA remains adsorbed to the disc. This 2h€hyl RNA could be released upon
heating and hence could cause an increase in tBeeg@h® fluorescence signal.

Thirdly, heating the disc was not an option whigttiring microRNA being released from
cells. Hence this design of the disc could nottilezed as a means of specifically capturing
microRNA released from cells to observe an effectells.

Although we have been able to immobilize an oligdeatide on the surface of the

solid surface, we were unable to specifically ceptts complement from the solution using
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it. Hence alternative methods have to be pursuethserve the effect of removing the
extracellular microRNA on culturing cells. Some grtial techniques include:

1. The 2’0 methyl RNA complement can be redesignedmanner that would prevent it
from forming stable hairpin loops. This can be awplished by introducing mismatches in
certain key positions that be break the hair pop&

2. Another approach is to react the antisense mligeotides with agents which are known to
be impermeable to the cellular membrane. This @l the impervious nature of
oligonucleotides could ensure that the antisensaires in the extracellular media and only
captured extracellular microRNA. By this approatcis possible to avoid the immobilization
of the oligonucleotide on the solid support andstuoid problems of non-specificity. Some
examples of molecules impermeable to the cell mamdmclude poly acrylic acid, Dextran,

cyclodextrin, NHS-LC-biotin and propidium iodide

Additional experiments performed to understand caue of increasing OliGreen® signal
during binding studies:

We have often observed an increase in the OliGrdker@®escence signal with time
when a disc with an oligonucleotide covalently @ttzd to it is placed in a buffered solution.
The most obvious reason for this increase in flscgace signal is an increase in
oligonucleotide concentration in the solution. Tisipossible only if the oligonucleotide
immobilized on the disc is disassociating from $béd surface. We had earlier observed that
these discs are capable of non-covalently adsagbraicleotides due to the inherent nature of
the surface. Hence there remained the possililéythe reaction of the oligonucleotide to the

solid surface was not reaching completion and tiggioucleotide merely remained non-
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covalently bound to the solid surface. This oligdeatide could potentially dissociate from
the solid surface over time and thus cause anasera the concentration in solution.

In order to test this hypothesis we decided to mitiné reaction conditions using an
oligonucleotide lacking the amine functionality.drtypical reaction of immobilizing 2' O
methyl RNA on a solid surface, the amine grouptendolid support is reacted with glutaric
anhydride to introduce a carboxy handle. The 2’ @hyl RNA is modified with an amine
group on the 5’ terminus. The amine group is thaupted to the carboxy group using
carbodiimides as a coupling agent. This reactionasitored by observing the reduction in
oligonucleotide concentration in solution.

Theoretically if the oligonucleotide lacked the amfunctionality it would not react
with the disc and its concentration in solutiondddaemain unchanged. However since the
surface of the disc bound oligonucleotides therse avpossibility that a decrease in
concentration could be observed. But any unreaaigdnucleotide could be dissociated from
the solid support by washing with salt of high camication. Thus the total number of moles
of unreacted oligonucleotide should essentiallyaienthe same before and after the reaction
when an oligonucleotide lacking an amine groupsisdu This process enabled us to assess if
the washing steps in the reaction procedure dfterdaction were sufficient to remove any

unreacted oligonucleotide.

Experimental procedure:
Two polyamide grafted discs modified with a carbaxyd handle were taken in two
separate microcentrifuge tubes. Both the discs weated with 1 M EDC and 100 mM NMI

(final volume 200 pul) for 1 hour. This solution waspirated and the discs washed with water.
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Then to one microcentrifuge tube 117 pmoles of 2h&hyl RNA modified with amine

group was added. To the other microcentrifuge 88f&pmoles of DNA lacking the amine
functionality was added. Samples were removedffgrdnt time intervals from both the

tubes to test for decrease in the oligonucleotateentration. The assessment was done using
the OliGreen® based fluorescence assay as des@é#sker. After the completion of the
reaction, both the discs were subjected to wasltésbwffers of increasing salt

concentrations. The buffer composition with thehleigt salt concentration was 1.1 mM tris,

10 M NaCl pH 7 (10 x TN buffer).

Results:

The graphs in figure 59 and 60 indicate a typieardase in oligonucleotide
concentration observed with the reaction of thenenmodified 2° O methyl RNA with the
carboxy group on the disc. However we observe sedse in concentration of the
oligonucleotide in the microcentrifuge containitg DNA lacking the amine group. This was

due to the binding of the oligonucleotides to thdace of the disc in a non-covalent manner.
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However the graphs show a difference in the matireereaction occurs compared to
the non-covalent binding of the oligo to the diSbe reaction of amine modified oligo to the
disc almost reaches completion within 2 hours arideaend of 7 hours the concentration of
oligo remaining in solution is 6% of the total $itag number of moles. Upon calculation of
the number of moles, it was observed that 7.6 psn@mained in solution. Thus the number
of moles reacted is 109 pmoles. However in the asentrifuge tube containing the oligo
lacking the amine functionality around 50 % of thigo remained in solution after 2 hours.
At the end of 8 hours around 10 % of the DNA reradim solution (42 pmoles). Thus it
appears that 228 pmoles bound to the disc durisdithe.

Both of the discs were then subjected to wash#s2@0 pl of buffer with increasing
salt concentrations (1x TN, 2x TN, 5x TN and 10x)TRhe number of moles in each wash
was quantitated. The number of moles obtained trewashes is listed in table 13a and 13b.
In table 13a, we observe the number of moles reteasthe washes is very low. The number
of moles released in each wash adds up to 0.78gzmdlich is 0.7 % of the total number of
moles reacted on the disc. However in table 13lobgerved a large number of moles (112
pmoles) being released in the first wash itselfodpdding the number of moles of oligo
being released in each wash we observed that 38&pwere obtained in the washes. This
number is higher than the number of moles readtles. error could be due to fact that the
assay is a fluorescence based assay and useslardtauarve to convert the fluorescence

signal into the number of moles.
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Table 13. Number of moles obtained from washing afiscs

a.
No. of moles
(pmoles)

IX TN 0.05
IXx TN 0.02
IXx TN 0.12
2x TN 0.42
2x TN 0.15
2x TN 0.07
5x TN 0.3

5x TN 0.11
5x TN 0.04
10x TN 0.05
10x TN 0.04
10x TN 0.04
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No. of moles
(pmoles)
1IXTN 112
IXTN 44.9
1IXTN 24.1
2Xx TN 64.7
2x TN 36.5
2x TN 22.1
5x TN 19.8
Sx TN 8.13
5x TN 20.8
5x TN 10.7
Sx TN 23.7
5x TN 0.86




The main conclusion that we could make from thisezkment was that the decrease
in oligonucleotide concentration observed durirgrdaction is due to the formation of a
covalent bond between the amine and the carboxypgrand not due to non-covalent
interaction between the disc and the oligonucleottith this observation, it becomes
difficult to explain the increase in the oligonumiele concentration in solution observed
during the binding studies. The only possible exaten is that with time somehow the 2 O
methyl RNA on the disc is released either due ashéng of the polyamide grafted surface of
the disc or due to the breaking of the amide liekbgtween the 2’0 methyl RNA and the

disc.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

It has been established that RNA is an attrachieeapeutic target. We targeted two
such therapeutically important RNA: telomerase @ictoRNA. Telomerase is a reverse
transcriptase which uses its inherent RNA to extetaimeres. Due to this mechanistic
property it is highly prevalent in cancer cells.r@ab has pioneered the method of targeting
telomerase via its RNA/DNA heteroduplex. Formermdgiate students from our laboratory
identified intercalators which could bind to thedreduplex and inhibit telomerase. Ethidium
bromide was identified as the lead molecule andwsasl a scaffold to generate
combinatorial libraries which could increase thegficity and affinity of the inhibitor
towards telomerase.

Although it was established by an in-vitro assagt #thidium bromide had a strong
affinity towards a RNA/DNA heteroduplex, we weré¢drested to understand if a similar
affinity was observed in-vivo. Hence the first pba@$ my graduate research work focused on
identifying the difference in ethidium bromide’diaity for the telomerase RNA alone and
the RNA/DNA heteroduplex formed during telomerasa&chanism of action. |
accomplished this by using an analogue of ethidiomide: ethidium azide. This molecule
when exposed to light formed covalent linkages witktleobases. Thus this molecule was
tethered to telomerase RNA both in the absenceesgince of DNA primer bearing the
telomeric sequence. | then extracted the telomdrabe and identified the position of

binding of the intercalator using a primer extensigsay and dideoxy sequencing.
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Additionally I calculated the affinity of the intealator for the RNA versus the RNA/DNA
heteroduplex.

The conclusions that we derived from this studyewer

1. There was a difference in the pattern of intatoa binding in the two cases. In the
absence of the DNA primer the binding of the indaitor to the telomerase RNA was more
indiscriminate. But in the presence of the DNA mirthe intercalator bounds preferentially
to the template region which is involved in thenfiation of the heteroduplex. This was the
first indication that the intercalator had a prefere for the heteroduplex.

2. | then calculated the apparent binding affimtyhe intercalator for the RNA alone
and the heteroduplex. | obtained an apparent bgngifinity of 8.9 UM for the RNA alone
versus 1.3 uM for the heteroduplex. This was tleerse indication that the intercalator had a
greater affinity for the RNA/DNA heteroduplex comed to the telomerase RNA alone.

Thus this part of my dissertational work establgtieat an intercalator with a
phenanthridine core like ethidium preferentiallpds to the RNA/DNA heteroduplex formed
during the mechanism of action of telomerase. Thissintercalator was a suitable candidate
for a scaffold to introduce functionalities to impe the affinity to telomerase.

In the second part of my dissertational work Idrie address ethidium bromide’s
potential problem of non-specific binding to nuclacids. We screened FDA approved
molecules which have a two ring structure. Theskeoutes have been reported to have lower
affinity for nucleic acids. We identified naproxas our new lead molecule. We attempted to
increase naproxen’s affinity for telomerase by agajing peptide libraries to its carboxy
handle. Peptide libraries were synthesized filsylya combinatorial method and then by

rational design using the crystal structure of HRV-:
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The conclusions that we derived from this parthef $tudy were:

1. Molecules which have a weak intercalative propehibit telomerase with an kg
in the millimolar range. While screening these roaoles we observed that the molecules
which had a positive charge were better at inlmbitelomerase compared to the neutral and
negatively charged molecules. This suggested ligaintibition was due to targeting of the
RNA/DNA heteroduplex.

2. The naproxen based libraries synthesized ubmgdambinatorial method generated
some hits. However upon deconvolution the lead outdedid not exhibit an increased
affinity towards telomerase.

3. Using the crystal structure of HIV-RT we ider@t residues at the active site which
are conserved among reverse transcriptases. Napbased libraries were designed using
amino acids which would potentially have the grstiteteraction with the active site
residues. From these libraries the molecule FYNprogen showed an improvement over the
ICs of naproxen alone.

Thus in this part of my dissertational researclavéidentified molecules with weak
intercalative properties which inhibit telomerakbave also described a method to rationally
design inhibitors using the crystal structure giratein. Although our new lead had only a
modest improvement (10 fold) over the scaffold,affanity can be further improved by
1. Replacing the amino acids of the new lead mdde@EYNY-naproxen) with alanine in
order to understand if all the amino acids are ireguor activity.

2. Synthesizing new libraries replacing each anaicid of FYNY-naproxen with other amino

acids.
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In the third part of my dissertational researchied to target another group of
therapeutically important RNA: microRNA. MicroRNAhich play a major role in gene
regulation have been observed to exist extraceljuld/e hypothesized that the role of the
extracellular microRNA is that of signals for inteHular communication. Hence we first
identified extracellular microRNA in the media afliuring cancer cells and then observed
the effect on cellular proliferation after theimieval from the extracellular environment. We
then attempted to design a method of specificallgoving each extracellular microRNA by
covalently linking its antisense to a solid surface

The observations from this part of the study were:

1. Extracellular microRNA existed in the media aftaring HelLa cells. mir 181c and mir
362-5p were found to be present in large numbers.

2. A disc designed to generically remove nucleidsicesulted in a decrease in cellular
proliferation. Additionally a discs which had ribacieases covalently attached to it showed a
similar decrease in cellular proliferation.

3. We successfully attached an amine terminaté€al 2ethyl RNA to a solid surface by
forming a covalent link between the amine group amdrboxyl group on the solid surface.
However using an in-vitro assay we were unsuccessfemoving the complement of the

2’0 methyl RNA from a solution. The possible reasas the 2° O methyl RNA which

formed highly thermostable secondary structures.

Potential ways by which this problem can be cireanted is by altering the sequence
of the complement. Mismatches can be introduceddrsequence so that the RNA does not

fold into stable secondary structures. Other desgjrantisense molecules can also be used
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such as locked nucleic acids and peptide nucleitsachich would potentially have a greater
affinity for the microRNA in solution.

Thus in this dissertational research | have desdrdifferent methods of targeting
therapeutically important RNA. The techniques usethrget telomerase can be used to target
other reverse transcriptases such as HIV-RT. Wealserve a possible function of the
microRNA observed extracellularly. Designing a noetho specifically target these

microRNA can give rise to a novel method for treatinof disease.

Future directions:

1. Designing of telomerase inhibitors:

FYNY-naproxen can be used as the new lead molegutée designing and
optimization of inhibitor against telomerase. Stéys can be taken in further optimization of
the molecule include:

a. introducing of a charge in the molecule to inweraffinity for nucleic acids

b. perform molecular modeling studies on the mdketw obtain an idea of the
orientation of the molecule

c. introduce a linker between the amino acid resscand the intercalator in FYNY
naproxen to improve the possibility of developingeractions with the active site residues on
telomerase.

2. ldentifying the role of extracellular microRNA:

We have observed extracellular microRNA in mediawfuring carcinoma cells and
observed a decrease in proliferation upon genéricatinoving nucleic acids. We have also

designed a method to immobilize antisense oligauiaes on a solid support. Further
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optimization of this system to specifically targie¢ extracellular microRNA can be done by
using antisense oligonucleotides which have a gredtinity for microRNA such as locked
nucleic acids.? Additionally to observe the effect of removing #seracellular microRNA
on gene expression, a gene chip expression stuth@ndjfferent levels of mRNA in the

presence and absence of extracellular microRNAbegperformed.

162



10

REFERENCES
Cooper, T. A., Wan, L. & Dreyfuss, G. RNA andeadiseCell 136, 777-793,
doi:10.1016/j.cell.2009.02.011 (2009).
Wilson, W. D. & Li, K. Targeting RNA with small atlecules Current Medicinal
Chemistry 7, 73-98 (2000).
Crick, F. Central dogma of molecular biolo§dature 227, 561-563 (1970).
Bushati, N. & Cohen, S. M. microRNA functiomsinual Review of Cell and
Developmental Biology 23, 175-205, doi:10.1146/annurev.cellbio.23.090508405
(2007).
Zeng, Y., Yi, R. & Cullen, B. R. MicroRNAs and aithinterfering RNAs can inhibit
MRNA expression by similar mechanisrisoceedings of the National Academy of
Sciences of the United States of America 100, 9779-9784,
doi:10.1073/pnas.1630797100 (2003).
de Fougerolles, A., Vornlocher, H. P., Maragandr& Lieberman, J. Interfering with
disease: a progress report on siRNA-based thelapauature Reviews. Drug
discovery 6, 443-453, doi:10.1038/nrd2310 (2007).
Kruger, K.et al. Self-splicing RNA: autoexcision and autocyclizatiaf the ribosomal
RNA intervening sequence of Tetrahyme@all 31, 147-157 (1982).
Tanner, N. K. Ribozymes: the characteristics @uogerties of catalytic RNAEEMS
Microbiology Reviews 23, 257-275 (1999).
Varmus, H. RetroviruseScience (New York, N.Y') 240, 1427-1435 (1988).
Cech, T. R., Nakamura, T. M. & Lingner, J. Tetvase is a true reverse transcriptase.

A review. Biochemistry. Biokhimiia 62, 1202-1205 (1997).
163



11

12

13

14

15

16

17

18

19

Taubenberger, J. K. & Morens, D. M. The pathglofjinfluenza virus infections.
Annual Review of Pathology 3, 499-522,
doi:10.1146/annurev.pathmechdis.3.121806.15431@3(20

Daly, C. & Reich, N. C. Double-stranded RNA waates novel factors that bind to the
interferon-stimulated response elemémdlecular and Cellular Biology 13, 3756-
3764 (1993).

Francis, R., West, C. & Friedman, S. H. Targetelomerase via its key RNA/DNA
heteroduplexBioorganic Chemistry 29, 107-117 (2001).

Autexier, C. Telomerase as a possible targedriticancer therapZhemistry &
Biology 6, R299-303 (1999).

Hahn, W. C. & Meyerson, M. Telomerase activatm®llular immortalization and
cancerAnnals of Medicine 33, 123-129, doi:10.3109/07853890109002067 (2001).
Meyerson, M. Role of telomerase in normal amtteacellsJ Clinical Oncology 18,
2626-2634 (2000).

Kim, N. W.et al. Specific association of human telomerase actvitit immortal
cells and cancefcience (New York, N.Y ) 266, 2011-2015 (1994).

Meyne, J., Ratliff, R. L. & Moyzis, R. K. Consation of the human telomere
sequence (TTAGGG)n among vertebraBaceedings of the National Academy of
Sciences of the United States of America 86, 7049-7053 (1989).

Moyzis, R. Ket al. A highly conserved repetitive DNA sequence, (TTAG,
present at the telomeres of human chromosoRreseedings of the National

Academy of Sciences of the United States of America 85, 6622-6626 (1988).

164



20

21

22

23

24

25

26

27

28

Baumann, P. & Cech, T. R. Potl, the putativentele end-binding protein in fission
yeast and humanScience (New York, N.Y) 292 1171-1175,
doi:10.1126/science.1060036 (2001).

Grandin, N., Damon, C. & Charbonneau, M. Tentcfions in telomere end
protection and length regulation in associatiohv@tn1 and Cdc13he EMBO
Journal 20, 1173-1183, doi:10.1093/emb0j/20.5.1173 (2001).

Blackburn, E. H. Telomeresrendsin Biochemical Sciences 16, 378-381 (1991).
Blackburn, E. H. Structure and function of teéwas.Nature 350, 569-573,
doi:10.1038/350569a0 (1991).

Blackburn, E. H. Telomeres: no end in si@dl 77, 621-623 (1994).

Blackburn, E. H. Telomeres and telomerase: thechanisms of action and the
effects of altering their functionSEBS Letters 579, 859-862,
doi:10.1016/j.febslet.2004.11.036 (2005).

Chan, S. R. & Blackburn, E. H. Telomeres andntelrasePhilosophical transactions
of the Royal Society of London. Series B, Biological sciences 359, 109-121,
doi:10.1098/rstb.2003.1370 (2004).

Gross, N. J. & Rabinowitz, M. Synthesis of neésarsds of mitochondrial and nuclear
deoxyribonucleic acid by semiconservative replmatirhe Journal of Biological
Chemistry 244, 1563-1566 (1969).

Hayflick, L. The Limited in Vitro Lifetime of Honan Diploid Cell Strains.

Experimental Cell Research 37, 614-636 (1965).

165



29

30

31

32

33

34

35

36

Cong, Y. S., Wright, W. E. & Shay, J. W. Humaloierase and its regulation.
Microbiology and Molecular Biology Reviews : MMBR 66, 407-425, table of contents
(2002).

Greider, C. W. & Blackburn, E. H. Identificatiof a specific telomere terminal
transferase activity in Tetrahymena extraCel 43, 405-413 (1985).

Bodnar, A. Get al. Extension of life-span by introduction of telomszanto normal
human cellsScience (New York, N.Y) 279, 349-352 (1998).

Lingner, Jet al. Reverse transcriptase motifs in the catalytic sitlaf telomerase.
Science (New York, N.Y) 276 561-567 (1997).

Autexier, C. & Lue, N. F. The structure and fuoe of telomerase reverse
transcriptaseAnnual Review of Biochemistry 75, 493-517,
doi:10.1146/annurev.biochem.75.103004.142412 (2006)

Kelleher, C., Teixeira, M. T., Forstemann, KL8gner, J. Telomerase: biochemical
considerations for enzyme and substrétends in Biochemical Sciences 27, 572-579
(2002).

Lai, C. K., Mitchell, J. R. & Collins, K. RNA hding domain of telomerase reverse
transcriptaseMolecular and Cellular Biology 21, 990-1000,
doi:10.1128/MCB.21.4.990-1000.2001 (2001).

Armbruster, B. N., Banik, S. S., Guo, C., SRhC. & Counter, C. M. N-terminal
domains of the human telomerase catalytic subeqgitired for enzyme activity in
vivo. Molecular and Cellular Biology 21, 7775-7786, doi:10.1128/MCB.21.22.7775-

7786.2001 (2001).

166



37

38

39

40

41

42

43

44

45

O'Reilly, M., Teichmann, S. A. & Rhodes, D. TrakrasesCurrent Opinion in
Structural Biology 9, 56-65 (1999).

Drosopoulos, W. C. & Prasad, V. R. The actite #sidue Valine 867 in human
telomerase reverse transcriptase influences nidéeisicorporation and fidelity.
Nucleic Acids Research 35, 1155-1168 (2007).

Banik, S. Set al. C-terminal regions of the human telomerase catadytbunit
essential for in vivo enzyme activitylolecular and Cellular Biology 22, 6234-6246
(2002).

Feng, Jet al. The RNA component of human telomergSzence (New York, N.Y)
269 1236-1241 (1995).

Chen, J. L., Blasco, M. A. & Greider, C. W. Sedary structure of vertebrate
telomerase RNACedll 100, 503-514 (2000).

Yeoman, J. A, Orte, A., Ashbridge, B., Klenenn@. & Balasubramanian, S. RNA
conformation in catalytically active human telomssaournal of the American
Chemical Society 132, 2852-2853, d0i:10.1021/ja909383n (2010).

Mitchell, J. R., Cheng, J. & Collins, K. A boXACA small nucleolar RNA-like
domain at the human telomerase RNA 3' énodlecular and Cellular Biology 19,
567-576 (1999).

Harrington, Let al. A mammalian telomerase-associated protsirence (New York,
N.Y) 275, 973-977 (1997).

Forsythe, H. L., Jarvis, J. L., Turner, J. Wmé&e, L. W. & Holt, S. E. Stable

association of hsp90 and p23, but Not hsp70, witive human telomeraséhe

167



46

a7

48

49

50

51

52

53

Journal of Biological Chemistry 276, 15571-15574, doi:10.1074/jbc.C100055200
(2001).

Holt, S. Eet al. Functional requirement of p23 and Hsp90 in tel@sercomplexes.
Genes & Development 13, 817-826 (1999).

Seimiya, Het al. Involvement of 14-3-3 proteins in nuclear localiaa of
telomeraseThe EMBO Journal 19, 2652-2661, doi:10.1093/emb0j/19.11.2652
(2000).

Seto, A. G., Zaug, A. J., Sobel, S. G., Wolin,. & Cech, T. R. Saccharomyces
cerevisiae telomerase is an Sm small nuclear riddlenprotein particleNature 401,
177-180, doi:10.1038/43694 (1999).

Dez, Cet al. Stable expression in yeast of the mature fornmuofidn telomerase RNA
depends on its association with the box H/ACA smadlleolar RNP proteins Cbf5p,
Nhp2p and Nop1Omucleic Acids Research 29, 598-603 (2001).

Mitchell, J. R., Wood, E. & Collins, K. A telomsse component is defective in the
human disease dyskeratosis congeNgdure 402, 551-555, doi:10.1038/990141
(1999).

Handley, T. P., McCaul, J. A. & Ogden, G. R. Bgraitosis congenit®ral Oncology
42, 331-336, doi:10.1016/j.oraloncology.2005.06.02006).

Bessler, M., Wilson, D. B. & Mason, P. J. Dyskesis congenita and telomerase.
Current Opinion in Pediatrics 16, 23-28 (2004).

Vulliamy, T.et al. The RNA component of telomerase is mutated insautal

dominant dyskeratosis congeniature 413, 432-435, doi:10.1038/35096585 (2001).

168



54

55

56

57

58

59

60

61

62

Ford, L. P., Suh, J. M., Wright, W. E. & Shay\\l. Heterogeneous nuclear
ribonucleoproteins C1 and C2 associate with the RNAponent of human
telomeraseMolecular and Cellular Biology 20, 9084-9091 (2000).

Le, S., Sternglanz, R. & Greider, C. W. Idenéfion of two RNA-binding proteins
associated with human telomerase RINMlecular Biology of the Cell 11, 999-1010
(2000).

Greider, C. W. Telomerase is processielecular and Cdlular Biology 11, 4572-
4580 (1991).

Greider, C. W. & Blackburn, E. H. A telomerigsence in the RNA of Tetrahymena
telomerase required for telomere repeat synthNaisire 337, 331-337

Steitz, T. A. DNA polymerases: structural divigrand common mechanisnigie
Journal of Biological Chemistry 274, 17395-17398 (1999).

Weinrich, S. Let al. Reconstitution of human telomerase with the tetegRNA
component hTR and the catalytic protein subunit hiTRature Genetics 17, 498-502,
doi:10.1038/ng1297-498 (1997).

White, L. K., Wright, W. E. & Shay, J. W. Telomase inhibitorsTrendsin
Biotechnology 19, 114-120 (2001).

Galderisi, U., Cascino, A. & Giordano, A. Antise oligonucleotides as therapeutic
agentsJournal of Cellular Physiology 181, 251-257,

Akiyama, M.et al. Effects of oligonucleotide N3'-->P5' thio-phospdumidate
(GRN163) targeting telomerase RNA in human multipleeloma cellsCancer

Research 63, 6187-6194 (2003).

169



63

64

65

66

67

68

69

70

Asai, A.et al. A novel telomerase template antagonist (GRN163) pstential
anticancer agen€ancer Research 63, 3931-3939 (2003).

Gryaznov, Set al. Oligonucleotide N3' --> P5' thio-phosphoramida&iemerase
template antagonists as potential anticancer agéntkeosides, Nucleotides &

Nucleic acids 22, 577-581

Wang, E. Set al. Telomerase inhibition with an oligonucleotide takrase template
antagonist: in vitro and in vivo studies in muléphyeloma and lymphomBlood

103 258-266

Yokoyama, Yet al. Attenuation of telomerase activity by a hammerhéaozyme
targeting the template region of telomerase RNAndometrial carcinoma cells.
Cancer Research 58, 5406-5410 (1998).

Yokoyama, Y., Wan, X., Shinohara, A., Takaha¥hi& Tamaya, T. Hammerhead
ribozymes to modulate telomerase activity of endoisdecarcinoma cellsHuman

Cdl : Official Journal of Human Cell Research Society 14, 223-231 (2001).

Keppler, B. R. & Jarstfer, M. B. Inhibition adflomerase activity by preventing proper
assemblageBiochemistry 43, 334-343, doi:10.1021/bi035583e (2004).

Hahn, W. Cet al. Inhibition of telomerase limits the growth of humeancer cells.
Nature Medicine 5, 1164-1170, doi:10.1038/13495 (1999).

Dong, X.et al. siRNA inhibition of telomerase enhances the aatieer effect of
doxorubicin in breast cancer celBMC Cancer 9, 133, doi:10.1186/1471-2407-9-133

(2009).

170



71

72

73

74

75

76

77

78

Gallant, J. Eet al. Nucleoside and nucleotide analogue reverse trigtgse
inhibitors: a clinical review of antiretroviral iesance Antiviral Therapy 8, 489-506
(2003).

Strahl, C. & Blackburn, E. H. The effects of laaside analogs on telomerase and
telomeres in Tetrahymeniducleic Acids Research 22, 893-900 (1994).

Strahl, C. & Blackburn, E. H. Effects of revetsmnscriptase inhibitors on telomere
length and telomerase activity in two immortalizednan cell linesMolecular and
Cdlular Biology 16, 53-65 (1996).

Fletcher, T. M., Cathers, B. E., Ravikumar, K.Mamiya, B. M. & Kerwin, S. M.
Inhibition of human telomerase by 7-deaza-2'-deagygsine nucleoside triphosphate
analogs: potent inhibition by 6-thio-7-deaza-2'xdgmuanosine 5'-triphosphate.
Bioorganic Chemistry 29, 36-55, doi:10.1006/bi00.2000.1194 (2001).

Cuesta, J., Read, M. A. & Neidle, S. The desigB-quadruplex ligands as
telomerase inhibitorsviini Reviews in Medicinal Chemistry 3, 11-21 (2003).

Moore, M. Jet al. Trisubstituted acridines as G-quadruplex telon@rgeting agents.
Effects of extensions of the 3,6- and 9-side chamguadruplex binding, telomerase
activity, and cell proliferationJournal of Medicinal Chemistry 49, 582-599,
doi:10.1021/jm050555a (2006).

Hurley, L. H.et al. G-quadruplexes as targets for drug dedRinar macology &
Therapeutics 85, 141-158 (2000).

Sun, Det al. Inhibition of human telomerase by a G-quadrupleeriactive
compoundJournal of Medicinal Chemistry 40, 2113-2116, doi:10.1021/jm970199z

(1997).
171



79

80

81

82

83

84

85

86

Morin, G. B. The human telomere terminal traresfe enzyme is a ribonucleoprotein
that synthesizes TTAGGG repedf&l| 59, 521-529 (1989).

Sun, D., Hurley, L. H. & Von Hoff, D. D. Telonese assay using biotinylated-primer
extension and magnetic separation of the prodBot3.echniques 25, 1046-1051
(1998).

Francis, R. & Friedman, S. H. An interferenaeeffluorescent assay of telomerase for
the high-throughput analysis of inhibito/nalytical Biochemistry 323 65-73 (2003).
Tsai, C. C., Jain, S. C. & Sobell, H. M. X-raystallographic visualization of drug-
nucleic acid intercalative binding: structure ofethidium-dinucleoside
monophosphate crystalline complex, Ethidium: 5-iaittylyl (3'-5") adenosine.
Proceedings of the National Academy of Sciences of the United States of America 72,
628-632 (1975).

Francis, R. & Friedman, S. H. A rapid direcoteerase assay method using 96-well
streptavidin plateBioTechniques 32, 1154-1156, 1158, 1160 (2002).

Ren, J. & Chaires, J. B. Sequence and structalettivity of nucleic acid binding
ligands.Biochemistry 38, 16067-16075 (1999).

West, C., Francis, R. & Friedman, S. H. Smallanale/nucleic acid affinity
chromatography: application for the identificatimintelomerase inhibitors which
target its key RNA/DNA heterodupleBioorganic Medicinal Chemistry Letters 11,
2727-2730 (2001).

Lee, M. S. & Blackburn, E. H. Sequence-spe@idA primer effects on telomerase

polymerization activityMolecular and Cellular Biology 13, 6586-6599 (1993).

172



87

88

89

90

91

92

93

94

95

Antal, M., Boros, E., Solymosy, F. & Kiss, T. @lgsis of the structure of human
telomerase RNA in vivaNucleic Acids Research 30, 912-920 (2002).

Rosu, Fet al. Selective interaction of ethidium derivatives wighadruplexes: an
equilibrium dialysis and electrospray ionizationgnapectrometry analysis.
Biochemistry 42, 10361-10371 (2003).

Forstemann, K. & Lingner, J. Telomerase linties €xtent of base pairing between
template RNA and telomeric DNAMBO Reports 6, 361-366 (2005).

Strekowski, L. & Wilson, B. Noncovalent interiacts with DNA: an overview.
Mutation Research 623 3-13 (2007).

Snyder, R. D., McNulty, J., Zairov, G., Ewing, B & Hendry, L. B. The influence of
N-dialkyl and other cationic substituents on DNAertalation and genotoxicity.
Mutation Research 578 88-99 (2005).

Kaneda, K., Sekiguchi, J. & Shida, T. Role @& ttyptophan residue in the vicinity of
the catalytic center of exonuclease Il family Aflenucleases: AP site recognition
mechanismNucleic Acids Research 34, 1552-1563 (2006).

Merrifield, B. Concept and early developmensaolid-phase peptide synthesis.
Methods in Enzymology 289, 3-13 (1997).

Shin, D. S., Kim, D. H., Chung, W. J. & Lee,Y..Combinatorial solid phase peptide
synthesis and bioassaysurnal of Biochemistry and Molecular Biology 38, 517-525
(2005).

Freier, S. M., Konings, D. A., Wyatt, J. R. &Keée, D. J. Deconvolution of
combinatorial libraries for drug discovery: a modgstem.Journal of Medicinal

Chemistry 38, 344-352 (1995).
173



96

97

98

99

100

101

102

Konings, D. A., Wyatt, J. R., Ecker, D. J. & ieére S. M. Deconvolution of
combinatorial libraries for Drug discovery: theacat comparison of pooling
strategiesJournal of Medicinal Chemistry 39, 2710-2719, doi:10.1021/jm9601680
(1996).

Konings, D. A., Wyatt, J. R., Ecker, D. J. & iere S. M. Strategies for rapid
deconvolution of combinational libraries: comparatevaluation using a model
system.Journal of Medicinal Chemistry 40, 4386-4395, doi:10.1021/jm9705030
(1997).

McGovern, S. L., Helfand, B. T., Feng, B. & Sttwt, B. K. A specific mechanism of
nonspecific inhibitionJournal of Medicinal Chemistry 46, 4265-4272,
doi:10.1021/jm030266r (2003).

Seidler, J., McGovern, S. L., Doman, T. N. & Bhet, B. K. Identification and
prediction of promiscuous aggregating inhibitorsoagnknown drugsJournal of
Medicinal Chemistry 46, 4477-4486, doi:10.1021/jm030191r (2003).

Harris, D., Yadav, P. N. & Pandey, V. N. Lospalymerase activity due to Tyr to
Phe substitution in the YMDD motif of human immuedidiency virus type-1 reverse
transcriptase is compensated by Met to Val substrtwithin the same motif.
Biochemistry 37, 9630-9640, doi:10.1021/bi980549z (1998).

Singh, J. & Thornton, J. Mtlas of Protein Sde-Chain Interactions. ( IRL Press at
Oxford University Press, 1992).

Godson, G. N., Schoenich, J., Sun, W. & MustéeW. Identification of the
magnesium ion binding site in the catalytic cetfeEscherichia coli primase by iron

cleavageBiochemistry 39, 332-339 (2000).
174



103 Sissi, C. & Palumbo, M. Effects of magnesiurd eglated divalent metal ions in
topoisomerase structure and functibincleic Acids Research 37, 702-711,
doi:10.1093/nar/gkp024 (2009).

104 Bourel, L., Carion, O., Gras-Masse, H. & Melngk The deprotection of Lys(Mtt)
revisited.Journal Peptide Science 6, 264-270 (2000).

105 Lee, R. C,, Feinbaum, R. L. & Ambros, V. Thee{@gans heterochronic gene lin-4
encodes small RNAs with antisense complementarityntl4.Cel 75, 843-854
(1993).

106 Reinhart, B. Xt al. The 21-nucleotide let-7 RNA regulates developmdirtang in
Caenorhabditis elegandature 403 901-906, doi:10.1038/35002607 (2000).

107 Lee, Yetal. MicroRNA genes are transcribed by RNA polymerds&he EMBO
Journal 23, 4051-4060, doi:10.1038/sj.emb0j.7600385 (2004).

108 Borchert, G. M., Lanier, W. & Davidson, B. LNR polymerase Il transcribes
human microRNAsNature Structural & Molecular Biology 13, 1097-1101,
doi:10.1038/nsmb1167 (2006).

109 Lee, Y., Jeon, K, Lee, J. T., Kim, S. & Kim, N. MicroRNA maturation: stepwise
processing and subcellular localizatidhe EMBO Journal 21, 4663-4670 (2002).

110 Han, Jet al. Molecular basis for the recognition of primary niRNAs by the
Drosha-DGCR8 complexCell 125, 887-901, doi:10.1016/j.cell.2006.03.043 (2006).

111 Lee, Yetal. The nuclear RNase Il Drosha initiates microRNAgessingNature

425 415-419, doi:10.1038/nature01957 (2003).

175



112

113

114

115

116

117

118

119

Yi, R., Qin, Y., Macara, |. G. & Cullen, B. Exportin-5 mediates the nuclear export
of pre-microRNAs and short hairpin RNASenes & Development 17, 3011-3016,
doi:10.1101/gad.1158803 (2003).

Lund, E., Guttinger, S., Calado, A., Dahlb&rds. & Kutay, U. Nuclear export of
microRNA precursorsScience (New York, N.Y) 303 95-98,
doi:10.1126/science.1090599 (2004).

Hutvagner, Get al. A cellular function for the RNA-interference enzgrmicer in the
maturation of the let-7 small temporal RN&ience (New York, N.Y) 293 834-838,
doi:10.1126/science.1062961 (2001).

Cerutti, L., Mian, N. & Bateman, A. Domainsgane silencing and cell differentiation
proteins: the novel PAZ domain and redefinitiortred Piwi domainTrendsin
Biochemical Sciences 25, 481-482 (2000).

Chendrimada, T. let al. TRBP recruits the Dicer complex to Ago2 for michtR
processing and gene silencimNgture 436, 740-744, doi:10.1038/nature03868 (2005).
Gregory, R. ., Chendrimada, T. P., Cooch, N6léekhattar, R. Human RISC couples
microRNA biogenesis and posttranscriptional gelensing.Cell 123 631-640,
doi:10.1016/j.cell.2005.10.022 (2005).

Lund, E. & Dahlberg, J. E. Substrate selegtioftexportin 5 and Dicer in the
biogenesis of microRNALold Spring Harbor symposia on quantitative biology 71,
59-66, doi:10.1101/sqb.2006.71.050 (2006).

Lee, Yetal. The role of PACT in the RNA silencing pathwdye EMBO Journal

25, 522-532, doi:10.1038/sj.emb0j.7600942 (2006).

176



120 Haase, A. Det al. TRBP, a regulator of cellular PKR and HIV-1 vireigpression,
interacts with Dicer and functions in RNA silenciigViBO Reports 6, 961-967,
doi:10.1038/sj.embor.7400509 (2005).

121  Salzman, D. W., Shubert-Coleman, J. & FurneBu®,68 RNA helicase unwinds the
human let-7 microRNA precursor duplex and is rezpiiior let-7-directed silencing of
gene expressioithe Journal of Biological Chemistry 282, 32773-32779,
doi:10.1074/jbc.M705054200 (2007).

122  Robb, G. B. & Rana, T. M. RNA helicase A intgsawith RISC in human cells and
functions in RISC loadingViolecular Cell 26, 523-537,
doi:10.1016/j.molcel.2007.04.016 (2007).

123 Khvorova, A., Reynolds, A. & Jayasena, S. Indawnal siRNAs and miRNAs
exhibit strand biagCell 115 209-216 (2003).

124  Schwarz, D. St al. Asymmetry in the assembly of the RNAi enzyme carpCell
115 199-208 (2003).

125 Lim, L. P.et al. Microarray analysis shows that some microRNAs degulate large
numbers of target mMRNASlature 433 769-773, doi:10.1038/nature03315 (2005).

126  Pillai, R. Set al. Inhibition of translational initiation by Let-7 MioRNA in human
cells. Science (New York, N.Y) 309, 1573-1576, doi:10.1126/science.1115079 (2005).

127  Winter, J., Jung, S., Keller, S., Gregory,.R Diederichs, S. Many roads to
maturity: microRNA biogenesis pathways and thegutation.Nature Cell Biology
11, 228-234, d0i:10.1038/ncb0309-228 (2009).

128 Poy, M. Net al. A pancreatic islet-specific microRNA regulatesulns secretion.

Nature 432, 226-230, doi:10.1038/nature03076 (2004).
177



129

130

131

132

133

134

135

Esau, Cet al. MicroRNA-143 regulates adipocyte differentiatidine Journal of
Biological Chemistry 279, 52361-52365, doi:10.1074/jbc.C400438200 (2004).
Zhao, Y., Samal, E. & Srivastava, D. Serumaasp factor regulates a muscle-
specific microRNA that targets Hand2 during careiogsisNature 436, 214-220,
doi:10.1038/nature03817 (2005).

Chen, C. Z., Li, L., Lodish, H. F. & Bartel, B. MicroRNAs modulate hematopoietic
lineage differentiationScience (New York, N.) 303 83-86,
doi:10.1126/science.1091903 (2004).

Pasquinelli, A. E. & Ruvkun, G. Control of deygmental timing by micrornas and
their targetsAnnual Review of Cell and Developmental Biology 18, 495-513,
doi:10.1146/annurev.cellbio.18.012502.105832 (2002)

Brennecke, J., Hipfner, D. R., Stark, A., RlUs& B. & Cohen, S. M. bantam
encodes a developmentally regulated microRNA tbatrols cell proliferation and
regulates the proapoptotic gene hid in Drosopkihl. 113 25-36 (2003).

Calin, G. Aet al. Frequent deletions and down-regulation of micrbbARyenes
miR15 and miR16 at 1314 in chronic lymphocytiddemia.Proceedings of the
National Academy of Sciences of the United States of America 99, 15524-15529,
(2002).

Cimmino, Aet al. miR-15 and miR-16 induce apoptosis by targetind. BC
Proceedings of the National Academy of Sciences of the United States of America 102,

13944-13949, (2005).

178



136 Calin, G. Aet al. Human microRNA genes are frequently located afilessites and
genomic regions involved in cancePsoceedings of the National Academy of
Sciences of the United States of America 101, 2999-3004, (2004).

137 Johnson, S. Mt al. RAS is regulated by the let-7 microRNA fami@ell 120, 635-
647, (2005).

138 He, Letal. A microRNA polycistron as a potential human oncogélature 435
828-833, (2005).

139 Metzler, M., Wilda, M., Busch, K., Viehmann,&Borkhardt, A. High expression of
precursor microRNA-155/BIC RNA in children with Bdtt lymphoma.Genes,
Chromosomes & Cancer 39, 167-169, (2004).

140 Valadi, Het al. Exosome-mediated transfer of mMRNAs and microRNAs movel
mechanism of genetic exchange between dé#itire Cell Biology 9, 654-659,
(2007).

141  Escrevente, C., Keller, S., Altevogt, P. & @ost Interaction and uptake of exosomes
by ovarian cancer cellBMC cancer 11, 108, (2011).

142  Keller, S., Sanderson, M. P., Stoeck, A. & ytgt, P. Exosomes: from biogenesis
and secretion to biological functiormmunology letters 107, 102-108, (2006).

143 Runz, Set al. Malignant ascites-derived exosomes of ovarianicanca patients
contain CD24 and EpCAMsynecologic Oncology 107, 563-571, (2007).

144  Mitchell, P. Set al. Circulating microRNAs as stable blood-based marker cancer
detection Proceedings of the National Academy of Sciences of the United States of

America 105 10513-10518, (2008).

179



145

146

147

148

149

150

151

152

153

Wang, K., Zhang, S., Weber, J., Baxter, D. 8a6aD. J. Export of microRNAs and
microRNA-protective protein by mammalian ceMicleic Acids Research 38, 7248-
7259, (2010).

Lawrie, C. Het al. Detection of elevated levels of tumour-associatéttoRNAS in
serum of patients with diffuse large B-cell lymphenrBritish Journal of Haematology
141, 672-675, (2008).

Chen, Xet al. Characterization of microRNAs in serum: a novabslof biomarkers
for diagnosis of cancer and other diseaSeH.Research 18, 997-1006, (2008).
Taylor, D. D. & Gercel-Taylor, C. MicroRNA sigtures of tumor-derived exosomes
as diagnostic biomarkers of ovarian can@mecologic Oncology 110, 13-21,
(2008).

Etheridge, A., Lee, |., Hood, L., Galas, D. &lg, K. Extracellular microRNA: A
new source of biomarkerslutation Research 717, 85-90, (2011).

Pouckova, Fet al. Antitumor action of bovine seminal ribonucleaSelia
Microbiologica 43, 511-512 (1998).

Pouckova, Rt al. Polymer-conjugated bovine pancreatic and semibahucleases
inhibit growth of human tumors in nude mideurnal of Controlled Release: official
journal of the Controlled Release Society 95, 83-92, (2004).

Soucek, Xt al. Poly[N-(2-hydroxypropyl)methacrylamide] conjugat#sbovine
pancreatic ribonuclease (RNase A) inhibit growttwmnan melanoma in nude mice.
Journal of Drug Targeting 10, 175-183, (2002).

Soucek, Et al. Polymer conjugated bovine seminal ribonucleas#bitshgrowth of

solid tumors and development of metastases in iegplasma 48, 127-132 (2001).
180



154  Varallyay, E., Burgyan, J. & Havelda, Z. Deictof microRNAs by Northern blot
analyses using LNA probelslethods 43, 140-145, (2007).

155 Varallyay, E., Burgyan, J. & Havelda, Z. MictdR detection by northern blotting
using locked nucleic acid probé¢ature Protocols 3, 190-196,
doi:10.1038/nprot.2007.528 (2008).

156 Calin, G. A. & Croce, C. M. MicroRNA signatuneshuman cancerdlature Reviews.
Cancer 6, 857-866, (2006).

157 Gao, Z. & Yang, Z. Detection of microRNAs usglgctrocatalytic nanoparticle tags.
Analytical Chemistry 78, 1470-1477, (2006).

158 Gao, Z. & Yu, Y. H. Direct labeling microRNA thian electrocatalytic moiety and its
application in ultrasensitive microRNA assaBsosensors & Bioelectronics 22, 933-
940, (2007).

159  Driskell, J. Det al. Rapid microRNA (miRNA) detection and classificatiaia
surface-enhanced Raman spectroscopy (SHBR&ensors & Bioelectronics 24, 923-
928, (2008).

160 Shi, R. & Chiang, V. L. Facile means for quisrig microRNA expression by real-
time PCR.BioTechniques 39, 519-525 (2005).

161 Neely, L. Aet al. A single-molecule method for the quantitation ofrmRNA gene
expressionNature Methods 3, 41-46, (2006).

162 Cissell, K. A., Campbell, S. & Deo, S. K. Rgmthgle-step nucleic acid detection.

Analytical and Bioanalytical Chemistry 391, 2577-2581, (2008).

181



163

164

165

166

167

168

169

170

Ji, J., Yamashita, T. & Wang, X. W. Wnt/betéecén signaling activates microRNA-
181 expression in hepatocellular carcino@al & Bioscience 1, 4,
doi:10.1186/2045-3701-1-4 (2011).

Nagel, Ret al. Regulation of the adenomatous polyposis coli ggnne miR-135
family in colorectal cancefCancer Research 68, 5795-5802, doi:10.1158/0008-
5472.CAN-08-0951 (2008).

Majlessi, M., Nelson, N. C. & Becker, M. M. Aaivages of 2'-O-methyl
oligoribonucleotide probes for detecting RNA tasgBlucleic Acids Research 26,
2224-2229 (1998).

Meister, G., Landthaler, M., Dorsett, Y. & ThkCT. Sequence-specific inhibition of
microRNA- and siRNA-induced RNA silencinBNA 10, 544-550 (2004).

Chan, J. A., Krichevsky, A. M. & Kosik, K. S.itdloRNA-21 is an antiapoptotic
factor in human glioblastoma celfSancer Research 65, 6029-6033, (2005).

Wu, Z.et al. Synthesis of tetrahydro-1,4-benzodiazepine-2-omgsydrophilic
polyamide SynPhase lanterdsurnal of Combinatorial Chemistry 5, 166-171,
(2003).

Draghici, S., Khatri, P., Eklund, A. C. & Sz, Z. Reliability and reproducibility
issues in DNA microarray measuremeifiendsin Genetics: TIG 22, 101-109,
(2006).

Zhang, L., Yoder, S. J. & Enkemann, S. A. lahprobes on different high-density
oligonucleotide microarrays can produce differesasurements of gene expression.

BMC Genomics 7, 153, (2006).

182



171 Walsh, M. K., Wang, X. & Weimer, B. C. Optirmg the immobilization of single-

stranded DNA onto glass beadsurnal of Biochemical and Biophysical methods 47,

221-231 (2001).

172 Obernosterer, G., Martinez, J. & Alenius, Mcked nucleic acid-based in situ

detection of microRNAS in mouse tissue sectidveure Protocols 2, 1508-1514,

(2007).

183



VITA
Rajoshi Chaudhuri was born on May™ 4980 in Kolkata, India. She completed her
education from Bharatiya Vidya Bhavan Public schétyderabad. She then completed her
undergraduate studies and received her BachePhafmacy from G. Pulla Reddy college of
Pharmacy, affiliated to Osmania University, Hydex@im 2002.
Rajoshi Chaudhuri joined the University of Missekansas City to pursue an
interdisciplinary doctoral degree in pharmaceutszaénces in 2003. She completed her

doctoral studies under the guidance of Dr. Simofii&dman in 2011.

184



