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ABSTRACT OF THE DISSERTATION

Detection of naturally occurring RNA aptamers using a metagenomic DNA library
By
Julio Alexander Polanco
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2018

Professor Andrej Luptak, Chair

Over the past few decades, the idea of RNA transcripts as passive genetic
messengers within biological systems has changed significantly. RNAs, unlike DNA,
possess an intrinsic capability to relay genetic information by actively participating in
biochemical interactions that influence cellular activity. Riboswitches, or ligand-sensitive
genetic elements, are functional RNAs within nascent and messenger RNA transcripts
that consist of a structurally conserved aptamer domain and an expression platform
capable of regulating gene expression at the level of transcription or translation.

Despite the numerous examples of prokaryotic riboswitches, the thiamine
pyrophosphate (TPP) riboswitch is the only known functional riboswitch in eukaryotes.
The existence of multiple human adenosine aptamers encoded within the human genome
suggest that eukaryotic riboswitch activity may be more prevalent than previously thought.
To investigate the diversity of eukaryotic aptamers and elucidate their biological roles, we
designed an in vitro selection scheme to select for naturally occurring RNA aptamers from

a metagenomic DNA library and monitored the expression of the Ras-related protein 3C

Xii



(RAB3C) adenosine aptamer by reverse transcriptase — quantitative polymerase chain
reaction (RT-qgPCR).

Libraries enriched for adenosine triphosphate (ATP) and cyclic adenosine
monophosphate (CAMP) RNA aptamers were analyzed by deep sequencing and Apta-
seq methods. Computational analysis of enriched libraries by deep sequencing showed
that a significant fraction of sequences from both ATP and cAMP selections were
repetitive elements. Sequence alignments and Apta-seq analysis found that these
specific repetitive elements include endogenous retroviral elements and CG-rich repeats,
and not simple repeats such as telomeric or ribosomal RNA elements.

Binding activity assays showed that individual sequences isolated from the enriched
libraries lost specificity to either ATP or cAMP. Binding activity was recovered upon
reintroducing a fraction of the enriched library suggesting that ligand binding may require
a binding partner.

RT-qPCR assays revealed changes in 3’ untranslated region (UTR) expression of
the RAB3C gene in the presence of adenosine. Column binding assays using total RNA
isolated from these expression assays showed that these human adenosine aptamers
bind to ATP in the context of their natural transcripts. This result highlights the biological

significance of naturally occurring aptamers in eukaryotes.
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CHAPTER 1

Naturally occurring RNA aptamers

. Aptamers

Aptamers are oligonucleotide sequences that are capable of binding to small
molecules with high affinity and specificity. To date, a significant number of aptamer
sequences have been characterized, and have been found to bind targets including
biological metabolites, hydrophobic molecules, and even extracellular proteins with
affinities that rival antibodies [1], [2]. The large number of aptamer targets, as
demonstrated by these studies, is without a doubt an interesting property of nucleic acids
given the condition that any given sequence consists of only four possible residues.
Despite this limitation, aptamers are capable of binding to a variety of ligands by structural
variation in physical space, forming a substrate-specific binding pocket defined by
structural motifs generated by intermolecular base-pairing, and nucleotide insertions.
Collectively, these structural motifs form a tertiary structure that provides the necessary
interactions of the nucleotide bases with the target substrate.

Initial aptamer studies considered the statistical probability and structural diversity
that a given sequence will bind to a specific target by in vitro selection. Through a series
of column binding and elution experiments aptamers that bound to the target ligand were
enriched from RNA transcribed from a random synthetic DNA pool of 10" diversity
containing flanking regions of known composition [2], [3]. This selective enrichment
revealed a significant number of aptamers present for a given target suggesting that there

is more than one solution to a given target-binding problem. This observation holds true



with a number of in vitro selections published to date where a number of biological
molecules have been used as aptamer binding targets [3]-[6].

Among the best biologically significant aptamers that have been characterized is the
adenosine aptamer, which has been observed in multiple independent in vitro selections
[6]-[8]. The adenosine binding motif, also known as the Sassanfar motif, and its
consensus secondary structure is illustrated in Figure 1.1a. Despite very little overall
sequence conservation, all selected sequences were found to form an adenosine-specific
binding pocket in a structurally conserved manner. The conserved 11-nucleotide loop and
the opposing G are nucleotides necessary to interact with the adenosine triphosphate
(ATP) ligand. A NMR solution structure of the adenosine aptamer bound to adenosine
monophosphate (AMP) reveals that A10 and G11 of the 11-nucleotide loop base-stack
with the adenosine base. Meanwhile the opposing G (G30) base pairs with G17 to
establish an intricate hydrogen bond network that interacts with the 2" and 3" hydroxyl
group of AMP (Fig. 1.1b) [7], [9], [10]. These interactions are facilitated by helices flanking
the conserved 11-nucleotide loop and opposing G, which is required to form the binding
pocket (Fig. 1.1b). In other words, target specificity requires specific structural motifs
determined to form the binding pocket capable of initiating contacts with the target
molecule. These observations demonstrate the value of in vitro selection, which can be

further tailored to discover and study relevant naturally occurring functional RNAs.



Figure 1.1

a) adenosine RNA aptamer

A
1%G AA
A C
G U
G G 20
5-GGGAAG CGGC

G30

b) NMR solution structure

PDB ID: 1RAW

Yu
3-cccuuc GééééC

consensus sequence

A
10AG AA
A C
G U
G G 20 N
55-NNNNNN NNNN ., N
3,_I 1 | I D | 1 1 1 1 :
NNNNNNGsl:NNN NN

Figure 1.1 Secondary and tertiary
structure of the adenosine aptamer.
(a) The isolated sequence taken from
in vitro selections as published in Sas-
sanfar & Szostak, 1993 (left) and the
consensus ATP aptamer sequence
highlighting the conserved nucleotide
residues required for ligand binding
(right) [7]. N represents any of the four
standard bases. (b) An NMR structure
displaying tertiary contacts between
the adenosine monophosphate (AMP)
and the conserved residues of the
adenosine aptamer (Dieckmann, et al.
1996) [10]. The AMP base is stacked
between A10 and G11 (top panel),
while the 2" and 3" OH groups of the
AMP ribose participate in hydrogen
bond interactions established by the
G30 « G17 hoogsteen base pair inter-
action (bottom panel).



II. In vitro selection

Over the past two decades, in vitro selection, also known as Systematic Evolution
of Ligands by EXponential Enrichment or SELEX, has served as a powerful tool for the
discovery of novel DNA and RNA aptamers. Since then, extensive studies have
highlighted the structural diversity within a given random pool of DNA or RNA sequences
[11]. Initial in vitro selection studies utilized pools of synthetic random DNAs flanked by
fixed, primer-binding sequences that also allowed for transcription of equally diverse
RNAs, to determine the frequency of aptamers capable of binding a target molecule [3],
[5].

Recently, in vitro selection studies have incorporated genomic DNA as a source for
aptamer selections rather than synthetic DNA populations [12]-[14]. RNA aptamers
selected using this approach not only serve as direct evidence of biological significance,
but in some cases also revealed striking structural similarities to that of synthetically
derived aptamers. For example, as in the case of the adenosine aptamer, both synthetic
and genomic DNA selections revealed a number of structurally conserved aptamer
sequences [6], [12], [13], [15]. These adenosine-binding motifs are also sequence-
independent as has been seen with previous synthetic in vitro selections and represent a
rare example of convergent molecular evolution spanning both genomic and synthetic
sequence space. Discovery of the adenosine aptamer within the human genome
motivated the investigation outlined in the following chapters to address questions
involving the frequency and diversity of aptamers within genomes of eukaryotic
organisms, characterization of structural motifs required for binding, and the genomic

location and subsequent biological function, if any, for a given aptamer.



lll. Naturally occurring RNA aptamers

RNA aptamers exist in nature as part of riboswitches. Riboswitches are ligand-
dependent genetic modulators encoded within nascent RNA transcripts. Functional
riboswitches consist of an aptamer domain, and an expression platform, to regulate gene
expression (Fig. 1.2a). Upon ligand binding by the aptamer, changes in structural
conformation due to formation of the ligand-binding pocket, result in transcriptional or in
some cases translational regulation (Fig. 1.2b). In this functional example, the aptamer
domain serves as a molecular sensor by responding to ligand availability. The S-adenosyl
methionine (SAM) riboswitch, for example, undergoes a conformational change upon
binding of SAM. In this example, a binding event induces a conformational change within
the aptamer domain allowing the formation of a downstream terminator stem loop capable
of terminating transcription [14]. To date, many riboswitch families, including the SAM
riboswitch, and the thiamine pyrophosphate (TPP) riboswitch, have been characterized
in bacteria [16]. While many of these prokaryotic riboswitches clearly show the active role
of RNA-mediated gene regulation at the level of transcription or translation, analogous
examples of riboswitch mechanisms within eukaryotic systems are scarce.

Functional eukaryotic riboswitches remain evasive. Structure-based searches have
largely been unsuccessful due to partial conservation of the aptamer domain and little to
no conservation of the expression platform. Despite this challenge, the TPP riboswitch,
found to be functionally conserved within all three domains of life, serves as a single
example of a functional riboswitch in eukaryotes [17]. Interestingly, studies of the TPP
riboswitch in plants and fungi have shown thiamine-dependent 3" processing of nascent

RNA coding for proteins required for thiamine synthesis [17], [18]. Despite the limited



Figure 1.2
a) Riboswitch mRNA transcript
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Figure 1.2 Aptamers are naturally expressed in prokaryotes within nascent RNA tran-
scripts as part of riboswitches. Riboswitches contain both an aptamer domain and a
highly variable expression platform (a). Upon transcription, structural reorganization of
the RNA transcript due to the formation of a ligand binding pocket and can regulate
gene expression at the level of transcription or translation. Two examples of ribo-
switch-mediated gene regulation are shown in (b). In the left panel, mRNA translation is
inhibited by the presence of the ligand (green) due to sequestration of the ribosome
binding site. In the right panel, the formation of the ligand binding pocket disrupts the
downstream terminator hairpin loop encoded by the expression platform. Disruption of
this terminator loop reveals a transcription promotor, allowing transcription to continue.



examples of eukaryotic riboswitches, the complexity of gene regulation achieved by such
functional RNAs, such as alternative splicing as seen with the TPP riboswitch, bring to
light the significance of their contribution to cellular processes. Characterization of these
functional RNA transcripts introduce a novel mode of genetic regulation that can most

certainly become a target for future applications.

IV. Objectives of the dissertation

Today, a significant effort is placed on characterizing RNA aptamers from synthetic
libraries via in vitro selection for drug and clinical applications [19]. As a result, very little
effort has been placed on describing the natural abundance and the biological purpose
of eukaryotic RNA aptamers, despite the two known examples within the human and plant
genomes. The in vitro selection study performed by Curtis and Liu revealed the presence
of naturally occurring GTP aptamers within a relatively small metagenomic library. While
their claim regarding biological function is speculative at best, identification of a GTP
aptamer sequence demonstrates the propensity of using in vitro selection to discover
biologically relevant RNA aptamers from genomic DNA. This fact is supported by the
classification of the TPP eukaryotic riboswitch within filamentous fungi by the Breaker
group, which strongly suggests that nascent RNA may play a significant role in gene
regulation than previously thought.

To further investigate this mode of genetic regulation, the first objective of this study
was to develop a diverse metagenomic DNA library consisting of various genetic model
organisms to provide a platform for the discovery and characterization of naturally
occurring RNA aptamers by in vitro selection. Acquisition of this metagenomic DNA library

is then followed by a set of experiments designed to validate the diversity and unbiased



representation of the organisms comprised within the DNA library. These efforts and their
findings are presented in chapter 2. The second objective is to generate and investigate
sequences arising from selective enrichment of RNA aptamers using the previously
mentioned metagenomic DNA library with specificity and affinity for adenosine
triphosphate (ATP) and cyclic adenosine monophosphate (cCAMP). Experimental data
from these in vitro selections are detailed in chapter 3.

The third and most significant objective was to structurally characterize and
investigate a biological role, if any, for a given aptamer derived from genomic in vitro
selections. This goal was divided into two mutually exclusive parts including extensive
analysis of the resulting enriched libraries mentioned above, and surveying two known
human adenosine aptamers within the RAB3C and FGD3 genes by in vitro cell culture
assays. Using deep sequencing coupled with structure probing techniques and
computational analyses we studied the dominant RNA populations within the enriched
libraries that survived in vitro selection rounds. Sequencing and structural data obtained
from the metagenomic in vitro selections is discussed in chapter 4, while RAB3C and
FGD3 expression data is discussed in chapter 5. While these approaches simply begin
to draw potential biological functions, their findings provide a baseline for future
metagenomic library endeavors, which not only includes ongoing aptamer discovery, but
also in refining future efforts towards discovery of additional eukaryotic riboswitches and

naturally existing functional RNAs.



CHAPTER 2

Construction and design of a metagenomic DNA library

.  Introduction

Genomic SELEX was introduced by Singer and Gold in 1997 when a small
metagenomic library consisting of human, yeast and Escherichia coli genomic DNA were
pooled and used to generate a DNA library. [20]. The library was designed with a fixed
forward DNA adapter and randomized 3" tail to anneal and extend denatured genomic
DNA for amplification. After amplification, gene-specific PCR analyses were used by the
authors to determine sequence diversity and test genome representation of the
metagenomic DNA library [20]. While GC sequence-specific biases were detected during
amplification, all organisms were found to be represented proportionately with very little
introduction of artificial mutations. Similarly, Salehi-Ashtiani et. al. designed a genomic
pool by partial digestion of human genomic DNA using DNase | to study the presence of
self-cleaving ribozymes encoded within the human genome. After enzymatic digestion,
hairpin adapter sequences of known sequence were ligated onto the fragmented genomic
DNA. Ligated DNA products were then subjected to a single stranded DNA-specific
nuclease and then amplified by primer extension to generate a human genomic DNA
library [21]. Both of these approaches yielded successful genomic DNA libraries and
provided a platform for studying functional and biologically relevant RNA molecules.
These techniques inspired the following approaches to generate a diverse eukaryotic
metagenomic DNA library to further study functional RNAs including RNA aptamers that

may exist within eukaryotic genomes.



Il. Design of the metagenomic library DNA adapters

Sequence-specific synthetic adapters were designed for the metagenomic library
with the following requirements: 1) The overall sequence composition must not be gene
specific to avoid amplification artifacts that may arise during amplification of the DNA
library or during in vitro selection amplification steps, 2) the primer sequences alone, and
in any combination, must not generate artificial amplicons that result from self-priming or
unwanted primer extension, 3) the forward adapter sequence must contain a T7 RNA
polymerase promoter to generate RNA transcripts for downstream experiments, 4) the
adapter sequences must be lllumina-compliant for easy library preparation to submit for
deep sequencing on the lllumina HiSeq platform. Both forward and reverse adapters are
capable of hybridizing onto the lllumina flowcell and are 62 and 33 bps in length,
respectively. Each sequence set was checked and verified for minimal complementarity
using the Integrated DNA technologies oligo analyzer tool. Using these online tools and
PCR amplification, all permutations of each DNA adapter pair did not exhibit any

unexpected and stable base-pairing or self-hybridizing interactions.

lll. Assembly of the metagenomic DNA library

The first challenge during assembly of a large metagenomic DNA library was to
consider sequence diversity and to ensure equal representation of each organism. Prior
to any quantification, the organisms to be represented in the genomic library were chosen
using the following prerequisites: 1) the organism must fall within the eukaryotic domain
of life 2) the organism has served as a genetic model in various fields of biological
research and 3) a published, and preferably highly annotated, DNA sequence assembly

is readily accessible. A list of these organisms and their genome sizes is shown in Figure

10



2.1. Considering the total number of nucleotides present within this metagenomic sample,
at approximately 1 x 10'°, the minimum sequence diversity required must approach 1 x
10"° sequences to ensure single-nucleotide resolution of every genetic model organism.
In comparison, the sequence diversity of synthetic DNA libraries previously used for in
vitro selections, at approximately 10'® molecules, means that a metagenomic library with
a diversity of 10'° falls well within capacity of performing an aptamer selection.
Furthermore, an equivalent number of genome copies of every organism must be
introduced to prevent any genomic DNA biases towards any given organism. To do this,
the C-value, or equivalent mass value per single copy (n) of genomic DNA derived from
genome assembly records was used to determine the input amount of DNA needed
during assembly of the combined genomic DNA sample.

Genomic DNA from Anopheles gambiae, Arabidopsis thaliana, Caenorhabditis
elegans, Saccharomyces cerevisiae, and Schizosaccharomyces pombe was extracted
by crushing frozen whole tissue samples above liquid nitrogen by mortar and pestle
followed by phenol chloroform extraction. As for the remaining organisms, genomic DNA
samples were kindly donated by various research labs whom routinely extract total
genomic DNA. For quality control, all genomic DNA samples were visualized on a 1 %
agarose gel stained with ethidium bromide (Fig. 2.2). Each genomic DNA sample varied
in the amount of total RNA and total genomic DNA present, presumably due to the method
of extraction. Using a spectrophotometer in tandem with the imaging software,
approximate values for high molecular weight DNA bands were calculated to compensate
for variances in DNA preparation. This method was chosen over size-selective gel

extraction to maintain high molecular weight DNA, and sample diversity. Once pooled,
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Figure 2.1

Genome Sizes

A. gambiae |

A. thaliana |

A. nidulans |

C. elegans ]

C. reinhardtii ]

D. rerio |

D. discoideum = me—

D. melanogaster

H. sapiens |

M. musculus ]

P. patens ]

S. cerevisiae ]

S. pombe O

T. gondii ]

T. brucei I

X. laevis ]

X. tropicalis -

1.0 x10° 1.0 x10 1.0 x10° 1.0 x10° 1.0 x10"°

nucleotides

Figure 2.1 Alist of the seventeen organisms used to generate the metagenomic
DNA library and their respective genome lengths are represented above. The
human, mouse and zebrafish genomes are among the largest in length at
nearly two orders of magnitude larger than that of baker’s yeast (S. cerevisiae).
To avoid representation biases during metagenome assembly, equivalent
copies of each organism were pooled by using known c-values.
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Figure 2.2

Gel analysis of high molecular weight genomic DNA
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Figure 2.2 A 0.8 % agarose gel showing high molecular weight genomic
DNA extracted from various eukaryotic organisms. Low molecular weight
banding/smearing (<500 bp) correspond to total RNA co-extracted with
genomic DNA (NaOH hydrolysis not shown). 1) A. gambiae 2) A. thaliana
3) A. nidulans 4) B. distachyon 5) C. elegans 6) C. reinhardtii 7) D. rerio
8) D. discoideum 9) D. melanogaster 10) H. sapiens 11) M. truncatula 12)
M. musculus 13) P. patens 14) S. cerevisiae 15) S. pombe 16) S. purpura-
tus 17) T. gondii 18) T. brucei 19) X. laevis 20) X. tropicalis 21) Z. mays.
Lanes with an asterisk indicate the organisms that were not included in
the final metagenomic DNA library.
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the high molecular weight genomic DNA was subjected to physical agitation to obtain a
desired fragment size.

A number of procedures exist for fragmentation of high molecular weight DNA
including nuclease-driven fragmentation and mechanical shearing [22]. Currently,
enzymatic fragmentation of DNA involves employing commercially available mutant
transposases to insert 19 base pair sequences along a target DNA molecule [23], [24].
However, this approach requires transposase-specific insertion sequences that are
typically composed of partial inverted repeats. Not surprisingly, slight biases in insertion
sites have also been identified with this methods and are significantly amplified after PCR
library preparations [24], [25]. For this reason, traditional methods involving mechanical
shearing and enzymatic ligation was chosen. Pooled genomic DNA was sheared
nonspecifically by sonication using the Acoustic S2 sonicator. This process generated a
distribution of fragmented genomic DNA ranging from 200 bps to 500 bps with a mean
size of 300 bps as expected (Fig. 2.3a). Prior to size selection and initial amplification, the

fragmented DNA pool was first prepared for enzymatic ligation of the synthetic adapters.

IV. Adapter ligation

Detailed experimental setup for adapter ligation of the metagenomic DNA library can
be found in the Materials and Methods chapter (Chapter 6). Briefly, fragmented genomic
DNA was extended and repaired using DNA polymerase to generate blunt ends.
Cohesive ends were introduced to the repaired genomic DNA by the addition of a 3'-
deoxyadenosine overhang and phosphorylation of 5 ends by the Klenow fragment of
DNA polymerase | and T4 phosphonucleotide kinase, respectively. Synthetic DNA oligos

described previously, containing the appropriate 3 "deoxythymidine overhangs and 5’
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Figure 2.3
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Figure 2.3 A set of agarose gels confirming steps taken during assembly of the
metagenomic DNA library. Pooled high molecular weight metagenomic DNA was
sheared by acoustic agitation using a Corvaris S2 shearer using precalibrated
settings to generate a mean of 300 bp fragments (a). After fragmentation, priming
of the DNA ends, and in vitro ligation of DNA adapters, the ligated metagenomic
pool was amplified by PCR and visualized on an agarose gel (b).
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Figure 2.4 After initial amplifica-
tion of the metagenomic DNA
library, bands corresponding to
300, 400 and 500 base pairs
were excised from an agarose
gel and reamplified by PCR.
These products were visualized
on an agarose gel (left) to con-
firm sequence length and to be
used for in vitro selection.



phosphorylation modifications were ordered from IDT and purified by gel electrophoresis.
Pre-annealed adapter oligos were introduced to genomic DNA with cohesive ends and

the final ligation reaction was set up at 16 °C for 30 minutes using DNA ligase.

V. Metagenomic library diversity

To confirm high sequence diversity within the metagenomic library, semi-
quantitative PCR amplification, or by fractionation of the PCR reaction at every 4™ cycle,
was performed to estimate the original number of molecules within the ligated starting
material. The results of these collected fractions after gel electrophoresis are illustrated
in Figure 2.3b. This initial amplification of the genomic library revealed a distribution of
amplified genomic DNA from 200 to 500 bps at PCR cycle 16. To estimate library diversity
and establish a size-specific DNA pool, the 300 bp, 400 bp and 500 bp products were
excised and eluted from an agarose gel. Re-amplified products were then analyzed using
an agarose gel to confirm sequence length (Fig. 2.4). Using mass values from the loading
control and densitometry analysis, a mass was approximated for the amplified DNA
library. To calculate library diversity, we corrected the mass value for the rate of
logarithmic amplification and the appropriate dilutions. With this approximation, the final
diversity of the metagenomic library was calculated to be 1x10°. This value is one order
of magnitude smaller than the desired 1x10' molecules needed for single nucleotide
resolution for each organism represented in the metagenomic library (Fig. 2.1). Despite
this result, however, since each genome was pooled by mass copy number (C-value
normalization), each organism within the library remains equally represented.

To validate genome representation, the final metagenomic DNA library was

submitted for deep sequencing analysis using the lllumina HiSeq 2500 sequencer. By
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obtaining deep sequencing reads, the origin of each sequence taken from the pool can
be assigned using readily available genome databases such as the NCBI BLAST
nucleotide reference database and the UCSC genome browser. First, sequences were
prepared using an in-house computational pipeline designed to remove sequencing
artifacts. Additional details on this pipeline can be found in the Methods chapter. The
resulting trimmed-sequences were then studied for sequence composition via genomic
alignments and text-based sequence searches.

Sequence searches for ribosomal DNA (rDNA) genes within the deep sequencing
file were performed as a method to ensure that each organism is represented within the
metagenomic DNA library and that no biases exist for a given organism. To do this, we
focused on species-specific expansion segments (ESs) of the large ribosomal RNA. ESs
are regions of ribosomal RNA that arise from the common core (the peptidyl transferase
center (PTC)) and are characterized by having distinct structures and functions that are
required for ribosome biogenesis and activity [26], [27]. Over the course of evolution,
divergence of eukaryotic ribosomal RNAs has introduced variations in these regions
resulting in species-specific ESs [27]. We used these distinct features of the large
ribosomal RNA to perform our sequence searches.

DNA sequences of the reference large ribosomal RNA and their respective Clustal
Omega alignments were downloaded from the University of Texas Comparative RNA
Website and Project (CRW) and used as references to perform these searches [28]. Note
that due to incomplete genomic assemblies for some of the 17 organisms, not all copies
of all rDNA genes for the organisms are available. While the genomes of most of these

organisms have been sequenced and partially assembled, the repetitive characteristic of
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ribosomal DNA and transfer RNA genes create challenges during the assembly pipeline,
particularly for organisms such as A. thaliana and Chlamydomonas reinhardtii, which
contain an unusually large number of ribosomal RNA genes [28]-[30]. Nevertheless, for
those organisms that have a complete genomic assembly, we searched for species-
specific ESs beginning near PTC to determine their depth within the metagenomic DNA
deep sequencing file.

For every organism with a fully assembled reference genome, a unique ribosomal
RNA expansion segment was identified. Based on each expansion segment, we then
calculated a depth quotient with the respective organisms’ ribosomal DNA copy number
taken from values available in the literature [29], [31]-[37]. These organisms, rDNA copy
numbers, ES abundances within the sequencing file, and depth quotients are reported in
Table 2.1. Values within the sense and antisense columns correspond to the number of
ES sequences found within the forward (Read1) and reverse (Read2) sequencing files.
The totals represent the sum of both forward and reverse reads and were used to
calculate a depth quotient using the rDNA copy number.

Abundance values for each of these unique expansion segments correlated with
their respective ribosomal DNA copy number represented by the depth quotient values.
With the exception of A. thaliana, D. melanogaster and D. discoideum, all [ DNA segments
are equally represented in the metagenomic library. It is important to note that ribosomal
DNA copy numbers found in the literature are approximate. For organisms like S.
cerevisiae and A. thaliana, various ribosomal DNA copy numbers have been reported

over the past decade [29], [34]. Some genomes such as A. thaliana and D. melanogaster,
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are also known to have some of the largest numbers of rDNA copies and may therefore
show large amounts of variation in copy number [29], [31], [38], [39].

VI. Conclusion

To date, only a handful of in vitro selections have been performed using a
metagenomic DNA library. The main objective of the experiments described in this
chapter were to generate a diverse metagenomic DNA library consisting of genomes of
17 equally represented eukaryotic genetic model organisms to be used for in vitro
selection. Incorporating these many organisms within a DNA library, however, presents a
number of challenges including equal distribution of genomic DNA to avoid introducing
any biases. Despite differences in genome lengths, the mass copy number (C-values) for
each organism was used to assemble an unbiased metagenomic library. After adapter
ligation and amplification by PCR, we found that the final diversity of the size-selected
metagenomic DNA library was within 1 x 10°, effectively making this assembly one order
of magnitude under-sampled when compared to the ideal diversity of 1 x 10" — the
diversity required for single-nucleotide sampling of each organism. While this is true,
ribosomal DNA abundances determined by organism-specific expansion segments show
that each organism remains equally represented. Altogether, this means that there are
minimal organism-specific biases present within the metagenomic library. Instead,
additional deep sequencing analysis of the metagenomic DNA library revealed that a
significant bias exists for simple sequence repeats. These sequence repeats are found
naturally within the genomes of these eukaryotic organisms, such as those found in

centromeres and telomeres, and are therefore expected to have a larger abundance.
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Additional insight into these genomic repeats within the metagenomic library are further
discussed in Chapter 4.

The purpose of generating this eukaryotic metagenomic library was to provide a
platform for functional metagenomics, including discovery of naturally existing functional
RNAs such as aptamers and riboswitches. Today, metagenomic DNA libraries are
mediums for new discoveries as they provide a wealth of sequencing data that can be
used in conjunction with high throughput DNA sequencing and sophisticated machine
learning algorithms [40], [41]. These approaches are used today with metagenomics
libraries generated from environmental samples including sea water collection, soil
sampling and fecal matter [42], [43] With advances in high resolution DNA sequencing
methods, sequence pattern recognition algorithms, and sequence assembly tools, these
metagenomic libraries have already contributed to discovery of novel high processivity
enzymes [44]. As the computational efforts evolve to screen through vast amount of
sequencing data, it is exciting to see what a eukaryotic metagenomic library may

contribute to the field of metagenomics.
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CHAPTER 3
In vitro selection using a metagenomic DNA library

. Introduction

In vitro selection is a powerful technique that can be used to enrich RNA aptamers
from a diverse library of molecules. This goal can be achieved by applying selective
pressure on a large population of sequences to subtract RNAs with nonspecific binding
and collect RNAs capable of binding to a specific target. By using an agarose matrix
column with a covalently attached ligand of interest, RNA aptamers can be separated by
fractionation and enriched over multiple iterations of this technique. Over a few rounds,
nonspecific RNAs are subtracted from the starting population through a series of short
washes thereby enriching functional RNA sequences on the column matrix. These RNA
aptamers are then collected as elution fractions via free-ligand exchange using the target
ligand in excess to avoid biases due to binding competition. After collection of the RNA
elution fractions, an RT-PCR step regenerates an enriched dsDNA library that can be
used for subsequent rounds until a significant level of RNA binding is measured. In this
chapter, a purified RNA and co-transcriptional in vitro selection were designed to enrich
for steady-state and kinetically driven RNA aptamers. A summary of the in vitro selection
cycle and the difference between these two strategies is illustrated in Figure 3.1. With the
help of radioactive labeling, and semi-quantitative RT-PCR, RNA binding can be
monitored over each round by scintillation counting and gel electrophoresis

To facilitate ligand binding during in vitro selection rounds, RNA refolding and buffer
conditions were used as described in previously published in vitro selection work [13],

[21]. For in vitro selections performed here, ionic concentrations were chosen to most
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Figure 3.1
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Figure 3.1 RNA aptamer in vitro selection scheme. One cycle of in vitro selection
begins with transcription of the metagenomic DNA library from a T7 promoter
located on the forward adapter. RNA transcripts are then purified by gel electro-
phoresis and resuspended in binding buffer containing divalent ions. RNAs are
melted and refolded before subjecting them to an agarose matrix column con-
taining the immobilized ligand of interest (ATP, cAMP or cGMP). Nonspecific
RNAs are collected by washing the column with binding buffer and saved for
downstream quantitative analysis. RNAs with affinity for the target ligand are
eluted and collected using binding buffer containing the respective ligand by free
ligand exchange. These elution fractions are then used as a template for RT-PCR
to regenerate an enriched DNA library that can be used for the next round of
selection. For co-transcriptional selections, transcription takes place in the pres-
ence of the immobilized ligand agarose matrix. Wash and elution fractions are
immediately collected for quantitation by gel electrophoresis. Bands correspond-
ing to the elution fractions are excised and prepared for RT-PCR. Each cycle is
repeated again until a significant fraction of RNAs are found to elute from the
column by free ligand exchange.
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accurately represent the natural intracellular ionic environment. While the intracellular ion
concentrations may vary between each organism represented in the metagenomic library,
it is assumed that these variances are not highly divergent due to the establishment of
membrane potentials needed for osmoregulation and cellular activity [45], [46].
Furthermore, because RNA folding is also mediated by magnesium concentrations, each
selection was adjusted for an effective magnesium concentration based on the ability of
the target metabolite to coordinate magnesium ions. These details along with a list of
reagents used for in vitro selection can be found in the methods chapter.
Il. Target Metabolites

A series of in-vitro selections were performed using agarose-linked metabolite
targets including 3°-5" cyclic adenosine monophosphate (cCAMP), 3°-5" cyclic guanosine
monophosphate (cGMP), and 5 adenosine triphosphate (ATP). Each target was
immobilized on an agarose matrix by covalent attachment to the C8 atom of the base and
were purchased through a commercial supplier. The cAMP and cGMP ligands were
chosen because of their known roles as secondary messengers within cellular signal
transduction pathways, including cell cycle regulation, cytoskeletal rearrangement, and
transcription regulators. ATP was also selected as a target ligand because of the
endogenous availability within living systems and because it is required for essential
biochemical reactions and processes. Furthermore, all of these targets mentioned are
readily available within the nucleus in the presence of transcription factors and may very
likely act as targets for a given aptamer to regulate genetic and cellular activity.

These small molecules are highly associated with important biological process and
have been shown, at least for prokaryotic organisms, to interact with RNA riboswitches

to influence gene regulation on the level of transcription and translation. These
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riboswitches and their associated aptamers high affinity and specificity for their respective
target and serve as molecular sensors that play a direct role in gene expression. Such
riboswitch mechanisms have yet to be discovered within eukaryotes, with the exception
of the thymine pyrophosphate (TPP) riboswitch, which has been shown to regulate mRNA
isoform variants for the thymine pyrophosphate mRNA [47]. In this chapter, data obtained
from these series of metagenomic in vitro selections are reported. The 300 bp size-
selected metagenomic DNA library, previously introduced in chapter 2, was used as the
starting material for each selection. Below, binding data obtained from both purified RNA

and co-transcriptional selections are described and investigated.

lll. In vitro selection by UREA-PAGE

In order to obtain size-specific RNAs and to avoid aborted nonspecific RNA products
during selection, 300 nt radiolabeled RNA products were excised from a denaturing
polyacrylamide gel followed by elution and ethanol precipitation, as detailed in Chapter 6.
After a few enrichment rounds, a significant increase in the percent elution of RNA was
observed for cAMP round 5, cGMP round 9, and ATP round 6 (Fig. 3.2). These results
suggest that for each target, a population of RNAs exhibit binding activity to their
respective ligands. To immediately address whether this was true, cAMP round 5 and
ATP round 6 libraries were inserted into the TOPO-TA vector for transformation and
sanger sequencing. PCR amplicons derived from successful transformants were
sequenced to determine the most dominant sequence within the population and to

perform genomic alignments using BLAST and UCSC genome browser [48], [49]. In
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Figure 3.2
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addition, these sequences were then used as templates for clone-specific binding activity
in vitro, discussed further below.

From the ATP in vitro selection, three unique sequences from round 6 were
successfully isolated; ATP clone 1, 6, and 27. Using the BLAST database, ATP clones 1
and 6 were identified to have originated from the zebrafish (D. rerio) genome, while ATP
clone 27 had high sequence similarities with the mouse (M. musculus) genome. Upon
closer inspection of these clones and their genomic contexts with the UCSC genome
browser, only ATP clone 6 was identified as residing within an intron of a highly conserved
med23 gene (Fig. 3.3). On the other hand, ATP clone 1 was found to be unique to the
zebrafish genome as a relatively large ~500-600 nt tandem repeat annotated as
DNA25TWA1_DR. In addition, ATP clone 27 distinctively mapped to a specific locus
within chromosome 12 of the mouse genome rendering it in the middle of an annotation
desert. For all three ATP clones, in vitro binding activity was extremely low with high
degrees of variability (Fig. 3.3b). This irreproducibility was surprising, given that these
sequences presumably represent a fraction of the most abundant sequences within the
enriched library. In addition, no common features were immediately observed between
all three sequences, suggesting that these isolated sequences are either co-enriched with
an unidentified ATP-aptamer sequence, or simply represent insufficient selective
pressure.

Due to difficulty in Sanger sequencing, only two cAMP clones were obtained from
the cAMP enriched library. Primary sequences of these clones (cCAMP clone 6 and 11)
were also submitted to the nucleotide NCBI BLAST database (Fig. 3.4). Unfortunately,

cAMP clone 6 bore no primary sequence similarities to any organism within the genomic
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Figure 3.3
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Figure 3.3 Overview of ATP clones isolated from recombinant DNA and
Sanger sequencing. (a) UCSC genome browser sequence alignments
along the mouse (M. musculus) genome. (b) Each clone was subjected to a
column binding assay to measure ATP affinity. Each trial corresponds to a
binding experiment performed on different days. Values in the table repre-
sent the percent of total radiolabeled RNAs eluted from the ATP column.
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Figure 3.4

a) cAMP clone 11
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Figure 3.4. A cAMP clone identified by vector cloning followed by Sanger
sequencing. A UCSC Genome Browser BLAT alignment of cAMP clone 11
along the zebrafish (D.rerio) genome is shown in (a). cAMP clone 11 was
found to overlap a DNA repeat element (Dada-U1A_DR) and is found along
multiple locations along chromosome 4. The alignment map shown here illus-
trates one case in which the cAMP clone 11 overlaps antisense to a known U1
snRNA. The red dashes along the solid cAMP clone 11 sequence indicate
alignment mismatches. The table (b) consists of percent elution values from a
series of binding assays performed on cAMP clones isolated from the cAMP
enriched library. No robust cAMP-agarose column binding for cAMP clone 11
was detected over experimental ftriplicates. ND = No signal detected.
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database, including the noncomplex/repeat sequence database. Clone 11, however, had
partial similarity to a repetitive element within the zebrafish genome. This repetitive
element, Dada-U1A DR, is a transposable element found repeatedly in chromosome 4,
and is intermittently found to overlap functional U1 small nuclear RNA (snRNA). Similar
to clones isolated from the ATP selection, these cAMP clones had no apparent primary
sequence similarity and did not show robust binding to cAMP. For detailed information on
these cAMP clones and more, refer to the metagenomic deep sequencing data in Chapter
4.

The lack of robust binding of isolated sequences from both parallel in vitro selections
was surprising. After multiple experimental replicates, it was apparent that these
sequences do not demonstrate affinity for either ATP or cAMP. Rather than to continue
to isolate and study sequences by vector cloning, the ATP and cAMP enriched libraries
were prepared for deep sequencing and Apta-seq [50]. By obtaining deep sequencing
data, RNAs within each library can be clustered and rationally organized by computational
algorithms to help determine RNA molecule enrichment. In complement with Apta-seq, a
technique that combines deep sequencing with structure probing of RNA, structural
information of these RNAs can also be extracted as a function of ATP concentration.
Doing so would further characterize these RNA sequences into predefined families and
can aide in resolving the difference between nonspecific ‘free-rider’ sequences and
potential RNA aptamer candidates. The experimental details and subsequent data
generated from these deep sequencing and structure probing approaches for the ATP

and cAMP enriched libraries is covered in Chapter 4.
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IV. In vitro selection of RNA aptamers by co-transcriptional binding

Vu et.al. previously observed that the human FGD3 adenosine aptamer only bound
ATP co-transcriptionally [13]. This observation supports the argument that ligand binding
by the aptamer is dominated by a kinetically-driven mechanism. In an attempt to directly
select these aptamers from the metagenomic library, a co-transcriptional assay was
developed. To perform this assay, the agarose-linked metabolite was presented to the
RNA library during transcription followed by immediate fractionation and gel purification.
RNAs enriched with the co-transcriptional assay would be expected to adopt a transient
metabolite-binding conformation that may otherwise be disrupted by denaturation and
purification steps mentioned previously. The series of washes and elutions are relatively
similar; RNAs in the ligand-binding conformation are subjected to a series of quick
washes to remove nonspecific binders and collected after elution from the immobilized
target by free-ligand exchange.

Similar to the purified RNA in vitro selection assay, radiolabeled RNA molecules
were generated to monitor sequence enrichment throughout rounds of selection. To
accurately quantify RNAs eluted by free-ligand exchange, each fraction was loaded onto
a denaturing acrylamide gel for visualization by autoradiography. Each fraction, or lane,
corresponding to eluted RNAs of interest were excised, eluted and prepared for RT-PCR
to regenerate the DNA library for the next round of transcription and selection. After
several sounds of selection, the fraction of eluted RNAs was quantified by
autoradiography and are reported in Figure 3.2. For all co-transcriptional selection
rounds, no sample showed a significant increase in RNA binders across all parallel
selections. This observation is evident by the fact that for every completed round, we

recovered only 1 % of the radiolabeled RNA population for RT-PCR. While this result can
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be expected for rounds 1 and 2, subsequent rounds were expected to demonstrate an
increase in binding as a result of enrichment of target-specific RNA aptamers. The lack
of RNA binding was perplexing because each selection demonstrated successful
recovery of eluted RNAs, as verified by RT-PCR. However, upon transcription of these
recovered libraries, no binding was detected even after multiple experimental attempts to
observe an elution fraction of more than 1 %. These efforts were set aside to further

investigate RNA aptamers recovered from the parallel (purified RNA) in vitro selections.

V. Conclusion

In vitro selection is a method that has previously been used to successfully identify
RNA aptamers from synthetic and genomic libraries. This technique was adapted in this
study to select for ATP, cAMP and cGMP specific RNA aptamers from a diverse
eukaryotic metagenomic pool. To do this, two in vitro selection schemes were designed
to isolate naturally occurring genomic aptamers. The purified-RNA approach was
designed to isolate thermodynamically stable RNA aptamers by first purifying and
refolding RNA molecules prior to binding, while the co-transcriptional approach was
designed to immediately subject RNA aptamers in the presence of the ligand. In both
cases, the fraction of eluted RNAs were measured by radiolabeling RNA molecules and
observing an increase in binding affinity after each subsequent round of selection.

The co-transcriptional selection method was designed to select for naturally existing
aptamers that undergo a kinetic mode of ligand binding as has been previously observed
with the FGD3 aptamer [13]. After multiple selection rounds, including rounds designed
to optimize and the method of detection, no significant binding and elution was detected.

This result however does not indicate the absence of naturally occurring aptamers that
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bind co-transcriptionally, but rather demonstrate the challenges faced during
experimental setup. For example, one immediate issue was the presence of readily
available free ATP and immobilized ATP present during in vitro transcription. During
selection, it was periodically observed that the immobilized ATP-agarose beads remained
highly radioactive even after fractionation and denaturing washes. This result suggests
that a covalent association between the synthesized RNA molecules (assuming
successful incorporation of the radionucleotide) and the ATP-agarose matrix occurred
thereby removing ligand-specific aptamers. It is unclear whether immobilized ATP is
incorporated into the RNA backbone, although this is likely not the case due to agarose-
linkage groups which may inhibit this from occurring. Despite a number of attempts to
optimize free ATP concentrations to prevent this from occurring, these attempts resulted
in either decreased RNA vyields due to low ATP levels or only intensified the radioactive
signal on the ATP-agarose matrix. Since not any one optimization attempt seemed to
improve the number of RNAs eluted from the column, the co-transcriptional binding
assays and the respective libraries were frozen and stored for study at a later date.

In contrast to the co-transcriptional selections, in vitro selection rounds using purified
RNAs displayed an increase in ligand-specific binding. By round 5, both ATP and cAMP
selections showed significant elution of bound RNAs upon the addition of free ligand.
Sequences isolated from ATP round 5 were found to align with the mouse or zebrafish
genomes but had no apparent specificity for ATP as demonstrated by in vitro binding
assays. Similarly, cAMP clones also mapped to the zebrafish genome and also showed
no specificity for cAMP after in vitro binding assays. The lack of ATP and cAMP specificity

from both sets of isolated clones was unexpected. Sequences isolated here were
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expected to bind to their respective ligands based on the assumption that dominant
sequences within these enriched libraries represent a large fraction of ligand-binding
RNAs. If this is true, then there is a high statistical chance that sampling a small subset
of individual sequences would reveal aptamers capable of binding ATP or cAMP. It is
important to note that this assumption implies that any aptamer recovered by this strategy
exists as a mutually exclusive sequence and does not strongly interact with other potential
RNAs within the library.

The recovery of a low-complexity repeats (ATP clone 1 and cAMP clone 11) suggest
that these sequences are somehow associated with RNAs that may have affinity for ATP
and is a selection ‘free-rider’. For additional evidence and discussion on this matter, refer
to the rRNA sequence data in chapter 4. Altogether, data reported here in this chapter
are insufficient to draw a convincing conclusion to validate successful enrichment of these
cloned RNA sequences. It more apparent, however, that the naturally abundant repetitive
elements in genome sequence space may obstruct selective pressures to a greater extent
than previously thought. In Chapter 4, deep sequencing data highlights how the survival
of specific repetitive elements observed here may have arisen with both the ATP and

cAMP selections.
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CHAPTER 4

Deep sequencing and structural analysis of enriched DNA libraries

.  Introduction

Previous chapters of this thesis focused on experimental design of an in vitro
selection to identify and isolate ligand-specific RNA aptamers from a diverse
metagenomic library. After a few rounds of selection, the most prevalent sequences
derived from two enriched metagenomic libraries containing ATP and cAMP RNA
aptamers were briefly studied by Sanger sequencing. The aim for the experiments in this
chapter focus on systematically analyzing these populations by deep sequencing and
study bona fide RNA aptamers by testing for binding affinity and identifying distinct
structural features by molecular probing. Presented here are confounding data that
challenge the idea of naturally occurring RNA aptamers generated by using state-of-the-
art DNA sequencing technology, and biochemical probing.

Traditionally, denaturing gel electrophoresis, vector cloning coupled with molecular
probing have been used to study RNA aptamers [51]-[53]. While this traditional approach
has worked in the past to characterize aptamers like the adenosine aptamer, it is limited
by the number of RNAs that can be studied simultaneously. This is a particularly large
limiting factor when dealing with large DNA and RNA libraries scaled at 1 x10'
sequences. Sampling of these unique sequences in a given library by traditional vector
cloning methods is restricted by the high probability of cloning the most dominant
sequence within the population. In other words, a statistically large sample size is required
to confidently observe alternative lower-abundance populations that may also represent

a valid solution to the aptamer selection. The ability to observe alternative lower-
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abundance sequence families provides a unique opportunity to study population genetics
and therefore common features that may be required for survival.

To achieve this goal, the lllumina HiSeq deep sequencer was used to measure these
sequence families that are virtually undetectable by traditional vector cloning and sanger
sequencing. To further capitalize on the deep sequencing platform, a molecular probing
method was also incorporated during preparation of the RNA library for sequencing. Since
the metagenomic DNA library was designed with lllumina-compliant adapters, preparing
any metagenomic sample for deep sequencing required an additional two-step PCR
procedure to introduce barcodes. Chemically-probed RNA libraries were reverse
transcribed, self-ligated and amplified, as illustrated in (Fig. 4.1), to generate an lllumina-
compliant cDNA library for deep sequencing. Altogether, the purpose of this approach
was to characterize dominant sequence families resulting from an in vitro selection of
RNA aptamers present within the ATP and cAMP enriched libraries, and to extract
structural data accompanied by these sequences using selective hydroxyl acylation and
analysis by primer extension (SHAPE).

SHAPE probing followed by deep sequencing (SHAPE-seq) is a relatively new
method that takes advantage of the high throughput sequencing capacity of the Illumina
HiSeq instrument to report chemical reactivities of an RNA molecule that can then be
used to shed light on structural features at single nucleotide resolution. A detailed
illustration of the experimental steps taken for SHAPE-Seq is provided in Figure 4.1.
Initially, flexible 2" hydroxyl groups along an RNA molecule are acylated by an
electrophilic reagent, or SHAPE reagent. Selective modification of an RNA molecule is

highly correlated to 2" hydroxyl availability to the SHAPE reagent as a result of local

36



Figure 4.1 SHAPE - sequencing flowchart
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Figure 4.1 A flowchart illustrating the experimental steps taken to generate a
SHAPE-seq cDNA library for in vitro selected RNA libraries. First, full length RNAs
are transcribed and purified by gel electrophoresis. A semi-logarithmic titration
from low to high concentration of ligand is then prealiquoted into separate tubes
(represented by the solid red lines; boxes indicate one sample along the titration).
The RNA library is then equally divided into these tubes and chemically modified
by a SHAPE reagent (red octagon). Reverse transcription then extends a
SHAPE-RT primer (blue) up to the modification site, generating an RT stop profile
for all RNA molecules in the library. For every sample along the titration, a
single-stranded DNA Circular ligation and PCR step generates illumina compliant
double-stranded DNA. A single end sequencing procedure generates a fastq file
containing the sense (top) strand where the first nucleotide sequenced corre-
sponds to the preceeding nucleotide that was chemically modified.
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hydrogen bonding networks, electrostatic interactions and structural restraints
determined by nearest neighbor interactions. These nucleotides prone to modification
generally include single-stranded regions and highly flexible nucleotides [52]. In turn, the
acylation event generates RNA nucleotide adducts that cannot be successfully read
through by natural reverse transcriptases. This property is exploited by generating cDNAs
that are extended up to the nucleotide immediately preceding the modified nucleotide.
After cDNA synthesis, these reverse transcription stops (RT-stops) are measured by
subsequent PCR amplification and gel electrophoresis [51]—-[53]. It is important to note
that these SHAPE cDNA libraries have previously been shown to be highly reproducible
on deep sequencing platforms, so long as the rate of modification per RNA molecule is
proportional to avoid null or saturated RNA probing that inhibits structural characterization
[50], [541-[57].

A given acylation event along an RNA molecule is dependent on the local structural
arrangement that may make the ribose sugar accessible in three-dimensional space.
Because of this, these sites may become more or less reactive upon undergoing a
conformational change that is required for ligand binding. With this in mind, the ATP and
cAMP enriched RNA libraries were independently probed along a semi-logarithmic
titration for their respective ligands from 1 uM — 10 mM and 1 nM to 1 uM, respectively.
Each sample, or point along the titration, is then prepared for deep sequencing by first
being converted into lllumina-complaint dsDNA libraries using a unique RT primer that
includes an lllumina adapter 5’ overhang, represented in blue in Figure 4.1. Each cDNA
sample is then separately subjected to a single stranded DNA circular ligation step and

subsequently amplified using Illlumina PCR amplification primers. Each sample is then
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barcoded with a unique reverse lllumina flowcell primer for reference during file
processing using bioinformatics software.

After obtaining sequencing data, computational methods were utilized to trim, count,
align, and process sequences to bin them into related families based on primary
sequence. Algorithms and procedures to initially process these sequences (including
trimming and alignment against genome sequence databases) were taken from published
approaches that have demonstrated successful transcriptomic analysis of RNA
sequencing data [58]. While a number of these software packages exist for analyzing
such RNA sequence data, these packages are ultimately tailored to specific datasets to
process sequenced total RNA and mRNA sequences, some of which are not required
here [58]-[61]. For this reason, only specific modules from these software packages were
used to assemble a final software pipeline needed to process metagenomic sequencing
data generated in this study. A flowchart consisting of the software programs used to
process deep sequencing data and SHAPE-seq data is shown in Figure 4.2. Note that a
significant portion of these modules and their manuals are readily available online and
can be easily accessed for local execution within a Linux/UNIX shell environment.
Furthermore, because some steps required subtle procedures such as sorting by
nucleotide length, extraction of RT stop counts, and reformatting/transforming sequence
coordinate data into data matrices, in-house programs were written and assembled to
generate the SHAPE reactivity data presented below. Further details pertaining to
differences between deep sequencing and SHAPE-seq software pipelines uses can be

found in the computational methods section.
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Il. Deep sequencing of the metagenomic libraries

Files received from deep sequencing of the naive and enriched DNA libraries were
trimmed and processed by the trimmomatic and cutadapt programs to remove adapter
sequences and reads less than 24 nucleotides in length. Each paired-end deep
sequencing dataset arrived as two files corresponding to sense (read 1) and antisense
(read 2) strands. Input reads, surviving reads, and percent survival after each processing
step for each of these files are reported in Table 4.1. Note that the percent survival values
among each paired end sample set are consistent. This implies successful barcode
assignment for a given sequencing cluster identified on the flowcell by the illumina HiSeq
2500 sequencer. Reads that were unsuccessfully assigned a barcode are ignored and
discarded to avoid assigning sequences that may have originated from other sequencing
samples.

It is important to note, that although each metagenomic library submitted is 300 bps
in length, all DNA deep sequencing reads obtained here are only 150 nucleotide reads.
Furthermore, no sequencing assembly software was used to regenerate 300 bp reads.
Efforts to assemble full 300 bp sequences using such software was inefficient and
unreliable due to the sophisticated sequence-pattern recognition algorithm that ultimately
generated sequences that did not match raw sequence reads provided by the Illumina
sequencer. For this reason, for all deep sequencing data, read 1 and read 2 were
processed individually and treated as separate sequencing jobs.

After trimming of adapter sequences, each sequence file for each dataset was
processed by the fastapatmer-count algorithm to generate a ranked list of sequences in
fasta format. Unlike the original fastq file, this counted fasta file consolidates sequence
duplicates and reports them as a list of unique sequence reads in the order of abundance.
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These reads are then renamed as a series of three numbers as the sequence header
where each number represents an abundance rank number, the number of times the
sequence appeared within the file, and a normalized read per million (RPM) value,
respectively.

One immediate observation was the large discrepancy in RPM values assigned to
top ranking sequences between the naive and both enriched metagenomic libraries. Top
ranking sequences within the naive metagenomic library included highly repetitive
tandem repeats such as telomeric, centromeric, (CA)n, (GT)n, and DNA satellite repeats
but exhibited low RPM values suggesting that these simple DNA repeats are only a small
fraction of total unique reads sequenced. Nonetheless, it should be taken into
consideration that these simple sequence repeats do represent a significant population
bias within the metagenomic library. Interestingly, these repeats were also found in both
the ATP and cAMP enriched libraries at low abundance and low RPM values. This
promising observation indicates successful selective pressure against low-complexity
sequences present within the naive metagenomic library.

To study deep sequencing files corresponding to the ATP and cAMP enriched
libraries, each dataset was further processed by the fastaptamer_cluster module to
distribute reads related by primary sequence. This allowed for counted sequence reads
to be binned into sequence families that differ by more than 10 % or 15 nucleotides. These
families are then arbitrarily ranked and individually written into a new fastaptamer_cluster
fasta file. In addition, family rank number and edit distances from the family seed
sequence is appended to the existing header. Since this is a computationally intensive

process, this procedure was not performed with high sensitivity for the naive
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metagenomic sequencing dataset due to the large diversity of sequences present in that
file. Instead, the naive library fastaptamer-count file was used as a reference to determine
the level of enrichment for a given sequence taken from the fastaptamer-cluster file of the
enriched libraries. Enrichment was calculated by taking the ratio of RPM values for a
given sequence present within the respective enriched and naive sequencing file.

Sequence enrichment = RPMenriched / RPMnaive

Finally, these cluster-ranked sequences were individually threaded into genomic
alignment algorithms (BLAST and UCSC Genome Browser) to determine their genomic
origin using publicly available genome databases. Any significant features, coordinates
and annotated elements found near these mapped sequences were recorded and
studied.

To organize these data, a list of these significantly enriched sequences from both
the ATP and cAMP selection libraries were divided and defined into the following three
groups; exclusive matches, repeat matches, and no alignment (NA). An exclusive match
was defined as a sequence with a single genomic coordinate and high sequence match
within a specific organism. A repeat match is defined as a sequence that is found to have
multiple genomic coordinates usually due to association with a mobile genetic element
but can typically be identified within a specific organism. Note that this category also
includes simple tandem repeat sequences. Finally, NA matches are defined as complex
or simple tandem repeat sequences that have an unknown genomic origin as determined
by alignment tools. For reference, all sequences classified within these groups showed

significant enrichment within their respective libraries and are potential candidates for
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binding affinity assays. Further details including sequence attributes, genomic
coordinates, and sequence were tabulated and are explained below.

Enriched sequences from the ATP-selection were predominantly identified as
repetitive elements and categorized as repeat matches (Table 4.2). Note, that although a
number of these sequences were classified within the ‘exclusive-match’ group, the vast
majority either flank or partially overlap known repetitive elements. High sequence
similarity and specific genomic coordinates indicated for the ‘exclusive-match’ set of
sequences are what distinguishes them from the Repeat and NA groups. Sequences
within the Repeat group are simple tandem DNA repeats and were found to successfully
align across multiple loci and even throughout multiple organisms in some cases. This
result made it difficult to further characterize and study these sequences and were
therefore unheeded. In contrast, sequences in the NA group exhibited a mixture of
characteristics that made it difficult to categorize as either exclusive or repetitive. For
example, most of the NA-group sequences show partial alignment (<50 %) to specific
genetic elements including mouse scfia’ and mouse ERVK using UCSC genome
browser but are completely unrecognized using NCBI BLAST. This may be largely due to
either incomplete assembly of online genomic databases (unlikely in the case for mouse)
or may be an example of sequence divergence within the enriched population. In either
case, this detail remains to be solved.

Clustered sequences from the cAMP-selection were also categorized into groups as
mentioned above (Table 4.3). BLAST and UCSC genome browser alignments showed
that a large fraction of these enriched sequences map to fixed loci within specific

organisms including mouse, zebrafish and green algae. Interestingly, these alignment
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windows show varied levels of conservation across vertebrate genomes and are either
actively processed as mRNAs or belong to known nascent RNAs. For those matches
along highly conserved genes, we performed a gene ontological analysis (Table 4.3d) to
determine if gene products belong to specific cellular signaling pathways. Gene names
and their gene ontology classes are listed in Table 4.3d, along with experimental evidence
taken from genetic model organisms. Interestingly, common classes include DNA-binding
activity and DNA replication mechanisms including centrosomal and mitotic spindle
orientation. These features strongly support evidence in the literature that show that
cAMP regulates cell-cycle progression by upregulating DNA binding proteins and adenylyl
cyclases [62]-[64].

Sequences classified as repeats were, not surprisingly, found to align redundantly
along multiple locations along a given genome with varying similarity scores and were
simply disregarded. NA-group sequences were primarily simple tandem repeats of low
complexity that could not be mapped and were also disregarded for further study.
Altogether, enrichment values for all sequences were significantly larger compared to
those seen for the ATP selection. This observation, in addition to the overall lack in the
number of simple sequence repeats present within the cAMP selection, greatly contrasts
those observations made earlier for the parallel ATP selection. The top four most enriched
sequences from the cAMP selection were used to generate in vitro RNA clones and used
as a reference to produce SHAPE profiles from Apta-Seq data.

To generate clones from these sequencing data for Apta-Seq and in vitro binding
analysis, the sequences from each selection were manually assembled using the read 2

deep sequencing files. Briefly, 3’ ends of read 1 sequences were used to find overlapping
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complementary 3’ ends of at least 30 base pairs from the read 2 (antisense) sequence
file using a text-based search algorithm. Once identified, the 3’ end of read1 was in-silico
extended using the matching read 2 sequence as a template to generate full sequences.
For reference, each sequence that underwent this process is named starting with the
enriched library from which it was derived, and the corresponding enrichment value (i.e.
ATP 336.3). Complete sequences were then re-examined to confirm genomic origin and
subsequently used as a reference to generate SHAPE-reactivity data and tested for

binding activity for their respective target ligands by in vitro column binding.

lll. SHAPE profiles and in vitro binding data

Prior to generating reactivity plots for highly enriched sequences, SHAPE-
sequencing reads were trimmed and processed by the trimmomatic and cutadapt
programs. In total, 1.05 x108 reads were acquired for the ATP Apta-Seq dataset, while
4.57 x10* reads were recovered from the cAMP Apta-Seq dataset. Once adapters and
short reads were omitted, roughly 30 % and 8 % of these ATP and cAMP reads were
suitable for study, respectively. This low yield of processed reads was somewhat
expected because of the necessary steps that were taken to remove self-ligated single
stranded DNAs during library preparation; however, the very low recovery of CAMP reads
was unanticipated. Due to the design of this experiment, RT stops generated by this
primer extension reaction do not generate fully extended cDNAs and therefore amplify as
a distribution of sequences from 70 - 300 bps. Although steps were taken to carefully
remove these self-ligated 70 bp artificial byproducts by gel excision, this step must be
performed for every sample (including other SHAPE-sequencing pools that were

sequenced in parallel) and therefore increases the likelihood of contamination. This fact
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may also explain the survival percentage discrepancies observed between each titration
point along both ATP and cAMP SHAPE-sequencing samples. Unfortunately, due to the
extremely low number of reads recovered for the cAMP dataset, no sufficient data was
available to generate reliable SHAPE profiles for cAMP selection sequences. Instead,
SHAPE profiles presented below were generated for highly enriched ATP selection
sequences.

Apta-Seq reads were aligned to an ATP clone reference sequence on a local UNIX
environment using the bowtie2 alignment algorithm to map RT stops (5’ ends of reads)
along the sequence at nucleotide resolution. RT stop count, map quality scores, and
nucleotide position are written in binary alignment map files generated by the bowtie2 and
Get RT stops program. These files were further processed by additional python software
modules needed to extract RT stop counts with respect to nucleotide positions and to
assemble spreadsheets to generate SHAPE profiles. This process was repeated for every
sequence file corresponding to each concentration of ATP tested. Once assembled in an
excel spreadsheet, these data were normalized and rescaled to generate reactivity
profiles for each candidate aptamer (refer to Fig. 4.2 and methods in Chapter 6 for a
detailed normalization procedure). For simplicity, ATP and cAMP clones discussed below
are named after their respective enrichment value instead of lengthy sequence headers

(Table 4.2 - 4.3).

i. ATP clone - 336.3

Data taken from deep sequencing revealed that ATP clone 336.3 is the most
abundantly enriched clone present within the ATP enriched library. Surprisingly, this clone

was found to have no significant similarity to any known genomic reference sequence. In
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fact, sequence-cluster data show that two of the top five most enriched families, including
ATP 336.3 and 247.33, do not have any similarity to known genomic reference
sequences. This observation was further supported by the fact that the seed sequence
corresponding to the ATP clone 336.3 cluster, was not immediately identified within the
naive metagenomic library. Instead, a related sequence containing a few point mutations
was used as a proxy to estimate the enrichment for ATP clone 336.3. Interestingly, this
related sequence showed a weak alignment match with the mouse genome suggesting
that this sequence may have arisen from a mouse ERV repeat element (Fig. 4.3a). If this
is the case, ATP 336.3 contains repetitive elements that complicates any effort attempting
to determine the genomic origin. Furthermore, not only are ERV elements common in
rodents and mammals, but their ability to transpose across a genomic landscape makes
it difficult to narrow down and even assemble ERV genes due to their highly repetitive
qualities.

Despite this difficulty in sequence alignment, a SHAPE reactivity profile was
generated from Apta-Seq data using the most common (seed) sequence for ATP 336.3.
Normalized stops at every concentration of ATP were rescaled and plotted as a function
of reactivity scores based on accessibility by acylation versus nucleotide position (Fig.
4.3b). Using this approach, a large number of fraction of modified nucleotides mapped to
the 5’ end of the clone. This means that a large number of RT stops were heavily detected
near the 5’ end, and very little stops near the 3' end, suggesting that this profile is heavily
biased despite having already corrected for this (see SHAPE methods). This observation
may be a result of partial similarities to the mouse ERV repeat element because 1) figure

4.3a shows partial alignment to an ERV masker 2) the SHAPE-seq alignment procedure
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Figure 4.3
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masker. b) The SHAPE profile of ATP 336.3
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dent modification. c) ATP clone 336.3 did not
exhibit binding affinity to ATP in an in vitro column
binding assay. No significant band intensity was
detected in elution fraction 1 (E1) by gel electro-
phoresis. (FT-flowthrough, W-wash, E-elution, H -
denaturing wash).
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simply reports matching reads to a reference sequence (ATP 336.3) from a pool of
SHAPE reads representing the entire library. Other highly enriched sequences within this
library have been found to also map with the ERV repeat element in mice with higher
similarity scores (Table 4.2), thereby skewing this dataset. Nevertheless, these data imply
a highly structured 5’ region. C36 and T37 become most accessible for modification at
higher concentrations of ATP. A56 remains protected throughout all concentrations of
ATP, suggesting this nucleotide becomes sequestered during a structural rearrangement
in the presence of ATP. In addition, from 1 uM to 1 mM ATP, G66 remains relatively
exposed to modification, while T67 remains protected. At 3 and 10 mM ATP, this trend at
G66 and T67 is broken, leaving either both positions exposed or protected, respectively.
Even with this observation, however, no robust trend could be extracted for changes in
nucleotide accessibility as a function of ATP concentration.

To determine whether ATP 336.3 was able to bind to ATP in vitro, a simple ATP-
agarose column binding assay was performed. Fractions containing radiolabeled ATP
336.3 RNA taken from this binding assay were ran on a denaturing gel. Autoradiography
and line densitometry analysis in figure 4.3c showed no significant elution of ATP 336.3
RNA from an ATP-agarose column after free-ligand exchange with ATP. This procedure
was repeated three times to reduce any experimental error; however, no significant

binding was detected.

ii. ATP clone - 302.67
ATP clone 302.67 contains a number of irregular (TG)n repeats that are not
immediately apparent. Consequently, this sequence scores fairly low after submission for

genomic alignment. An NCBI BLAST alignment reported a number of poor alignments
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that predominantly map to repetitive elements within the mouse genome. BLAT
alignments of ATP clone 302.67 mapped exclusively as fragmented alignments and were
unevenly dispersed throughout the entire mouse genome. After carefully reviewing the
best alignments, a strong correlation was found between co-localization of ATP 302.67
and ERV mobile elements. One curious example is shown in Figure 4.4a. In this example,
multiple fragmented alignments were observed within the intron of a highly conserved
mouse gene, c1qtnf1. Only partial alignment matches are seen throughout this intron and
overall display very little conservation among vertebrate genomes. Of note, this example
is distinctively different from ATP 336.3, as a simple sequence similarity alignment shows
very little primary sequence conservation. However, this implies that these repeat motifs
are a unique feature to mice and are correlated with ERV insertion sites.

The SHAPE-reactivity plot for ATP clone 302.67 is shown in Figure 4.4b.
Nucleotide resolution for this clone was significantly greater and evenly distributed
throughout the entire sequence, with four major peaks at T70, A124, A151, and A162.
Nucleotide T70 exhibits the most dramatic change in accessibility from low to high ATP.
Nucleotides A124, A151 and A162 remain largely protected at all concentrations of ATP
with the exception of 1 mM and 10 mM ATP at A124. A162 exhibits higher modification
at 3 mM ATP with respect to lower concentrations of ATP, but once again becomes
protected at 10 mM ATP. The apparent unpredictable trend seen here is hard to justify.
One assumption may include that a particular subset of the 302.67 population may
respond to higher concentrations of ATP differently due to a few point mutations. Recall
that the reference sequence represents the most common sequence in that family, and

there is no guarantee that SHAPE-seq reads from other distantly related sequences may
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Figure 4.4

a) ATP 302.67
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Figure 4.4 Detailed overview of ATP clone
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sequence within the same cluster family.
Portions of ATP 302.67 were found to match
an ERV repeat masker within the mouse
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be picked up in this analysis. This is further exasperated by the ERV repeat element that
has, thus far been present in a large fraction of sequences derived from the ATP enriched
library.

The in vitro binding assay for ATP 302.67 is shown in Figure 4.4c. As before,
radiolabeled ATP 302.67 RNA was incubated on an ATP-agarose matrix to detect binding
by elution of free ATP. Fractions collected from this in vitro binding assay were run on a
denaturing polyacrylamide gel and exposed by autoradiography. From this experiment,
no significant band was observed for any of the elution fractions (E1, E2 or E3),
demonstrating affinity for ATP. A densitometry analysis confirms this result, showing
nearly all of the radiolabeled ATP 302.67 unbound before the completion of the second
wash. This experiment was experimentally replicated three times with no significant

changes in the detection of labeled RNA.

iii. ATP clone - 230.5

ATP 230.5 was identified as a simple tandem repeat (CTGTG)n sequence present
along multiple locations within the mouse genome and represents the most highly
enriched sequence from the ATP enriched library, having the best genomic alignment
score. UCSC genome browser alignment against the mouse genome includes both
complete and fragmented genomic alignments throughout chromosome 16. In general,
fragmented alignment matches are a product of the UCSC genome browser tool
attempting to identify query sequences as a partially processed sequence, such as
nascent RNA, matching the reference genome. To get a better understanding of this
repetitive feature, the best alignment match (Fig. 4.5a) was studied for genomic context.

ATP clone 230.5 resides immediately between two (CTGTG)n simple tandem repeats
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Figure 4.5

a) ATP 230.5
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Figure 4.5 A detailed overview of ATP
230.5. This RNA sequence was identified
as a (CTGTG)n simple tandem repeat. a)
An alignment snapshot from the UCSC
genome browser against the mouse
genome suggests that this sequence
naturally exists within a genomic desert
along chromosome 16. b) The SHAPE
reactivity plot shows that ATP 230.5 has
intermittent structural features that are
sensitive to low concentrations of ATP. c¢)
Unfortunately, ATP 230.5 also did not
demonstrate binding affinity to ATP in an
in vitro binding assay. No significant
elution was detected in fraction E1.
(FT-flowthrough, W-wash, E-elution, H -
denaturing wash, B-beads).
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within a region of very low vertebrate conservation. To no surprise, additional (CTGTG)n
repeats are present throughout this region and explain the high number of fragmented
alignments. Furthermore, this region of chromosome 16 is a genomic desert, with the
nearest known annotated RNA / mRNA observed at roughly 50 kbp in each direction from
the coordinates shown in figure 4.5a. These characteristics strongly suggest that any
RNA aptamer present in this region does not participate in cis regulation of gene
expression.

A SHAPE reactivity profile for ATP 230.5 is provided in Figure 4.5b. Nucleotide
reactivity is intermittently dispersed throughout the entire sequence, with the most
significant signal falling within nucleotides 82 — 86 and 121-126 (Fig. 4.5b inset). G84
exhibits the largest positive change in 2' hydroxyl accessibility from low to high
concentration of ATP. This dominant peak suggests that a significant structural feature,
likely a nucleotide bulge, is exposed at concentrations of ATP above 10 uM. Interestingly,
C93 and A97 remain highly protected from acylation across all concentrations of ATP.
T38, A47, C51, and T122 all become accessible to modification above 10 uM ATP.
Altogether this profile suggests that ATP clone 230.5 exhibits changes in structural
features in the presence of low concentrations of ATP. Unfortunately, no strong
correlation between structure and ATP concentration was observed. This is evident by a
seemingly sporadic shift in the magnitude of SHAPE reactivities throughout the RNA,
particularly at position T122 (Fig. 4.5b inset).

To determine whether this structural response to ATP constitutes binding, an in
vitro column binding experiment was performed. Fractions containing radiolabeled RNAs

from this experiment were loaded onto a denaturing gel and developed using
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autoradiography (Fig. 4.5c). From this experiment, no significant binding was detected
within any of the elution fractions. RNA bands corresponding to ATP 230.3 are present in
the first two elution fraction lanes; however, the continued signal decay suggests that this
RNA nonspecifically binds to the ATP-agarose column matrix. RNA with high specificity
and affinity for ATP would have appeared as band with higher density compared to the
preceding wash fractions. Densitometry analysis confirms that this observation is not the

case.

iv. ATP-ERVKRLTR17B

To further investigate whether the high number of mouse ERV repeats found by
deep sequencing alignments were significant, SHAPE-seq data analysis was applied to
the most frequently mapped ERV type observed. On average, ATP selection sequences
that were identified with ERV-like sequences were highly related to the mouse ERVK
RLTR17B element on chromosome 5 in mouse. This ERVK element at this genomic
location represents an ancient viral insertion site evident by flanking simple tandem
repeats and short interspersed nuclear element (SINE). This region consists of a number
of additional repetitive elements including other ERV types, long interspersed nuclear
elements (LINEs), and SINEs and is relatively inactive with only a few uncharacterized
RNA transcripts known to be expressed. Furthermore, the ERVK element is not
conserved in mammals and shows little conservation with other ERV elements within the
mouse genome including active ERV3.

The SHAPE profile against the ERVK RLTR17B element is presented in Figure
4.6. The purpose of this experiment was to determine if RNA encoded within this region

of the mouse genome demonstrated sensitivity to free ATP. In total, an average of 4.5K
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stops were obtained from each ATP titration sample along the ERVK RLTR17B sequence
with a larger distribution of stops towards the 3' end. Although the majority of peaks
remain relatively unchanged, four nucleotides A231, T345, A408, and T433 show ATP-
dependent changes in modification. Nucleotides at position 400-450 are most accessible
at all ATP concentrations indicating a relatively open RNA structure. A408 and T433 show
the most dramatic changes in structural rearrangement from 100 uM to 1TmM. At position
A408, an increase in RT stops are observed together with neighboring nucleotides as
ATP concentration increases. A peak shift is observed from A408 to T407 as well as
sustained levels of acylation at A408 and T409 indicating a relatively open RNA structure
at 10 mM ATP. Similarly, T433 shows the largest change in accessibility at various ATP
concentrations. However, no robust correlation between ATP concentration and
accessibility of A231, T345, A408, and T433 could be extrapolated. This may be due to
an unforeseen bias in both deep sequencing and SHAPE-seq reads due to closely related

ERYV repetitive elements. This deviation is discussed further below.

v. cAMP clone - 669.83

With an enrichment value of 669-fold, cAMP 669.83 is the most enriched sequence
observed from any of the metagenomic in vitro selection experiments performed here.
The cAMP 669.83 sequence is GC-rich and does not contain simple tandem repeats.
NCBI nucleotide BLAST found a 100 % match to the Chlamydomonas reinhardtii genome,
a unicellular eukaryote belonging to the family of green algae. In fact, the entire
assembled cAMP 669.83 sequence was found within the two largest exons of a known
MRNA expressed in C. reinhardtii (Fig. 4.7, red boxes). Unfortunately, the protein product

for this mRNA transcript has yet to be characterized, however peptide BLAST suggests
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that this protein encodes two peptidase domains (white directional arrow, Fig. 4.7) that
co-align with the cAMP 669.83 sequence. The mRNA transcript is 4.4 k nts in length and
contains two repeated sequence segments, each of which contain one predicted
peptidase domain. Alas, this transcript resides in a sequence assembly gap, masked by
small but significant number of simple sequence repeats in this region.

To determine if cCAMP 669.83 alone retained affinity for cCAMP, radiolabeled RNA
was added to a cAMP-agarose column. As before, unbound RNA was removed through
a series of washes, and cAMP — specific RNA was eluted by free ligand exchange. Each
fraction collected from this binding assay was loaded onto a denaturing acrylamide gel
and subsequently imaged by autoradiography. The gel showed ‘sticky’ RNAs adhering to
the cAMP-agarose matrix, evidenced by a consistent band present throughout all the
wash fractions. Densitometry analysis shows that that the first elution (E1) band is slightly
larger than the preceding wash fraction, suggesting that a small number of RNAs were
eluted from the column upon exchange with free cAMP. Despite the subtle peak in elution
(Fig. 4.7b) this result was found to vary slightly during experimental replication and does

not demonstrate robust binding of cAMP 669.83 to cAMP.

vi. cAMP clone - 292.17
cAMP 292.17 is the third most enriched sequence derived from the cAMP in vitro
selection and was found to span antisense to exon 3 of the SIx4 gene on chromosome
16 in mouse using NCBI nucleotide BLAST. A detailed view of this region using the UCSC
genome browser is illustrated in Figure 4.8a. While the gene itself is conserved amongst
most vertebrates, this exon region is only sequence conversed in mice and rats. Six4, or

SLX4 structure-specific endonuclease subunit homolog was first identified in yeast
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Figure 4.6 (continued)
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Figure 4.10 A detailed SHAPE-profile for a dominant ERV (ERVK
RLTR17B) element present within the ATP enriched pool is illustrated
above. To generate this profile, SHAPE-sequencing reads were aligned
onto the a 1.5 kbp window containing the entire mouse ERVK RLTR17B
element using the bowtie2 algorithm. A total of 4.5 K RT-stops were iden-
tified strictly within the 500 bp ERVK element as shown in (a). Four peaks
corresponding to A231, A408, T345 and T433 demonstrated the largest
changes in chemical modification as a result of increasing ATP concen-
tration. Detailed views of these positions are shown in (b). A231, and
A408 show larger reactivity values suggesting that these regions may be
less structured and become more relaxed and flexible with increasing
concentrations of ATP. In addition, T433 shows the largest change in
accessibility at various ATP concentrations; However, no strong correla-
tion between ATP concentration and reactivity could be extrapolated.
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Figure 4.8
a) cAMP 292.17
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Figure 4.8 Detailed overview of cAMP 292.17. Using NCBI BLAST, cAMP
292.17 was found to have high sequence similarity to exon 3 of the mouse
Six4 gene (a). SIx4 is a highly conserved structure-specific DNA endonucle-
ase that has been shown to be involved in DNA repair mechanisms. A
portion of the cAMP 292.17 sequence overlaps the exon of an SIx4 homo-
log present in H.sapiens. Unfortunately, the cAMP 292.17 RNA sequence
did not exhibit affinity for cAMP in an in vitro column binding assay (left).
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(S. cerevisiae) and encodes a protein responsible for recognizing secondary structure
motifs in DNA associated with DNA replication and repair mechanisms.

As with previous clones, CAMP 292.17 was tested for cAMP binding by in vitro
column binding assay. The gel electrophoresis results and a subsequent densitometry
plot for this experiment are presented in Figure 4.8b. Radiolabeled cAMP 292.17 RNAs
were bound and eluted over a series of washed and elutions as previously descripted
(refer to methods). Similar to cAMP 669.83, a small fraction of RNAs were retained
throughout all wash fractions, with only an increase in band intensity in the first elution
(E1) fraction. The densitometry plot suggests comparable densities between wash 3 and
elution 1; however, no robust binding was detected. This experiment was repeated three
times to minimize experimental error, and no significant binding was observed in any trial.
Additional experiments were performed including ATP-agarose and ADP-agarose
matrices, and elution with their respective free ligands. Despite these efforts, no

significant binding events were detected for either target.

vii. cAMP 282.33 and 479.33

A UCSC BLAT alignment window for cAMP 282.33 is shown in Figure 4.9. cAMP
282.33 was identified as a simple tandem repeat unique to the zebrafish genome. Figure
4.9 illustrates one example of cCAMP 282.33 flanked by an upstream copia-6-1 DNA repeat
element and a downstream LTR_DR element. Both of the flanking elements are antisense
to cAMP 282.33 and are highly prevalent throughout the genome. In fact, these repeat
elements flanking cAMP 282.33 are consistent for nearly all matches found in zebrafish.
One exclusive alignment shows that these elements even span homologous loci that

encode conserved genes in other organisms (Fig. 4.9, bottom panel).
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Figure 4.9 cAMP 282.33 alignment against the Danio rerio genome
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Figure 4.9 A snapshot of the cAMP 282.33 sequence alignment from the
UCSC genome browser is shown above. The cAMP 282.33 sequence was
identified as a simple tandem repeat unique to the zebrafish genome. This
sequence is flanked by an upstream copia-6-I DNA repeat element (light
gray) and a downstream LTR_DR element (darker gray), both of which are
antisense to the 282.33 sequence. Oddly, these simple repeat elements
are highly prevalent in this region of the zebrafish genome.

Figure 4.10 Column binding assay using cAMP 479.33
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Figure 4.10 In vitro binding assay results for cAMP 479.33. Radiolabeled
cAMP 479.33 show a sustained level of RNA being washed off the
cAMP-agarose column. Quantification of band density reveals that a small
but detectible signal is observed at the first elution fraction (E1). This small
signal however was difficult to reproduce and was found to be insufficient to
conclude that cAMP 479.33 demonstrates affinity for the cAMP target.
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Despite being the second most enriched RNA sequence, cAMP 479.33 was found to have
no significant genomic alignment match to any organism. Additional genomic alignments
attempts were performed against low-complexity genomic databases with no success,
which indicate that cAMP 479.33 may not be a repetitive element. While no genomic
origin could be assigned, an in vitro column binding assay was performed to determine if
high enrichment was due to cAMP binding (Fig. 4.10). Elution fractions loaded on a
denaturing acrylamide gel showed no significant elution of cAMP 479.33 after a series of
washes followed by free cAMP exchange. Bands quantified by pixel density (Fig. 4.10,
lower panel) show a sustained level of RNAs collected from the fourth wash (W4) to the
first elution (E1), but no large signal is observed for any of the elution fractions suggesting
cAMP 479.33 has little to no affinity for cAMP. This experimental set up was repeated
three times using cAMP-agarose and free cAMP to minimize experimental error; however,

no significant variation to these data were observed.

viii. rRNA alignments

To get a better understanding why repetitive sequences were present within both
the ATP and cAMP enriched libraries, we measured the distribution of sequence reads
that distinctively map to a reference gene containing the large ribosomal subunit
sequence. The large ribosomal subunit which encodes the peptidyl transferase center, is
a highly conserved sequence and is found in every living organism [65]. Furthermore,
rRNA genes are naturally repetitive within a given genome and their copy numbers vary
with no apparent correlation to genome size. This alignment distinguishes whether the

ATP in vitro selection enriched for nonspecific RNA by aggregation (i.e. simple repeat
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sequences) or if selective pressure was applied to specific repeat types, supporting
enrichment of functional RNAs.

To proceed with this analysis, we performed a local sequence alignment of deep
sequencing reads using the bowtie2 algorithm along the D. discoideum 26S ribosomal
DNA reference sequence. This organism was chosen because it has one of the best
annotated genomes and because a high resolution molecular structure of its large
ribosomal subunit is available [28], [66]-[68]. The number of aligned sequences between
the naive and ATP-enriched library were compared using the Integrated Genome
Browser (IGB) visualization software (Fig. 4.11). This visualization software plots the
number of reads as peaks along the reference sequence in the 5'-3' direction where
values above the reference sequence represent reads matching the sense strand, and
those underneath represent the number of matches along the antisense strand. For
convenience, green boxes denote D. discoideum 5.8S and 26S rRNA genes and the red
box represents the peptidyl transferase center. For both the naive library and the ATP
aptamer enriched library, seven 300-bp peaks are intermittently spread throughout the
reference sequence (Fig. 4.11). Of these seven peaks, five major peaks near nucleotide
positions 1000, 2000, 2500, 3500 and 4200 can be seen for both datasets. With the
exception of a small population of sequences at the 3’ end of the 2500 peak, we observed
an overall reduction of sequences in the ATP aptamer enriched library compared to the
naive metagenomic library. This reduction suggests that selective pressure was applied
against rRNA sequences after a few rounds of in vitro selection.

To verify if any of these peaks demonstrated any potential adenosine-binding

activity, we used gene-specific primers to PCR-amplify these specific segments from the
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Figure 4.12
Column binding activity of a sequence derived from a

segment of D. discoideum 26S rRNA

cloned rRNA from cloned rRNA from position 4000-4500 +
position 4000-4500 10 % unlabeled RNA pool
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Figure 4.12 ArRNA segment of the D.discoideum 26S rRNA (taken from
the distribution between position 4000 and 4500 in Fig. 4.11) was ampli-
fied from the ATP aptamer enriched library and tested for column bind-
ing activity. (a) The binding profile of this rRNA sequence alone using
ADP-agarose is shown above (left). No significant ADP binding activity
was detected. (b) Interestingly, in the presence of 10 % (v/v) ATP
aptamer enriched RNA library, a significant elution (right; E1) was
detected after a series of washes (W1-4) using an ADP-agarose column
and ADP elution buffer. ATP binding activity for this specific rRNA seg-
ment supplemented with the enriched RNA library was also observed
but at a reduced level (data not shown).
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enriched library and performed a column binding assay (Fig. 4.12). Similar to
observations made with ATP and cAMP clones above, all cloned rRNA segments did not
demonstrate any specificity to ATP, ADP, or cAMP alone. However, in the presence of
10 % (v/v) unlabeled enriched RNA pool, the cloned rRNA segment between position
4000-4500 weakly bound and eluted off an ADP-agarose column (Fig. 4.12b). This result
suggests that this cloned rRNA sequence alone does not have affinity for neither ATP,
ADP, nor cAMP but demonstrates potential to bind ADP in the presence of the ATP
aptamer enriched RNA library. In a similar assay, binding activity was not observed upon
using a transfer RNA library (data not shown). This observation supports the idea that
specific RNA-RNA interactions contribute towards ADP binding activity for sequences

derived from the enriched library.

IV. Conclusions

In this chapter, deep sequencing and chemical molecular probing approaches were
used to identify and detect structural features of RNAs derived from an in vitro selection.
Firstly, the naive and enriched RNA libraries were sequenced and examined to establish
the most abundant and enriched sequences. Sorting and clustering methods made it
easier to browse and study these sequences to determine their genomic origin and
similarities, if any. As expected, the majority of the naive metagenomic library sequence
reads were highly diverse and are well distributed across any given genome after
performing genomic alignments. However, the most abundant sequences in the naive
library are telomeric and centromeric sequences commonly found in each organism

represented within the metagenomic library. These specific highly abundant genomic

77



repeats were not observed in the enriched metagenomic libraries, suggesting successful
removal of high-frequency starting sequences.

While the enriched libraries do not contain these large numbers of telomeric and
centromeric sequences, other genomic repetitive elements were observed. This may be
explained by the fact that these elements, like the ERV repeat element, are also
commonly found in a number of different organisms and are also slightly enriched within
the naive metagenomic library. As observed in the ATP selection, this initial ERV bias
within the naive library considerably reduced the probability of obtaining a more diverse
family of ATP aptamers by round 5. Nearly 70 % of the sequences recovered by deep
sequencing suggest that they have originated from an ERV element. Altogether, this
means that the ATP in vitro selection required additional selective pressure for ATP
specificity or against ERV-specific aptamers should any non ERV-like sequence be found.
Furthermore, this result contrasts our previous ATP in vitro selection using a human
genomic library, which revealed a smaller fraction of ATP aptamers that partially aligned
with human ERV elements. In this case, at least two adenosine aptamers were enriched
for two different intronic sequences not associated with a known repeat element in
humans. The addition of genomic DNA of various organisms therefore introduces an
additional challenge that may require higher stringency during in vitro selection.

Four dominant ATP sequences were extracted from the ATP selection, all of which
originated from the mouse genome. Of these sequences, ATP 336.33 was the most highly
enriched sequence followed by ATP 302.67 and ATP 247.33. Both ATP 336.33 and ATP
302.67 mapped to segments of a specific ERV repeat masker element type (ERV17B)

using the UCSC BLAT genome browser. While the origin of ATP 247.33 could not be
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identified by NCBI nucleotide BLAST, a sequence alignment using Clustal Omega
revealed that ATP 247.33 is most related to ATP 336.33 in primary sequence with two
20-25 nt segments of high similarity. Additional sequence alignments did not show any
primary sequence conservation between ATP 247.33 and a number of different ERV
types, suggesting that ATP 247.33 may represent either an uncharacterized ERV repeat
or an entirely new sequence from in vitro selection due to low similarity scores and having
ERV-like sequence features. Finally, ATP 203 was characterized as a simple tandem
repeat found in both mouse and zebrafish, with no significant expressed data found near
matching loci.

Due to the high prevalence of mouse ERV matches amongst all these ATP selection
sequences, a SHAPE profile was generated using a mouse genomic ERV sequence as
a reference. The purpose of this was to determine if any valuable structural data could be
consolidated onto a common reference sequence to both minimize ERV biases and to
shed light on structural features of RNAs originating from the mouse ERV genome. A
SHAPE profile against ERV17B revealed a relatively open and accessible 3' end, likely
attributed to a relaxed single-stranded or highly flexible region. Two nucleotides in this
region, A408 and T433, seem to respond to an increase in ATP concentration; however,
no strong correlation was observed due to seemingly sporadic changes in nucleotide
modification. This subtle and inconsistent measurement may correspond to the flexibility
of these nucleotides that are prone to modification due to experimental variations during
RNA annealing. The fact that no flanking nucleotides demonstrate a compensatory in
structural rearrangement by chemical modification indicates that these structural features

are ATP independent.
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Since ERV repetitive elements dominated the selection and were exacerbated by
the large quantity of ERV elements in the mouse genome, isolation of a single RNA
sequence was challenging. It should be noted that even though one of these clones may
have ATP binding activity, it is probable that this gain of function may be a result of ERV
site insertion and integration. This observation has been reported previously from in vitro
selection studies using a human genomic library, and is one example that supports this
argument [13]. In contrast, whether ATP binding is encoded within the ERV-genome
remains to be seen. Deep sequencing data show high similarity to a mouse ERV17B
element located on chromosome 5, which suggests that this may not be the case given
the large number of ERV elements present along the mouse genome.

Repetitive biases were also observed within the cAMP selection. Despite the high
enrichment of C. reinhardtii-related sequences, a noticeable amount of TG and CA
repeats were also measured. The C. reinhardtii genome is GC rich with a large number
of GC-rich transposable elements and simple repeat elements. It is apparent that these
repeats tend to aggregate and were co-enriched as a result of association with the most
abundantly enriched sequence. This factor is a significant drawback during SHAPE-seq
analysis due to the fact that these repetitive elements will interfere with alignment SHAPE
RT stops. Sequence repeats that may actually have arisen from an entirely unrelated
locus, may align with the reference sequence and produce overestimated alignments by
the bowtie2 algorithm. Even though the alignment algorithm takes mismatches and
insertions into account, the low complexity and low information content of these
sequences can significantly skew any SHAPE profile that has a reference sequence with

any simple repeat features. Consequently, this is observed as a stable peak along a
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reactivity plot throughout an entire ATP titration as seen for the cases mentioned above.
To address this issue, a customized stringent alignment score table should be configured
in the bowtie2 alignment program. Doing so will allow the program to align sequences
with reliable base calls and avoid aligning extremely low complexity sequences onto the
reference sequence.

Repetitive sequences aside, several dominant cAMP sequences were identified
from the cAMP in vitro selection library. Interestingly, many of these sequences were
found to align to specific genomic loci with high similarity. cAMP 669.83 was the most
highly enriched sequence taken from the cAMP selection and was matched to a predicted
MRNA transcript expressed in C. reinhardtii with high similarity. C. reinhardtii is a
unicellular eukaryote that resides in soil-dwelling communities and is a model organism
studied for cell cycle and intracellular signaling regulation. Intriguingly, this species of
green algae is known to contain the largest class of cytochrome P450 and guanylyl /
adenylyl cylases [30]. In vivo experimental data provided in literature have shown that
both cAMP and cGMP molecules serve critical functions for mating, nutrient acclamation,
and flagellar function and regulation via intracellular signaling in C. reinhardftii [30].

Unfortunately, assembly and annotation of the C. reinhardtii genome is incomplete,
making it necessary to rely on tools such as the conserved domains database (CCD) to
identify protein domains through evolutionarily conserved protein sequences and
architectures [69]. Using CCD, cAMP 669.83 was found to be related to an mRNA
transcript that corresponds to a predicted peptidase expressed within C. reinhardftii that
belongs to the Ubiquitin-like protease 1 (ULP1) superfamily of proteases. This family of

proteins has been shown to be involved in peptide maturation and cell cycle regulation in
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yeast and have been associated with a variety of viral genomes [70]. Although no direct
evidence has been found for the function of this mRNA in C. reinhardtii, ULP1 has been
shown to be highly conserved in eukaryotes and is closely tied to intracellular signaling
pathways [70]. Nucleotide sequence conservation, however, varies significantly between
homologous ULP1 genes.

In addition, cAMP 292.17 was found to match a portion of exon 3 of sIx4 structure-
specific endonuclease subunit homolog in mouse. This sequence spans the exon of a
homologous gene present in humans and is also present in a large number of vertebrate
genomes. Currently there are 11 known isoforms of SLX4 that have been detected in
mice, the majority of which encode a structure specific DNA endonuclease. The genomic
context of cAMP 292.17 in addition to the diversity of isoforms for this ULP1-like gene is
reminiscent of the TPP riboswitch. Furthermore, intracellular signaling via cAMP has been
shown to stimulate ubiquitin activity in a number of neurological pathways [64], [71]-[73].
This result, however, is further complicated by the lack of in vitro binding data observed
from column binding assays.

No significant ATP-column binding was observed for any sequence obtained from
both ATP and cAMP selections. From these assays, only cAMP 669.83 and cAMP 292.17
exhibited minimal interaction with cAMP showing only 5-7 % elution between
experimental replicates. Aside from these two sequences, no additional sequence
exhibited detectable ATP, cAMP, or ADP binding activity. Interestingly, some binding
activity for clones derived from a segment of the large rRNA subunit was observed upon

reintroducing a fraction of the original enriched library. In some cases, 10 — 16 % binding
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and elution was observed in samples that had 3:1 ratio of radiolabeled clone RNA to
unlabeled pool of RNA derived from the enriched library.

By providing these supplemental RNAs this may also facilitate additional RNA-RNA
interactions that necessitate ligand binding. However, due to the number of potential
interactions, perhaps these ‘nonspecific’ interactions also prevent successful binding
which would explain the high variability (10 -16 %) of binding and elution. If this is the
case, the ligand-binding RNA complex must be able to be isolated using alternative
approaches such as using a gel-shift assay. This prediction is not far-fetched given that
the aptamer domain of the thymine pyrophosphate (TPP) riboswitch requires base pairing

interactions between two distant segments of RNA sequences along the RNA transcript.
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CHAPTER 5

Expression studies of the human adenosine aptamers

l. Introduction

Earlier in vitro selections and structure-based searches revealed two adenosine
aptamers within the introns of the human RAB3C and FGD3 genes. This in vitro selection
utilized a human genomic DNA library as the starting material which was used to enrich
for ATP-binding aptamers [74]. Most recently, deep sequencing analysis of this enriched
library revealed additional adenosine aptamers including the THE 1B aptamer which maps
antisense to a repeat element derived from a sub-family of ERV Mammalian apparent
LTR-retrotransposons [50]. After multiple rounds of selection, re-folded RNA and co-
transcriptional binding assays revealed that the RAB3C and FGD3 aptamers had high
specificity and affinity for ATP with Kgs on the order of ~400 uM [50], [74]. Furthermore,
mapping these sequences against the human genome revealed that both the RAB3C and
FGD3 aptamers reside within sequence conserved regions amongst primates [74].

RAB3C belongs to a large family of GTPases that have been shown to be involved
in vesicular trafficking, particularly in cells with high exocytosis activity such as neuronal
cells [75], [76]. RAB3C is primarily expressed in the brain and within the adrenal glands
at low levels, and mutations within in this family of proteins have been shown to lead to
neurological and developmental disorders such as Warburg Micro Syndrome [77]. On the
other hand, FGD3 belongs to a family of FGD1 RhoGEF (guanine nucleotide exchange
factors) that has been shown to regulate actin cytoskeleton rearrangement in the
processes of cell growth and differentiation [78]. Mutations in the FGD1 family have been

shown to negatively affect these cellular processes resulting in unusual cell shape and
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morphology and have been linked to Aarskog-Scott syndrome (faciogenital dysplasia),
characterized by skeletal and genital abnormalities [78]. Interestingly, both RAB3C and
FGD3 are a part of cell signaling pathways that are ATP and GTP dependent. These
characteristics suggest that their expression may be regulated by the level of ATP
available. In this chapter, we sought to test and explore whether the ATP aptamer
embedded within these genes may constitute a novel mode of genetic regulation by

serving as a small-molecule sensor for mMRNA expression.

Il. RAB3C and FGD3 expression in SH-SY5Y

To gain a better understanding of the biological role of these ATP aptamers, we
sought to understand if expression of these genes, including the aptamer itself, is
responsive to exogenous adenosine. Using SH-SY5Y cell line, we measured targeted
genes and their respective ATP aptamers expression level by gRT-PCR. RNA levels for
each gene and their respective ATP aptamers were measured using total RNA extracted
from SH-SYSY tissue cultures and analyzed by qRT-PCR. The SH-SY5Y cell line was
derived from human neuroblastoma tissue that grows as a mixture of suspended and
adherent cells. Studies have shown that treating SH-SY5Y cell cultures with all-trans
retinoic acid can induce neuronal differentiation by inducing expression of a non-selective
cation channel [79]. Both undifferentiated and differentiated cells have been used to
study neuronal cytoskeleton regulation, Parkinson’s disease, and Alzheimer’s disease
[79]-[81]. Adhered SH-SYSY cells grow in clusters and typically form aggregation islets
that grow both laterally and vertically. Upon adhering, SH-SY35Y cells also exhibit
phenotypic features were observed and recorded over range of adenosine

concentrations.
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SH-SY5Y human neuroblastoma cells were cultured in DMEM/F12, supplemented
with 10% fetal bovine serum (FBS) and 1 % penicillin (10 000 IU/mL)/streptomycin (10
000 pg/mL). The culture was maintained in a 5 % CO:2 incubator with a humidified
atmosphere at 37 °C. Cultures were treated with different concentrations of adenosine
(10 uM to 50 mM) or vehicle control for 24 hours. After incubation, cultures were then
harvested and lysed for extraction of total RNA by Trizol extraction (Fig. 5.1). Normalized
total RNA was reverse transcribed using random decamer primers and M-MLV reverse
transcriptase. Gene-specific primers were used to amplify RAB3C, FGD3, and B-actin
from cDNA samples for quantitative PCR (QPCR). Cycle threshold (Ct) values obtained
from qPCR were plotted against a standard curve for each primer set to determine RNA
levels for each condition. Expression of the housekeeping gene, B-actin, was used to
monitor basal cellular activity. It should be noted that throughout these experiments,
expression data were not normalized to p-actin levels unless otherwise noted. Instead,
segments of the RAB3C or FGD3 mRNA transcripts were used as a reference to
determine intronic aptamer expression as compared to spliced mRNA. A map of the
primer sets used to generate these gene-specific amplicons along RAB3C and FGD3 is
illustrated in Figure 5.2.

Using this approach, we found that the SH-SY5Y neuroblastoma cell line robustly
expresses RAB3C across each condition while inconsistent expression was observed for
FGD3 (Fig. 5.2). This observation is consistent with findings in the literature where

expression levels of RAB3C is 3.9 Transcript Per Million (TPM) and FGD3 is less
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Figure 5.1
Total RNA extraction and preparation
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Figure 5.1 lllustrated above is a flowchart depicting the steps performed to
extract, isolate and purify total RNA from SH-SY5Y after incubation with the
desired small molecule compound. SH-SY5Y were grown to 80 % confluency
prior to harvesting by trypsinization and centrifugation. Total RNA was isolated by
phenol-chloroform extraction and precipitated using ethanol and sodium acetate.
RNA pellets were washed, quantified and normalized to a final volume of 100
ng/pl prior to RT-gPCR. Using gene-specific primersets, Cq values for segments
of RAB3C and FGD3 RNA were measured and plotted against a standard curve.
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Figure 5.2
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than 0.5 TPM in SH-SYSY cell line [82], [83]. A standard RT-PCR amplification followed
by gel electrophoresis shows that the RAB3C 3rd exon — 4th exon spliced mRNA product
is stably expressed at all concentrations of adenosine. In a similar experiment performed
for FGD3, FGD3-specific amplicons were not detected reliable despite multiple attempts
to generate gene-specific primers. With difficulty in FGD3 detection, a time course
experiment was performed to determine if FGD3 expression was dependent on cell-
adherence. To do this, total RNA from SH-SY5Y that was incubated in the presence or
absence of adenosine (1 mM) was extracted at 0, 8, and 24 hours after passaging cells.
Figure 5.2b shows RT-PCR products obtained for FGD3 in this time course experiment.
Amplicons obtained in this experiment do not match the expected size of FGD3-specific
products. At 8 hours and in the absence of adenosine, two amplicons were observed with
the lower one corresponding to the FGD3 aptamer. Interestingly, this band is not
observed in the presence of adenosine. In either case, however, the nonspecific
amplification requires that this experiment be interpreted cautiously. A number of FGD3
mMRNA variants are known to be expressed, and it could be that some of these products
correspond to a larger unprocessed segment of nascent FGD3 RNA. This argument is
weakened by the absence of additional bands that indicate active processing with or
without adenosine. With the lack of sequencing data, the results obtained here for FGD3
RNA expression are inconclusive. For this reason, we focused additional experiments

primarily on RAB3C.

lll. Adenosine-dependent expression of the RAB3C aptamer
To determine whether changes in RNA levels for the RAB3C aptamer could be

observed in an adenosine-dependent manner, two additional biological replicates were
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obtained. Cq values corresponding to the RAB3C aptamer, 3™ exon — 4" exon, and 3’
UTR amplicons were obtained by gqPCR and observed by gel electrophoresis (Fig. 5.3).
Gel analysis showed an inverse relationship in RNA levels between the RAB3C aptamer
and RAB3C 3° UTR amplicons (Fig. 5.3a). At 10 uM adenosine, the amplicon
corresponding to the RAB3C 3" UTR is present at low levels indicated by the faint 520 bp
band (figure 5.3a bottom left panel). Conversely, the 140 bp amplicon corresponding to
the RAB3C aptamer is saturated at 0 and 10 uM adenosine. The intensity of this band
diminishes with increasing concentration of adenosine (Fig. 5.3a, bottom right panel).
Using the RAB3C exon 3™ exon — 4" exon mRNA as a reference for baseline mRNA
expression, the changes in RAB3C aptamer and RAB3C 3' UTR RNA levels were plotted
(Fig. 5.3, n=5). At 1 uM adenosine, both the RAB3C aptamer and the 3’ UTR amplicon
begin to show differences in expression with respect to the upstream mRNA exons. At 10
mM adenosine, a 2-fold increase of the RAB3C 3' UTR was detected by both gPCR and
gel electrophoresis. In comparison, the RAB3C aptamer exhibited a small decrease at 1
mM adenosine and remains relatively unchanged at 10 mM adenosine.

Despite the biological replicates performed, this trend was not found to be
statistically significant and is partly due to the low level of the RAB3C aptamer expression
[84]. gPCR data collected (not shown) showed that RAB3C mRNA is expressed at least
one order of magnitude less than that of actin control; however, the RAB3C aptamer is
expressed ten-fold lower still. In fact, RAB3C aptamer is detected at sub-femtomolar
concentration, creating challenges for total RNA extraction and recovery. In addition, this
analysis does not take into account the expression of upstream RNA, including RAB3C

5" UTR and exons 1 and 2. It is possible that by measuring RAB3C exons 3 and 4, such
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Figure 5.3
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Figure 5.3 RAB3C adenosine aptamer expression analyzed by RT-gPCR.
Total RNA isolated from SH-SY5Y cells incubated in various concentrations
of adenosine were analyzed by gel electrophoresis after gqPCR (a). Cq
values corresponding to the RAB3C aptamer, and 3' UTR amplicons were
normalized against RAB3C 3rd exon - 4th exon mRNA levels. Error bars
above represent the standard error of the mean of 5 biological replicates.
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variant isoforms exons may also exhibit changes in expression with respect to the
upstream exons as a function of adenosine concentration. This was evident while
performing a similar analysis as above, but instead using the RAB3C 2" exon — 3" exon
(data not shown) amplicon as a reference. Strangely, doing so revealed no change in
RAB3C aptamer or 3' UTR expression. While steady expression of the 2"¢ and 3" exons
across all adenosine concentrations was observed, the inverse relationship previously
observed by the RAB3C aptamer and 3’ UTR were not observed suggesting that perhaps
an isoform variant containing the adenosine aptamer is more abundant at low adenosine

concentrations.

IV. Azathioprine and methotrexate screen on SH-SY5Y cultures

If RAB3C aptamer RNA expression is dependent on adenosine concentration as the
previous observation suggests, then these changes should also be apparent with further
reduction in adenosine levels. To test this hypothesis, SH-SY5Y cultures were incubated
with two drugs known to inhibit de novo purine biosynthesis; azathioprine (AZA) and
methotrexate (MTX). Azathioprine is a nucleoside analogue that is a direct inhibitor of the
purine biosynthesis pathway [85]. Methotrexate is a folic acid analogue and a
dihydrofolate reductase (DHFR) inhibitor, which is responsible for de novo synthesis of
nucleosides [86], [87]. For this experiment, 23 nM and 230 nM of AZA, and 7.8 and 78
nM MTX were added to SHSY-5Y cultures to effectively reduce endogenous adenosine
levels. The higher concentrations used for these compounds fall at approximately 10 %
of ICso and were chosen for their minimal effect on cell growth. After a 24-hour incubation,

total RNA was extracted and RAB3C levels were measured using qRT-PCR as before.
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Figure 5.4

Effect of purine-synthesis inhibitors; azathioprine (AZA) and
methotrexate (MTX) on RAB3C expression
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Figure 5.4. A SH-SY5Y RAB3C expression panel in the presence of low and high
amounts of azathioprine (AZA) or methotrexate (MTX) is shown above. The DMSO
vehicle control data is comprised of a biological triplicate, while the remaining sam-
ples represent the best of a biological duplicate dataset. In the presence of AZA,
the ratio between the RAB3C 3" UTR and RAB3C aptamer is reduced compared
to the control. At 7.8 nM MTX, the RAB3C 3" UTR appears to decrease significantly
with respect to RAB3C 3rd - 4th exon, which remains at the same level as found in
the control. These observations apparently agree with the trends observed previ-
ously in the presence of adenosine, however, additional replicates must be
acquired in order to distinguish these observations from speculation.
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Figure 5.4 shows RAB3C RNA levels measured in SH-SYSY after a 24-hour period
in the presence of AZA, or MTX. Note that the DMSO control represents an average of
biological triplicates, while the remaining conditions represent the best data from a
biological duplicate dataset. Furthermore, these data are presented as absolute RNA
levels for each condition (Of note: Input total RNA is normalized prior to RT-PCR). At 23
nM AZA, no change in RAB3C mRNA or in RAB3C aptamer expression is detected
compared to the DMSO control. At 230 nM AZA, however, the aptamer seems to be
present at a higher level compared to the control. Interestingly, the 3 exon — 3' UTR
product exhibits the lowest change in this condition and is consistent with the trend of
expression made previously in the presence of adenosine. This observation is simply
speculative as additional biological replicates are needed. Finally, a sustained decrease
in RAB3C RNA levels were observed for both low and high MTX concentrations. This
result may be due to MTX toxicity, which was repeatedly observed throughout the

experimental trials and by light microscopy.

V. Column binding assay using SH-SY5Y total RNA

To analyze the FGD3 and the THE1B adenosine aptamer binding activities in the
context of the human transcriptome, we subjected total RNA isolated from SH-SYS5Y cells
incubated in either DMSO or 10 mM adenosine to an ATP column binding assay. Total
RNA was equilibrated in binding buffer, introduced to ATP-agarose beads, and washed
with 5 column volumes of binding buffer and eluted with free ATP. Elution fractions and
the last wash were reverse-transcribed using primers specific for FGD3 and THE1B and

subsequently amplified using nested primers by qPCR.
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Figure 5.5 Column binding assay using total RNA isolated

from SH-SY5Y
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Figure 5.5 Binding activity of previously reported THE1B and FGD3 ade-
nosine aptamers [50]. Total RNA was isolated from the human SH-SY5Y
cell line following incubation in the absence (DMSOQO) or presence of 10 mM
exogenous adenosine. Starting with 500 ng of input total RNA, binding of
the FGD3 and THE1B aptamers were measured by performing RT-qPCR
on the last wash and ATP elution fractions. The error bars shown represent
the standard error of the mean of three biological replicates.
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Both FGD3 and THE1B aptamers bound and eluted from the ATP-agarose matrix. This
was observed by detecting at higher levels of RNA within the elution fraction than
preceding wash fraction (Fig. 5.5). Interestingly, the FGD3 aptamer exhibited robust
binding while the THE1B aptamer binding was only detected using RNA isolated from the
SH-SYSY cultures incubated in 10 mM adenosine. This result suggests that both the
FGD3 and THE1B aptamers derived from the human transcriptome have the capacity to
bind ATP, and that binding activity of the THE1B aptamer is regulated by the presence of

exogenous adenosine.

VI. Changes in SH-SY5Y cell structure

One interesting phenotype observed in these experiments was the accumulation of
neuron-like processes when SH-SY5Y was subjected to adenosine and the production of
spheroid clusters while in the presence of AZA. These changes in cell structure were
observed by light microscopy and are shown in Figure 5.6. For this experiment, a
population of cells were monitored over a period of 24 hours in the presence of 10 mM
adenosine or 230 nM AZA. At the initial time point, SH-SY5Y cells are intermittently
dispersed and exhibit an oblong cellular morphology with occasional neuron-like
processes extending from the cell body. Over time and in the presence of adenosine,
these processes become elongated and generate small networks of neuron-like
extensions. In the presence of AZA, however, not only do these processes seem to be
inhibited, but the cell body immediately begins to clump and round up over time then
finally detach from the surface and remain as a purely suspended culture. In both cases,

normal growth can be re-established upon reintroducing fresh medium without adenosine.
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Figure 5.6 ) )
Light microscopy of SH-SY5Y cell culture
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Figure 5.6 The SH-SY5Y cell culture visualized under a light microscope.
Over a 24-hour incubation in the presence of adenosine or azathioprine
(AZA), a series of images were taken using visible light. Striking differences
in cellular morphology were observed. SH-SY5Y cells adopted a more neu-
ron-like cell body in the presence of adenosine (right column), while those
subjected to AZA generated clusters of aggregated spheriods (left column).
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These results suggest that adenosine might play a role in regulating cellular morphology

in SH-SY5Y cells, however, further studies are necessary to draw this conclusion.

VII. Conclusion

In this study, the expression of two naturally occurring adenosine aptamers within
the human RAB3C and FGD3 genes were studied closely. Both aptamers reside within
an intron located near the 3" ends of these genes and are predicted to play a role in
adenosine-dependent regulation of their respective mRNAs. To determine if this is in fact
true, RNA expression was measured by gRT-PCR using a neuroblastoma cell line
incubated at various levels of adenosine and purine-synthesis inhibitors. Using gene-
specific primers for mMRNA and the adenosine aptamers, mRNA levels and their
respective introns were monitored for adenosine-dependent changes.

Unfortunately, consistent FGD3 expression was difficult to ascertain under normal
conditions for the SH-SYS5Y cell line. FGD3 expression was highly variable over each
biological replicate and consistent amplification of nonspecific amplicons made this study
erratic. Recently, other types of cell lines including Karpas-707 or HMC-1, a lymphoid
cancer cell line derived from the bone marrow and peripheral blood, respectively, have
been shown to express FGD3 and can be employed for studying the FGD3 aptamer in
the future [82], [83].

In the case of RAB3C, it was found that RAB3C aptamer expression decreased with
the addition of exogenous adenosine. At the same time, transcripts containing the RAB3C
3" UTR increased in the presence of adenosine, despite consistent mRNA expression up
upstream exons measured at various adenosine conditions. Preliminary data using AZA,

a purine-synthesis inhibitor, seem to maintain reduced levels of RAB3C 3" UTR, and
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increased RAB3C aptamer levels. Most importantly, however, this adenosine-dependent
result remains strictly correlational. Further experimentation such as antisense
interference or genetic modification is required to establish if adenosine-aptamer binding
is responsible for this effect. Collectively, these findings are a first step towards

delineating the role of ATP aptamers in gene regulation in vitro.
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CHAPTER 6

Materials and methods

I.  Construction of a metagenomic DNA library
i. Total genomic DNA extraction and preparation

A total of 15 genetic model organisms were gathered to generate a metagenomic
pool. Whole tissues from each organism were used to extract high molecular weight
genomic DNA by crushing above liquid nitrogen using a mortar and pestle followed by
phenol chloroform extraction and ethanol precipitation. Pelleted genomic DNA was
washed with 75 % ethanol, allowed to dry then resuspended in 10 mM Tris-HCI pH 8.0.
Each genomic DNA sample was transferred into a single test tube for adapter ligation
preparation. During library preparation, it is critical that the starting genomic DNA stock
consists of high molecular weight because the DNA will be subjected to sonication for
fragmentation prior to adapter ligation. To maintain equal genomic diversity, C-values, or
the mass number value representing one copy of a given genome, were used to pool the
appropriate amount of genomic DNA. Traditional in vitro selections used a random
synthetic DNA pool of 1x10'® sequences while a metagenomic DNA library comprising of
these 17 organisms has a theoretical sequence diversity of 1x10'° (Fig. 2.1) [3], [5].
Diversity of the metagenomic DNA library can be approximated experimentally by

quantifying initial amplification. This procedure is described further below.

ii. Fragmentation of genomic DNA
High molecular weight genomic DNA from each organism was aliquoted into a

single 0.5 ml Eppendorf tube to achieve a final mass of 3 pg in a final volume of 130 pl in
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10 mM Tris-HCI pH 8.0. This mixture was submitted to the University of California, Irvine
Genomics High Throughput Facility (UCI-GHTF) for fragmentation via sonication. The
UCI-GHTF uses a Covaris S2 acoustic shearer tuned to the appropriate parameters to
shear high molecular weight genomic DNA to 300 bp 100 bps. The efficiency of the
sheared genomic DNA product was verified by running a small aliquot on a 2 % agarose
gel stained with ethidium bromide (Fig. 2.3a). Sheared genomic DNA runs as a smeared

band with the highest intensity near 300 bps.

iii. Repairing genomic DNA ends

Due to nonspecific shearing of dsDNA by sonication, single stranded overhangs
that are generated after sonification are processed to generate double stranded blunt-
ended products. To generate blunt ends, a nucleotide polymerization reaction was
performed using 200 yM deoxynucleotide triphosphates, 50 mM NaCl, 10 mM Tris-HCI
pH 8.0, 10 mM MgCl2, 1 mM DTT, T4 DNA polymerase, and sheared genomic DNA. The
reaction is then incubated at 12 °C for 15-30 minutes. The product was purified using a
DNA binding column, eluted in double deionized water and quantified using a UV-visible

light (UV-vis) spectrophotometer.

iv. Addition of 5" phosphate group onto genomic DNA
DNA ligase requires a nucleotide monophosphate at the 5’ position of the ligation
site. To prepare the genomic DNA for ligation, a 5 phosphate group is added
enzymatically using T4 phosphonucleotide kinase. The following reagents are combined
in a PCR tube and incubated at 37 °C overnight: 70 mM Tris-HCI pH 7.6, 10 mM MgClo,
5mM DTT, 5 % polyethylene glycol 8000, 2 mM spermidine, 200 nM dATP, end-repaired

genomic DNA, 10 units of T4 polynucleotide kinase, and double deionized water. The
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phosphorylated products were then purified using a DNA binding column and eluted with

double deionized water to be quantified by a spectrophotometer.

v. Addition of 3" dA overhangs
To generate complementary cohesive ends needed for efficient for adapter
ligation, deoxyadenosine overhangs are introduced to the 3" ends of the genomic DNA.
This reaction is set up using 15 units of the Klenow fragment of DNA polymerase | (3'-5°
exo-), phosphorylated genomic DNA product, 10 mM Tris-HCI pH 8.0, 50 mM NacCl, 10
mM MgCl2, 1 mM DTT, 100 uM dATP, and double deionized water for a final volume of
50 pL. The reaction is then incubated in a thermocycler at 37 °C for 15 minutes. The DNA

product is then purified and quantified using a DNA binding column and a

spectrophotometer.

vi. DNA adapter design

The DNA library adapter sequences consist of a total of four synthetic
oligonucleotides. The left 5’ adapter (L5A) contains a T7 promoter for in vitro transcription,
a 5 blunt end, and a 3" deoxythymidine (dT) overhang. For ligation purposes, a 5
phosphate modification was added to the complementary left 3’ adapter (L3A) sequence.
Similarly, the right 3' adapter (R3A) contains a 5" phosphate modification, and a 3" blunt
end. The complementary strand (R5A) was ordered with a 3" dT overhang. In addition,
the following requirements were considered during adapter design: adapter sequences
should not be complementary so that they do not interfere with directional ligation of DNA
and these sequences should not form primer dimers or amplification byproducts during

PCR.
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Left 5’ Adapter (L5A):

5 TAGATCTTAATACGACTCACTATAGGGAGACACTCTTTCCCTACACGACGCTCTT
CCGATCT

Left 3’ Adapter (L3A):
5'GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTCTCCCTATAGTGAGTCGTATTA
AGATCTA

Right 3' Adapter (R3A): GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG

Right 5" Adapter (R5A): CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT

vii. DNA library adapter ligation

DNA oligonucleotides were purchased from a commercial supplier and
synthesized with the appropriate 5" phosphate group as needed to promote DNA ligation.
To prepare for the adapter ligation onto end-repaired metagenomic DNA, each adapter
oligonucleotide was diluted to a final 25 yM stock solution. The ligation reaction was set
up in a clean PCR tube containing the entire volume of the 3" dA genomic DNA product,
50 mM Tris-HCI pH 7.5, 10 mM MgClz, 1 mM ATP, 10 mM DTT, 30 units of T4 DNA
ligase, 3 uL of 25 uM stock adapter solution and double deionized water to a final volume
of 50 ul. After mixing, the reaction was incubated at 16 °C for 30 minutes and prepared

for PCR amplification using a DNA purification kit.

viii. PCR amplification
After ligation of the library adapters, the DNA products were amplified using

standard PCR. To maintain sequence diversity, the entire (purified) adapter ligated DNA
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product from the previous step was used to set up a PCR reaction containing: 10 mM
Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl2, 200 uM dNTPs, and 2 uM of both forward
and reverse primers (L5A and R5A). During PCR, an aliquot was collected at every four
cycles for a total of 6 fractions over 24 PCR cycles to prevent excessive amplification of
nonspecific byproducts. Each of these fractions was then visualized on a 2 % agarose
gel for density analysis. For steps requiring gel excision for size-selection, amplicons
corresponding to the desired length were excised using a nuclease free razor from a Sybr-
gold stained agarose gel. The excised gel pieces were eluted in 300 mM KCI overnight,
precipitated in 100 % ethanol, pelleted by centrifugation, and washed in 75 % ethanol.
DNA pellet was resuspended in 10 yl 10 mM Tris-HCI, pH 8.0. To recover the excised
fragments, re-amplification by PCR was performed to verify the size and molecular weight

of the desired product.

viiii. Sequence diversity measurement

Sequence diversity was estimated using the band intensities generated by the
PCR procedure mentioned above. The 6 fractions collected, which pertain to a 4-cycle
fractionation series of a 24-cycle amplification of the metagenomic library, were loaded
onto an ethidium bromide agarose gel along with a loading control and a standard (Fig.
2.3b). Using ImagedJ software, pixel densities were extracted for the 300 bp amplicons
and the loading control. Using the known mass value for the loading control, a molar
quantity was estimated for the metagenomic library amplicon and corrected for sample

dilution. Approximated mass values were then used to extrapolate the starting amount of

DNA molecules by assuming efficient logarithmic amplification of 2”, where n represents

the number of cycles, and using Avogadro’s constant.
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Il. Enrichment of RNA aptamers from a metagenomic library
i. Transcription

To prepare for round one of in vitro selection, a transcription reaction was set up
containing 4 mM unlabeled rUTP/rGTP/rCTP, 250 uM unlabeled rATP, 3 nM a 3?P-labeled
rATP, 16 mM MgCl2, 10 % DMSO, 2 mM spermidine, 10 mM DTT, 0.01 % Triton-x, 40
mM Tris-HCI pH 8.0, 10 pl of purified metagenomic DNA, and one unit of T7 RNA
polymerase. Transcription reactions were incubated at 37 "C for 3 hours and purified by
polyacrylamide gel electrophoresis (PAGE) in the presence of 7 M urea. Bands
corresponding to the full-length transcription products were excised and eluted over 3
hours in 300 mM KCI solution. An RNA pellet was collected after ethanol precipitation in
the presence of glycoblue at -20 °C by centrifugation at 15000 g for 10 minutes. Pellets
were washed three times with 75 % ethanol, dried, and resuspended in 50 pl of 1x binding
buffer (BB) containing 140 mM KCI, 10 mM NaCl, 5 mM MgCl> and 20 mM Tris-HCI, pH
8.0. To ensure a large sequence diversity, round 1 of in vitro selection was performed
using larger volumes (i.e. 500 ul transcription, 100 pl fractions). Subsequent rounds of

selection were scaled down to 50 pl transcription volumes and 50 pl fractions.

ii. In vitro selection
C8-linked ATP-agarose beads, commercially available from Sigma Aldrich, were
resuspended in 10 mM Tris-HCI pH 8.0 to a final concentration of 1 mg/ml. To prepare
the beads, 30 ul of 1 mg/ml ATP-agarose beads were aliquoted onto a Spin-X spin-
column and pre-equilibrated in 1x BB. All centrifugation steps for bead equilibration, and
fraction collections were performed on an Eppendorf tabletop centrifuge at 2K x g for 1

minute. Fractions for selection were performed as follows; resuspended RNAs were
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aliquoted onto pre-equilibrated ATP-agarose beads and allowed to incubate at room
temperature on a 3D rotator for 20 minutes to promote binding. This first flow-through
fraction was collected by centrifugation and aliquoted into a clean PCR-tube. Next, ATP-
agarose beads were resuspended in 50 pl of 1x BB and allowed to incubate on a 3D
rotator for 5 minutes. These wash steps were repeated four times and individually
collected into clean PCR-tubes. To collect elution fractions, ATP-agarose beads were
resuspended in 50 pl of 1x elution buffer (EB) containing 5 mM ATP, 140 mM KCI, 10 mM
NaCl, 10 mM MgCl2 and 20 mM Tris-HCI, pH 8.0 and allowed to incubate for 30 minutes
on a 3D rotator at room temperature. After collecting a total of 4 elution fractions, ATP-
agarose beads were then presented with a harsh elution buffer containing 7 M urea and
allowed to sit for 5 minutes before collecting in a clean PCR-tube. The remaining ATP-
agarose beads were resuspended in 1x BB and collected into a clean PCR-tube.
Radioactivity present within each fraction was then measured using a liquid scintillation
counter and reported as CPM. To determine the fraction of eluted RNAs within a given
selection experiment, the sum of the eluted fractions (CPM) were divided by the CPM
sum of all fractions collected. After each round, CPM data is then reported as a fraction

of RNAs eluted over each successive round.

iii. RT-PCR
Selected RNAs were subjected to reverse transcription (RT) by combining all four
elution fractions in a 0.5 ml Eppendorf tube and precipitated with 100 % ethanol at -20 °C
overnight. After centrifugation at 15000 g for 10 minutes, the RNA pellet was washed
three times with 75% ethanol and allowed to dry for two hours at room temperature before

resuspending in 20 pl of double deionized water. 10 pl of the RNA resuspension was
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added to a reverse transcription master mix containing 2 yM metagenomic DNA RT-
primer (AL2093), 200 uM dNTPs, 75 mM KCI, 3 mM MgClz, 10 mM DTT, 50 mM Tris-
HCI, pH 8.3 to a final volume of 20 yl. To promote cDNA synthesis, the above mixture
along with a no RT control were incubated at 90 °C for 30 seconds in a thermocycler to
melt stable RNA structures prior to adding reverse transcriptase. While sitting at 4 “C, one
unit of superscript Il reverse transcriptase was added and mixed by pipetting to the
appropriate sample. To help with extension of difficult sequences, a temperature gradient
over time was programmed as follows: 24 °C for 10 minutes, 40 °C for 50 minutes, 50 °C
for 15 minutes, 55 °C for 15 minutes and finally 70 "C for 15 minutes. The final cDNA
product was then used as a DNA template for PCR amplification.

Using commercially available Dreamtaq Green by Thermo Scientific, 20 ul of the
reverse transcription reaction were diluted into a PCR master mix containing 1x Dreamtaq
Green, 1 uM forward and reverse primers (L5A and R5A). A total of 24 PCR cycles were
performed on a BioRad thermocycler. To avoid excessive amplification of template
cDNAs and to avoid nonspecific PCR-amplicons, the PCR reaction was fractionated by
collecting an aliquot every 4 cycles into a clean PCR tube. After completion of 24 cycles
of PCR, all fractions were loaded onto a 2 % Agarose gel visualized by ethidium bromide
staining. To proceed with the next round of in vitro selection, the amplicon with the least
number of amplification cycles as visualized by agarose electrophoresis was selected to
serve as the starting DNA template for the next round of in vitro transcription. In vitro
selection rounds were repeated until a significant number of radiolabeled RNAs were

detected within the elution fractions of each respective target. At the completion of the in
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vitro selection, the DNA library generated by RT-PCR was used for vector cloning and for
generating deep sequencing libraries.
Metagenomic DNA reverse transcription primer:

5'CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT

iv. Co-transcriptional in vitro selection

For co-transcriptional binding assays, each selection step was modified to take
into consideration the availability of free ATP in the reaction mixture. A 20 pl reaction was
set up containing 40 % (w/v) C8 ATP-agarose beads, 10 uyl of 100 nM purified
metagenomic DNA library, 4 mM rUTP/rGTP/rCTP-mix, 250 uM unlabeled rATP, and 75
nM a3?P-labeled rATP, 16 mM MgCl», 10 % DMSO 2 mM spermidine, 10 mM DTT, 0.01
% Triton-x, 40 mM Tris-HCI pH 8.0. The reaction was mixed by pipetting in a 0.5 mL
Eppendorf tube and allowed to incubate at 37 °C for 30 minutes. Before loading the
reaction mixture on a filter column, 2 units of RNase-free DNase | was added. Fractions
were collected by centrifugation at 2000 g using a clean PCR-tube. After the initial
centrifugation step, four 20 pl bead washes were performed with 1x BB, followed by four
20 pl elution fractions containing 1x EB. A 20 ul harsh elution fraction containing 7M urea
was also collected following the elution fractions. Beads remaining on the filter were

resuspended in 20 pl of 7M urea.

v. Reverse transcription of co-transcriptionally enriched RNAs
To prepare the RNA for reverse transcription, each fraction was resuspended in
gel-loading solution (7M urea, 0.01 % bromophenol blue, 0.01 % xylene cyanol) and
loaded onto a 7 % denaturing (7M urea) polyacrylamide gel. Using a phosphorimager,

gel bands corresponding to the elution fractions were excised and eluted at room
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temperature in 300 mM KCI for 3 hours. RNA was collected by ethanol precipitation and
washed with 75 % ethanol prior to resuspension in RT buffer. The same reverse
transcription steps were executed as previously mentioned in the standard in vitro
selection. Briefly, each elution sample was reverse transcribed using reverse
transcriptase Superscript lll in the presence of 2 yM metagenomic DNA RT-primer. cDNA
products were then PCR-amplified using Dreamtaq Green polymerase and monitored at
every 4 cycles to prevent any over-amplification.

Metagenomic DNA reverse transcription primer:

5'CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT

vi. Vector cloning of in vitro selection libraries

After in vitro selection, the enriched DNA libraries generated during RT-PCR were
further amplified by scaling up PCR protocols in preparation for vector cloning. Similar to
RT-PCR, 2 yL of cDNA was mixed into a fresh 20 yl PCR master mix containing 1x
Dreamtaq Green, and 1 yM of metagenomic DNA primers (L5A and R5A). To facilitate
vector ligation, the DNA product was allowed to incubate for an additional 10 minutes at
72 °C after PCR to ensure full extension of PCR amplicons as well as generate 3" dA
overhangs, which are required for cloning into the pCR 2.1-TOPO vector.

Vector cloning was performed as indicated by the TOPO-TA cloning kit manual
provided by the manufacturer. In summary, 1 ul of fresh PCR product was mixed with 1.6
ng/ul pCR 2.1-TOPO vector in 200 mM NaCl, and 10 mM MgClz. The cloning reaction
was incubated for 5 minutes at room temperature. Commercially available One Shot
TOP10 competent cells were transformed by heat shock using a 42 “C heat block for 30

seconds and immediately replacing the cells on ice. After recovering the transformed
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TOP10 cells by adding 250 pl of S.0.C. media and shaking at 200 rpm for 1 hour in a 37
°C incubator, 100 pl of the culture was plated onto pre-warmed (Luria-Bertani) LB agar
culture plates containing 40 mg/ml X-gaL, and 50 ug/mL kanamycin. Agar plates were
incubated in a 37 “C incubator overnight and screened for blue or white colonies. A total
of 48 white colonies, which are indicative of a successful transformation of recombinant
DNA, were picked for long term storage by resuspension in 50 % glycerol and 50 % S.O.C
media. These glycerol stocks were stored at -80 °C and used for culture inoculation for

plasmid preparation and colony PCR.

vii. Sanger sequencing

To prepare clones for sequencing, each colony was used to inoculate LB liquid
media containing 1 mg/ml kanamycin. Each culture was then incubated on a 37 “C shaker
for 6 hours before lysing and and extracting plasmid DNA using the Qiagen Miniprep Kkit.
The concentration of purified plasmid DNA was determined using a UV-vis
spectrophotometer and were used for subsequent dilution into a sequencing reaction. All
Sanger sequencing reactions were submitted to the Genewiz sequencing facility. Each
sequencing reaction was premixed prior to submission and contained: 50 ng/ul plasmid
DNA, and 25 pmol of M10 (pCR™2.1-TOPOQ) primer in a total of 15 pul. After submission,
sequence traces were downloaded from the Genewiz website to be analyzed and
mapped onto the pCR™2.1-TOPO vector map using the Snapgene vector mapping
software. This software allowed for extracting the recombinant DNA sequence of interest
corresponding to a clone of interest obtained from in vitro selection. These sequences

were saved as fasta format files for downstream analysis using NCBI-BLAST.
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viii. Colony PCR and column binding assays

In a 20 yl PCR tube, the following reagents were prepared for colony PCR: 10 pl
of 2x Dreamtaq Green, 1 uM final of metagenomic library primers (L5A and R5A), and
approximately 0.5 ul of colony DNA (glycerol stock). As before, all PCR cycles were
performed with a 63 "C annealing step and 1-minute extension periods. In addition,
fractions were collected over every 4 cycles to prevent amplification of DNA byproducts.
All fractions were visualized on a 2 % agarose gel stained with ethidium bromide.
Amplified DNA from this PCR reaction were used as a template for in vitro transcription
and subsequent column binding.

To prepare RNAs for column binding, radiolabeled RNAs were first gel purified on
a 7 M urea, 7 % polyacrylamide gel ran at 20 watts for one hour to remove free ATP.
Radiolabeled RNAs were imaged by autoradiography and excised from the gel. Gel bits
were eluted in 300 mM KCI, shaking for three hours and precipitated with 100 % ethanol.
Pelleted RNAs were carefully washed with 75 % ethanol and dried over two hours before
re-suspending them in double deionized water. Alternatively, radiolabeled transcripts
could also be passed through a 500 pyl G50 Sephadex column equilibrated in 1x BB to
remove free ATP. This Sephadex procedure was occasionally employed as an
experimental alternative during optimization.

Column binding began by first equilibrating 30 ul of 10 mg/ml ATP-agarose beads,
cAMP-agarose beads, or ADP-agarose beads by washing three times with 30 pl with 1x
binding buffer (BB) containing 140 mM KCI, 10 mM NaCl, 5 mM MgClz, and 20 mM Tris-
HCI, pH 8.0. Depending on the experiment, RNA was added to the beads in one of the

following ways: 1) resuspended RNA was worked up in the presence of Mg?* by adding
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10x BB and then transferred onto the beads. 2) resuspended RNA was worked up in the
presence of Mg?* by adding 10x BB then heat annealed at 70 °C for 1 minute and allowed
to cool to room temperature for 5 minutes before being transferred onto the beads; or 3)
resuspended RNA was worked up in the presence of Mg?* by adding 10x BB, heat
annealed at 70 "C for 1 minute and immediately transferred onto the beads and allowed
to cool to room temperature. In each case, the RNA-agarose bead mixture was allowed
to incubate at room temperature for 10 minutes prior to collecting the first flow-through
fraction in a clean PCR tube. The column was then washed four times with 30 pl of 1x BB
and collected in clean PCR tubes. Bound RNAs were then eluted over a series of four 30
ul fractions with 1x EB. Any remaining RNAs that may be present after elution were then
denatured and collected in a clean PCR tube using 7 M urea. All centrifugation steps for
fraction collection were carried out on an Eppendorf tabletop centrifuge at 2k x g for 1
minute at room temperature. Fractions were then subjected to either gel electrophoresis

and visualized by autoradiography or counted with a liquid scintillation counter.

lll. Structure probing and deep sequencing of RNA libraries
i. Selective hydroxyl acylation and analysis by primer extension (SHAPE)

To prepare the RNA for acylation, an in vitro transcription reaction was set up as
described previously to generate full length RNAs from a DNA library. To do this, the
following components were mixed in a 0.5 mL Eppendorf tube and incubated at 37 °C for
1 hour: 4 mM rNTPs, 16 mM MgCl2, 10 mM DTT, 10 % DMSO, 2 mM spermidine, 10 mM
DTT, 0.01 % Triton-x, 40 mM Tris-HCI pH 8.0, and 5 ul of library DNA from a fresh PCR.

RNA products were purified by denaturing acrylamide electrophoresis (7 % urea-PAGE),
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eluted with 300 mM KCI for 3 hours and precipitated using 100 % ice-cold ethanol. Pellets
were washed three times with 75 % ethanol and allowed to dry over two hours. Once
dried, the RNA pellet was resuspended in 30 pl of nuclease-free double deionized water
and placed on a UV-vis spectrophotometer to determine the final concentration.

To prepare for acylation, a separate set of 0.5 ml Eppendorf tubes were prepared
as a titration of each free ligand previously used in the selection. For example, for the
ATP-enriched RNA library, a set of tubes containing a final concentration of either 100
nM, 1 uM, 10 uyM, 100 uM, 1 mM, and 10 mM ATP were prepared prior to adding RNA.
In a master mix, the RNA library was diluted to 1 yM final in the presence of 1x BB and
heat-annealed at 70 °C for 1 minute. Before adding 50 mM of 2-(azidomethyl)nicotinic
acid acyl imidazole (NAI), the RNA was equally aliquoted over 8 tubes including a no-
acylation control and a no ligand control [57]. Upon adding NAI to each tube, the reaction
was incubated at room temperature for 30 minutes before quenching with 10x reaction
volume using double deionized water. This process was repeated for the cAMP-enriched
RNA library using a titration of free cAMP at 100 fM, 1 nM, 10 nM, 100 nM, 1 uM and 10
MM final.

The acylated RNA products were then prepared for reverse transcription by first
performing an overnight precipitation using 300 mM KCI and 100 % ethanol. After three
successive washes with 75 % ethanol and drying by vacuum aspiration, the RNA pellets
were resuspended in a reverse transcription master mix containing 50 mM Tris-HCI pH
8.3, 75 mM KCI, 3 mM MgClz, 10 mM DTT, 5 mM dNTPs, 500 nM SHAPE-sequencing
metagenomic reverse transcription primer and 10 units of superscript reverse

transcriptase.
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Metagenomic library SHAPE-sequencing reverse transcription primer:
5'AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTGCGGCCGCGTGACTGGAGTT
CAGACGTGTGCTCTTCCG

Following reverse transcription, a single-stranded DNA circular ligation reaction
was set up using the entire volume of the completed reverse transcription reaction. This
circular ligation step is required to amplify the cDNA library corresponding to the acylation
modification events in the previous step by PCR (Fig. 4.1). To set up this ligation reaction,
50 mM MOPS pH 7.5, 10 mM KCI, 5 mM MgClz, 1 mM DTT, 50 yM ATP, 2.5 mM MnCl,
10 pl of reverse transcription cDNA product and 5 units/ul Circligase ssDNA ligase were
well mixed and incubated at 60 °C for 5 hours on a thermocycler. Before PCR
amplification, all reactions were ethanol precipitated once more to collect and wash the
cDNA pellet. Upon re-suspending the cDNA pellet in nuclease-free double deionized
water, this final product was used as a template for PCR in preparation for high throughput

sequencing.

ii. Generating lllumina complaint DNA libraries for deep sequencing
Outlined here are the steps taken to prepare metagenomic DNA libraries for deep
sequencing on the lllumina HiSeq 2500 instrument. It is important to note that the specific
DNA oligos used for this procedure may vary depending on the sequencing platform used.
These differences are attributed to the compatible flowcell chip used for a given
sequencing instrument. The adapter sequences presented here are intended to work for
the metagenomic DNA library described above and the flowcell chip model used for deep

sequencing using the lllumina HiSeq 2500 sequencer.
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To generate a compatible library for the lllumina flowcell, a two-step PCR primer
extension was performed prior to sample submission. Buffer conditions for each PCR
step can be found in the RT-PCR methods mentioned above. For all PCR amplification
steps, a 50 pl reaction was set up using Dreamtaq Green supermix with a universal
forward primer. For the first PCR step, the universal forward primer and a library-specific
reverse primer were used. These primers include the primer-binding site required for
sequencing both sense and antisense strands. In addition, this step also standardizes all
samples for the barcoding step (step 2). If required, the amplified products from step 1
PCR can be pre-purified at this step before proceeding to step 2 to exclude self-ligated
DNA artifacts that may have been introduced from the single-stranded ligation step during
SHAPE-reverse transcription and ligation. For step 2, each sample is then primer
extended and amplified using a unique reverse primer that corresponds to a pre-assigned
barcode. The barcoding reverse primer is provided below where N’s represent the 6-
nucleotide assigned barcode. With this barcode assignment, the sequencing reads can
be binned and analyzed independently by experimental condition. In other words, a
unique barcode can be assigned to a specific enriched DNA library or a specific ligand
titration experiment for SHAPE-sequencing. Prior to submitting barcoded DNA libraries,
the final PCR-extended amplicons are first visualized by gel electrophoresis, pooled, then
further analyzed by qPCR to ensure proper amplification. After confirmation, the pooled
sample is then submitted to the sequencing facility.

Universal forward primer:
5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCT
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Metagenomic library — specific reverse primer (step 1 reverse primer):
5'GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Barcoding primer (step 2 reverse primer):
5'CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCT

CTTCCG

IV. Computational analysis of SHAPE and deep sequencing reads
i. Computer Hardware Requirements

Scripts, programs and data visualization software were run on a desktop computer
equipped with an AMD 2.4 Ghz quad-core processor with 8 Gb RAM running the Ubuntu
16.04 LTS operating system. All steps, with the exception of tabulated spreadsheets,
were executed using the Linux/UNIX bash terminal and the Python 3.6.1 programming
language. When appropriate, computationally intensive algorithms were executed on the
UC Irvine High Performance Cluster (HPC) using Sun-Grid Engine compatible scripts to
call alignment and trimming programs. Data files produced by the HPC were then
transferred to a local desktop server for long-term storage and downstream processing.
In addition, structure probing modules from The Galaxy Project (www.usegalaxy.org)
online server were used to access RT-stop data and generate SHAPE reactivity datasets
[88]. Trimming, alignment of reads, and generating SHAPE reactivities are described in

further detail below.
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ii. Removing synthetic adapters from sequencing reads

To remove artificial sequences introduced by library and deep sequencing
preparation, two pattern-searching algorithms, encoded by the trimmomatic and cutadapt
programs, were used to systematically remove metagenomic DNA adapter sequences
and self-ligated DNA artifacts. Both programs are readily available online and can either
be loaded onto The Galaxy Project online server or downloaded for execution on a local
server. The timmomatic and cutadapt programs use flexible pattern-searching algorithms
that can identify, modify, remove, or extract a user-provided sequence pattern from a
sequencing read file. Both programs iterate over a user-provided deep sequencing file
based on two different pattern-searching computational theories [89], [90]. The
trimmomatic program searches for patterns that match a user-provided adapter sequence
file and accounts for differences of up to 10 % mismatch. The program scans sequencing
reads in the 5’ to 3' direction and removes matching segments such that the overlapping
sequence and any upstream sequence is removed from the sequence read. This
generates a list of downstream truncated sequence reads of variable length that are
further processed by cutadapt.

While this is a very efficient process, this sometimes results in truncated reads that
are less than 20 nucleotides in length and are not desired for generating downstream
alignments. The cutadapt program was used omit these short sequences and additional
artificial sequences introduced by RT read-throughs due to circular ligation (Fig. 4.1). The
command lines provided below were executed to remove sequences that match the user
provided DNA sequence. Conditional argument descriptions can be within the respective

user manuals [89], [90]. In summary, both algorithms require a minimum overlap of 25
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nucleotides and recognize sequences with up to a 10 % mismatch. This process
generates a list of downstream sequence reads of variable length referred in the text as
trimmed sequence reads (Fig. 4.2). A statistical report containing a detailed summary of
processed reads are reported Table 4.1.

Trimmomatic command line:

java -jar /data/apps/trimmomatic/0.35/trimmomatic-0.35.jar SE -phred33 -trimlog

READ1-trimlog.txt READ1-Sequences.fastq READ1-trimmed.fastq

ILLUMINACLIP:READ1-adapters.fa:2:30:8,
Cutadapt command line:

cutadapt -b GGGCAGACGTGCCTCACTAC --discard-trimmed -m 25 -0

READ1-trimmedandcut.fastq READ1-trimmed.fastq

iii. Counting and clustering sequence reads.

After adapter trimming, the fastaptamer count and clustering programs were used
to consolidate redundant sequencing reads into a counted fasta file. These fastaptamer
programs are a part of the fastaptamer toolkit pipeline designed examine sequencing
data, and can be downloaded from GitHub or The Galaxy Project online server [88], [91].
The fastaptamer count and clustering algorithms were used to count, normalize, rank
unique sequences by abundance, and cluster sequences into related families [91]. Seed
sequences, or the most abundant sequence taken from each family, were used for
genomic alignments using the NCBI nucleotide BLAST server to determine the organism
from which they were derived. These results are reported in Tables 4.2 and 4.3. Because
the clustering algorithm is a computationally intensive process, clustering was only

performed for the deep sequencing reads corresponding to the enriched DNA libraries.
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Due to high sequence diversity, clustering of the naive metagenomic library deep
sequencing reads was not efficient.

fastaptamer count command line:

astaptamer count -i READ1-trimmedandcut.fastq -o /READ1 trimcounted.fasta

fastaptamer cluster command line:

astaptamer cluster -i READ1-trimcounted.fasta -d 15 -0 READ1-clustered.fasta

iv. Sequence searches and enrichment calculations
To determine sequence enrichment, seed sequences highlighted by the
fastaptamer clustering algorithm were identified within the naive metagenomic library
using text-based searches. This was done to extract the reads per million (RPM)
normalization value required calculate enrichment values from the sequence header (for
additional information, refer to the fastaptamer cluster user manual). To retrieve the RPM
values, the Global Regular Expression Print (grep) function was invoked in a Linux/UNIX

terminal shell for every clone as follows:

grep -B 1 AGATCGG READ1-clustered.fa

where AGATCGG represents the subject query (i.e. clone sequence), ‘-B 1’ denotes
retrieval of the preceeding line containing the sequence header, and READ1-clustered.fa
is the input text file for which the search algorithm is iterated over. Matches are
immediately printed to standard output and can be copied into an excel spreadsheet.
Once RPM values were obtained from both the naive and the respective enriched library

for each clone, enrichment was calculated:

Sequence enrichment = RPMenriched / RPMnaive

119



v. Alignment of SHAPE and deep sequencing reads.

Sequence alignments were generated using the bowtie2 version 2.3.2 software.
Bowtie2 is a well-established and flexible alignment program that has been used in many
applications including ChlP-seq and RNA-seq [92]. The program features modes of
permissive, strict, and custom alignment scoring parameters depending on the quality of
the input sequencing reads. Bowtie2 generates binary alignment map (BAM) files, which
contain sequence read identifiers, map coordinates along a reference sequence,
alignment quality scores, mismatching nucleotides, and even base-call quality scores
from the Illumina sequencer (fastq input required).

For deep sequencing alignments, such as those performed on rDNA reference
sequences, we threaded trimmed sequence reads into the bowtie2 program using the
default strict (local) alignment parameters. Under these constraints, reads with
differences greater than 10 % are ignored and all matching sequences must exhibit 90 %
match identity with the reference sequence. These details and how they are implemented
in the command line can be found in the bowtie2 user manual [92].

For SHAPE-sequencing reads, enriched sequences identified in Tables 4.2 and
4.3 were used as reference sequences. Trimmed SHAPE-sequence reads were aligned
using the bowtie2 program using the default permissive (soft) alignment parameters.
Here, the 5’ and 3’ ends of sequence reads are soft-trimmed to achieve the best possible
match identity with the reference sequence. This alignment mode, however, still requires

90 % match identity, and a minimum of 25 matching nucleotides. Sequences that have
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been soft-trimmed also display a reduced alignment score which can be observed using
the visual graphic interface described further below.

Bowtie2 local (strict) alignment command line:

bowtie2 --local -N 1 -x /reference-index.dna -U /READ1-trimcounted.fa -S

READ1-aligned.bam

Bowtie2 default (soft) alignment command line:

bowtie2 -N 1 -x /reference-index.dna -U /READ1-trimcounted.fa -S/ READ1-

aligned.bam

vi. Visualization of sequence alignments

BAM files were visualized using the Integrated Genome Browser (IGB), an open
source genome visualization tool [93]. The IGB can automatically call full sequence
assemblies from a genomic database available on an online server to be loaded for
whole-genome alignment files. In addition, BAM files containing sequence alignment data
can also be loaded separately onto the IGB. The user-friendly interface allows BAM files
to easily be loaded directly onto the IGB. In the visualization window, BAM alignment data
is presented on an abundance (y-axis) versus reference coordinate (x-axis) bar graph
(Fig. 4.11). Data points from these illustrations can be extracted, if needed, as tabulated

values in a text file.

vii. Normalization and calculation of SHAPE reactivities
To extract RT-stop values from SHAPE-sequencing reads, BAM files were
uploaded onto the Galaxy server and passed through the GetRTstops module. Briefly,
this module generates a list of tabulated values consisting of RT stop frequency for every
nucleotide position along the reference sequence. Table values are downloaded from the
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server and transferred onto an Excel spreadsheet using the transform_stop_counts.py
program for statistical analysis.

For each dataset, raw RT stop values were first normalized to the mean of the 95
percentile values. RT-stop values along the first and last 30 nucleotides of the reference
sequence were excluded to omit RT biases. Reactivity is defined as the difference in RT
stops for a given position in the presence of the SHAPE-reagent to that of background
RT stops (No SHAPE-reagent) control.

Reactivity = RTstops (nal) — RTstops (pmso)
Reactivity scores are adjusted on a scale from [-1, 1] by setting the top 5 % of values to
1 and the bottom 5 % of values to -1. On this scale, negative values correspond to
nucleotides protected from chemical modification compared to natural RT stops

(background), while positive values denote accessible nucleotides.

V. Cell culture expression assays

i. SH-SY5Y cell culture preparation
The SH-SY5Y cell line was thawed from cryo-preservation and seeded onto
separate T-75 culture plates with DMEM media containing 10 % Fetal Bovine Serum
(FBS), 10 % Amphotericin B, and 10 % penicillin / streptomycin. The culture was
maintained in a 5 % CO2 incubator with a humidified atmosphere at 37 °C. Using a
cytometer, cell cultures were passaged appropriately to achieve 80 % confluency on the
day of the experiment. The addition of 2 % DMSO + 10 mM adenosine was presented to

adhered confluent cells one day prior to total RNA extraction.
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ii. Total RNA extraction

Total RNA was harvested from SH-SYSY using commercially available Ambion
Trizol Reagent. All total RNA isolation steps were performed as listed in the provided user
manual. Briefly, adhered cells were collected by washing each culture dish with 750 pl of
Trizol Reagent and collected into a fresh 5 ml Eppendorf tube. 200 ul of chloroform was
added to each sample to allow for phase separation. Extraction of the aqueous later was
followed by RNA precipitation using 100 % isopropanol. The total RNA was pelleted by
centrifugation and washed using 75 % ethanol prior to resuspension in RNase-free
ddH20. Once resuspended, total RNAs were treated with DNase | to remove genomic
DNA. The TRIzol extraction procedure was then repeated for all DNase | — treated total

RNA samples to avoid protein contaminants for RT-qPCR.

iii. RT-qPCR of total RNA extracts

Prior to gqPCR, purified total RNA was quantified by a UV-vis nanodrop
spectrophotometer and normalized to 100 ng/ul. A 10 ul reaction containing 500 uM
dNTPs, 75 mM KCI, 3 mM MgClz, 10 mM DTT, 50 mM Tris-HCI, pH = 8.3 and 1 uM
random decamer oligos (N+o reverse transcription) were well mixed and transferred to a
thermocycler. To promote cDNA synthesis, the above mixture along with a no RT control
were incubated at 90 °C for 30 seconds to melt stable RNA structures prior to adding
reverse transcriptase. While sitting at 4 “C, one unit of Murine-MLV reverse transcriptase
was added and mixed by pipetting to the appropriate sample. To help with extension of
difficult templates RNA was incubated as follows: 24 °C for 10 minutes, 40 "C for 50

minutes, 50 "C for 15 minutes, 55 °C for 15 minutes and finally at 70 "C for 15 minutes.
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The final cDNA product was then diluted 10-fold with double deionized water and used
as a DNA template for gPCR.

For gPCR, white low-profile 96-well plates were used on a BioRad CFX connect
real-time PCR detection system. First, a qPCR master mix containing 1x BioRad iTaq
gPCR supermix and 300 nM gene-specific primers was premixed in a 0.5 mL Eppendorf
tube. 10 % (v/v) of diluted cDNA product was added to the gPCR master mix then carefully
aliquoted along the 96-well plate on ice. Reactions were mixed by tapping and centrifuged
on a table top centrifuge for 1 min at 1 k x g after being sealed with optically clear

adhesive.

iv. Adenosine, azathioprine (AZA) and methotrexate (MTX) screens
After passage into a fresh T-75 culture plate, SH-SY5Y cell cultures were
incubated until 80 % confluency was achieved. On the day of the experiment, cells were
treated with either; 10 nM, 100 nM, 1 mM, 10 mM, or 50 mM adenosine; 23 nM AZA, 230
nM AZA, 7.8 nM MTX, or 78 nM MTX premixed with fresh DMEM culture media containing
10 % Fetal Bovine Serum (FBS), 10 % Amphotericin B, 10 % penicillin / streptomycin,
and 2 % DMSO. After 24 hours, SH-SYS5Y cultures were harvested for total RNA

extraction and analyzed by RT-gPCR as described above.

v. Light Microscopy
Images were taken using a Nikon D5100 digital camera mounted on an inverted
microscope. Using the 10X objective, the tissue cultures were for adhered or suspended
SH-SY5Y cluster aggregation. Images were taken under the 20X objective under visible

light and processed using the Adobe Photoshop imaging software.
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