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Abstract: RNA degradation kinetics can be used to estimate the age of a biological
sample found at a crime scene. RNA sequencing of transcripts from various tissue types
shows that degradation occurs faster at the 5” end than the 3” end. This discovery led to
the development of the 5°-3 assay, which quantifies and compares each end of a
transcript to estimate sample age. This assay has been validated on dried bloodstains,
however why the 5’ end of the transcript degrades faster than the 3’ end remains
unknown. As this phenomenon is being observed in dried bloodstains, we hypothesize
that chemical modifications of RNA molecules may be playing a role. Increasing
research shows that methylation of RNA molecules can alter the kinetics of RNA
degradation, leading to either increased or decreased transcript stability, dependent on the
RNA binding proteins (RBPs) present. This study aims to investigate the methylation
patterns in forensically relevant transcripts in dried bloodstains via next generation
sequencing (NGS) using Oxford Nanopore Technologies’ (ONT) native RNA sequencing
protocol followed by bioinformatic analysis. We also developed a novel RNA enrichment
technique that utilizes 120 nucleotide DNA probes designed to hybridize to the 5° or 3’
end of a transcript for selected target enrichment. We detected possible modifications on
twelve transcripts sequenced from dried bloodstains, five of which were identified on
more than one sample. Although the results of this study are preliminary due to the lack
of controls for statistical comparison, the duplicate modifications identified strengthens
the overall findings. The results provided here can serve as the basis for future studies
aiming to interrogate the epitranscriptome of forensically relevant samples to further
optimize RNA-based assays for implementation into the field of forensic science.



TABLE OF CONTENTS

Chapter Page
I. INTRODUCTION ...ttt sttt bbb 1
1. REVIEW OF LITERATURE.......coi ittt 4
RINA TN FOTBNSICS. .. .iiuiiiiieiieie ettt e e neesreenaeeneesneeneens 4
NN B LT | - To - LA o] SOOI 5
Chemical Modifications Of RNA ........cooi i 6
NE-MELhIYAUENOSINE ...ttt 7
Mass Spectrometry for RNA Modification Detection ..........ccccceevvveiveneiieeseennnn, 8
Nanopore Sequencing of Native RNA ..o 9
1. METHODOLOGY ..ottt sttt sttt ana s anaenaens 11
Preparation Of BIOOASTAINS ...........coiiiiiiieieie e 11
Targeted MRNA ENFICAMENT ........ccviiiiiiicccece e 11
RNA EXIFACTION ...eviiiieiice ettt 11
DNA Probe Hybridization ...........ccccceeiiiiiiieiece e 13
Bead Capture and Washes ..o 14
POSt-Capture PrOCESSING ......ccvveiieeieiieeiieeie ettt sre e sre e sneas 16
QUANTITICALION ..ot e e nne s 18
Nanopore Native RNA SEQUENCING .......cveiieiieiiecie e 19
RNA EXIFACTION ..ottt nne e 19
Library Preparation ...........ccccceoveiieii e 20
SEBOUEIICING -ttt bbbttt b bbbt 22
Data ANAIYSIS ....cviiiiciic it 23

Vi



Chapter Page

IV FINDINGS ... bbbt b bbb 25
MRNA Targeted ENFIChMENT ..........ooiiiie e 25
Nanopore Native RNA SEQUENCING ......ccviiiiiiiieiesie e 29

SEQUENCING SUMIMAITES ....eeveerveireeiteeeesreesteeeeseesteessesreesaeeeessaesseessesreesseaneessens 29
SEAUENCING RESUILS ... s 31
MOdifICatioN ANAIYSIS......c.eiieiecie e 33
DisSCUSSION OF FINAINGS. ......coiiiiiiiiiisieeeee s 38
MRNA Enrichment Needs Further Optimization ..............cccocvevivviieiieeseeiennnn, 38
Nanopore SequenCing SUMMAITES ........ccereririrerieieie e 38
Preliminary Modification ReSUILS ...........ccccoveiiiii i 39
Degradation of Potentially Modified TransCripts .........cccooevvveverinnenieeseennnnn, 41
FULUIE DIFECTIONS ...ttt bbbt 43

V. CONCLUSION ... .ottt ettt ettt saesne e reeneeneens 45

REFERENGCES ......c.ooe ittt sttt sttt enne s 46

APPENDICES ..ottt ettt ra e e 50

Vii



LIST OF TABLES

Table Page
1- Hybrid Capture Input CONCENTIAtIONS.......ccveiviiiiiiriiiieceee s 13
2- ACTB DNA Probe SEQUENCES ........coiiiiieieiiesie e 13
3- Dilutions for Hybrid Capture BUFTers ... 14
4- Final Concentrations and Purities for Nanopore Sequencing Samples .............. 20
5- Nanopore Sequencing Concentrations and Data OULPULS...........cccvevervrieiieennenn. 29
6- Reference AlIgNMENT SUMMAIIES ........cooiiiiiiiiiiieieseee e 32
7- Transcript Abundance in Descending Order..........cocuvvveeieienenene s 32
8- Transcripts with Potential Modifications............c.ccooviiinieiiie e 33

viii



LIST OF FIGURES

Figure Page
1- ACTB DNA Probe LOCALIONS .......ccciveiiiiiiieiiesiesiesiesi e 13
2- ACTB Enrichment in Fresh BIOOASTaINS ...........ccocoiirininieiiie e 26
3- ACTB Enrichment in Aged BloOdStaiN ...........cccoiiiiiieiiieienc e 27
4- Experimental and Control Sample Comparison ..........cccceeereneieneninisieieeens 28
5- Percentage of Active Pores Throughout Sequencing RuN...........c.cccccovvinnennn. 30
6- Length of Transcripts SEQUENCEM..........ccoiiiiiiiiicierie e 31
7- Approximate Modification LOCALIONS...........ccceiiiiierininieieie e 35
8- S100A9 Electrical Signal PIOTS..........cccoiiiiiiiiiicieeee e 36
9- Overlay of Electrical Signals for 3° S100A9 Modification ............cccccvvviiinennnne 37
10- S100A9 Electrical Signal and Box-and-Whisker Comparison............c..cc.c....... 37
11- Degradation Rates for SI00A8 and S100A9 .........ccccecveveeveiieieece e 42
12- HBB Degradation RAE ..........ccccoiieiieiiiiieiieie e 43



CHAPTER |

INTRODUCTION

Historically, the field of forensic biology has focused on DNA analysis techniques to aid
in criminal investigations, mainly with its use in human identification. However, more recent
research has expanded to RNA and its potential use in a forensic setting. Although a relatively
new area of study, multiple uses of RNA in forensics have already been recognized. For example,
the tissue of origin for an evidentiary sample can be identified using RNA’s tissue specific
expression pattern'. Furthermore, RNA has unique degradation kinetics that have proven useful
in aging biological samples®®. In both instances, RNA can be used to determine the relevance of a
sample to the crime being investigated. Establishing sample relevance is crucial for preservation
of laboratory resources, however much research needs to be done before this technology can be
implemented into the field. More specifically, increased knowledge is needed surrounding RNA’s
complex structure to fully understand the molecule’s unique degradation patterns and how they

can be applied to the field of forensic science.

There are numerous differences between RNA and DNA that allow each molecule to
contribute to criminal investigations in different ways, including but not limited to their chemical
composition and molecular structure. RNA contains a ribose sugar, while the sugar on DNA is a
deoxyribose, which lacks a hydroxyl group on the 2-prime carbon. Furthermore, RNA contains
the base uracil in place of thymine found in DNA. Finally, in contrast to DNA’s double-stranded,

stable structure, RNA is single-stranded and is thus more susceptible to degradation. Due to the



enhanced degradation of RNA in crime scene samples, several investigators have suggested a
correlation between the degradation state of RNA in a stain and the length of time the stain has
existed at a crime scene, also known as the time since deposition (TSD). This can be critical

information in establishing the relevance of a sample to a crime under investigation.

RNA Sequencing data from Oklahoma State University, School of Forensic Science,
provides insights into how RNA behaves in aged bloodstains, revealing that the 5* end of
numerous messenger RNA (mRNA) transcripts degrades at a faster rate than that of the 3’ end®.
This information was subsequently utilized for the development and validation of gPCR assay
capable of aging dried bloodstains®. However, the underlying mechanism responsible for the
observed differential degradation rates at the 5’ and 3’ ends of a transcript remains unknown.
Understanding why mRNA transcripts are behaving in such a way is an imperative next step for
validating assays for sample age estimation, as it will provide increased knowledge to further

explain why RNA degrades as it does in dried bloodstains.

RNA degradation can be affected by external factors such as temperature and humidity’
but may also be influenced by internal features such as chemical modifications to
ribonucleotides®*3. Thus, studying RNA not only requires a basis of knowledge of how it
behaves, but also a set of molecular tools that can aid in interrogating its molecular structure. As
RNA research continues to grow, the number of molecular tools available for analyzing the
molecule also expands. In recent years, the molecular biology field has gained access to resources
that enable researchers to manipulate RNA to focus on transcripts of interest*, as well as apply
next generation sequencing (NGS) techniques to native RNA for epitranscriptomic
interrogation®>1%, both of which are used in the present study to expand RNA research in a
forensic setting. The infancy of these techniques being applied to RNA creates challenges and

limitations, but also opportunity for an extensive expansion of knowledge.



The present study builds on Oklahoma State University, School of Forensic Science’s
knowledge of RNA degradation patterns. As the differential degradation patterns observed occur
in dried stains, we believe the stability of each end of a transcript may be impacted by chemical
modifications to ribonucleotides present in the RNA transcript, particularly methylation. In the
study reported here, possible chemical modification(s) were explored within mMRNA transcripts in
dried bloodstains employing two experimental approaches. First, a method utilizing selective
MRNA enrichment was developed to hybrid-select desired transcripts for downstream analyses
via liquid chromatography coupled with mass spectrometry (LC-MS). In a second approach,
direct sequencing of native RNA using Oxford Nanopore Technologies (ONT) was used to
interrogate the epitranscriptome of all poly(A) tailed transcripts in dried bloodstains. Using
previous research and novel techniques, the current study provides optimized protocols for RNA
analysis, and preliminary results that start to unravel why RNA degrades the way it does when

extracted from a crime scene sample.



CHAPTER II

REVIEW OF LITERATURE

RNA in Forensics

The use of RNA analysis to aid in forensic investigations is a relatively new tool with
many potential applications identified since its introduction into the field, including body fluid
and tissue identification'*, wound age determination?’, post-mortem interval (PMI) estimation?é,
functionality of cells and organs!®?°, and aging biological stains®>®°. Determining the age of a
sample found at a crime scene is crucial for establishing evidence relevance to the crime being
investigated. This additional information can be used to determine if further analyses of the
sample are needed, helping to preserve time and laboratory resources. Traditionally, RNA
degradation assays were designed to compare the degradation rates of either tissue specific
markers of different stabilities®®?!, or housekeeping and sample specific markers®222, Although
each approach showed promise, more reliable methods were needed to predict the age of samples

more accurately from forensically relevant tissues.

More recently, RNA sequencing results from Oklahoma State University, School of
Forensic Science, revealed that the 5 end of several mRNA transcripts in blood degrades faster
than the 3’ end, based upon the sequencing read depth in stains as they aged®. These results led to
the development of the 5°-3” qPCR assay®. Briefly, the 5°-3” assay is a quantitative polymerase
chain reaction (QPCR) that uses two primer pairs to amplify regions at each end of an RNA

transcript. Quantification cycle (Cq) values are then used to calculate a delta-Cq value, giving the



difference in abundance between the 5’ and 3’ ends®. Using this approach, researchers were able
to accurately estimate sample age within 2-4 weeks for samples aged up to 6 months, and 4-6
weeks for samples aged 6 months to one-year old®. The 5°-3” assay confirmed that the 5° ends of
the transcripts were in fact degrading faster than the 3” ends®, however the assay does not address
why this is happening. Literature suggests that the poly(A) tail, located at the 3’ end of mRNA,
works to stabilize the molecule and protect it from degradation®. However, further studies
revealed that the link between the poly(A) tail and RNA stability is complex and that there are
likely more factors playing a role in RNA degradation kinetics'. Since this phenomenon is being
observed in dried bloodstains, the differential degradation rates may be due to chemical

modifications present on the RNA molecules.

RNA Degradation

RNA degradation is a complex process; however, its understanding is crucial for insight
into the various functions and forensic applications of RNA analysis. In living organisms, the
degradation of RNA in living cells is essential for regulation of coding and non-coding genes, as
well as eliminating faulty RNAs, both of which can lead to disease if not controlled'®. RNA
degradation occurs in all organisms- with several aspects the same or similar amongst eukaryotes
and prokaryotes®. Ex vivo samples also undergo RNA degradation and could be relevant to a
forensic investigation. Three mechanisms facilitating RNA degradation in post-mortem samples
have been proposed and reflect enzymatic, physical, and chemical reactions?*. Enzymatic
degradation occurs naturally, especially in living tissues, and is mediated by a family of RNases
present in tissues. In contrast, degradation facilitated by physical and/or chemical processes is
affected by environmental conditions?*, as they often occur in body fluid stains or post-mortem
tissues. Furthermore, some believe underlying chemical modifications of RNA may play a role in

the molecule’s degradation kinetics'®2,



Chemical Modifications of RNA

The study of chemical modifications on RNA molecules is a relatively new concept that
has been given the name epitranscriptomics?®. Epitranscriptomics is a field similar to epigenetics,
which studies chemical modifications of the deoxynucleotides of DNA; however, in
epitranscriptomics the modifications are made to ribonucleotides. Perhaps importantly, there is
more than 10 times the number of modifications reported on RNA compared to DNAZ, Chemical
modifications can influence RNA processing and stability, and thus influence the kinetics of its
degradation. Furthermore, substantial evidence exists suggesting that the kinetics of RNA
degradation correlates with the age of a forensic sample>82L, Consequently, any potential role of
chemical modifications in promoting or protecting RNA degradation could further our ability to

precisely estimate the age of a biological sample.

According to the MODOMICS database, which provides comprehensive information
surrounding RNA modifications, around 144 RNA modifications have been identified in both
coding and non-coding regions of the RNA molecule?’. Additionally, chemical modifications
have been identified on all types of RNA, including mRNA, transfer RNA (tRNA), and ribosomal
RNA (rRNA)%. RNA modifications can be reversible or irreversible, and may affect
transcription, mRNA processing, RNA export, translation, and/or degradation®!. In living cells, all
RNA modifications are controlled by three main effector proteins. Writer proteins are responsible
for depositing the modification onto RNA by transferring a chemical group to the molecule!!. The
second group of proteins that recognize the modified nucleotides are reader proteins, also known
as RNA binding proteins (RBPs)*. The final group of molecules involved in chemical
modification are eraser proteins, which can remove the chemical group and return the RNA to its
unmodified state'!. Several possible chemical modifications of RNA have been identified. Among
the most researched is the methylation of adenosines, oxidation of guanosines, isomerization of

uridines, methylation of cytosines, and acetylation of cytosines™!.



Né-Methyladenosine

Of the RNA chemical modifications cited in literature, N®-methyladenosine (m6A) is the
most abundant 12° and well-characterized® internal modification of mMRNA. The modification
m6A is relatively stable®, reversible by demethylation®, and located at either Gm®AC or AmPAC
sites™. It is found on three to five nucleotides of MRNA on average, accounting for 0.1-0.4% of
total adenosines in a typical MRNAZ, The m6A modification is enriched in the 3’-UTR®, near
stop codons®, and in the last coding exon®3, but is absent from poly(A) tails®2. This modification
is installed by the methyltransferase complex (the “writer”’), composed mainly of
methyltransferase like 3 (METTL3), methyltransferase like 14 (METTL14), WTAP, and
KIAA1429%1"19 Multiple m6A reader proteins have been identified, including but not limited to,
YTHDF2, insulin-like growth factor 2 (IGF2BP), fragile X mental retardation protein (FMRP),
and human antigen R (HUR)*3%, The m6A modification has two known eraser proteins. The a-
ketoglutarate-dependent dioxygenase alkB homolog 5 protein (ALKBHS5) is m6A specific and is
the modification’s primary demethylase!; however, the fat mass and obesity-associated protein
(FTO) can also demethylate m6A modifications™-%. The primary functions of m6A are
transcriptome turnover, translation regulation, cell differentiation, embryonic development, and

stress response®, with its best described function being the control of mMRNA stability!?°,

The effect of m6A on RNA stability in living cells depends largely on the RBPs present.
Certain m6A RBPs signal pathways that destabilize and degrade an mRNA transcript thereby
silencing gene expression, while others increase a transcripts stability through different molecular
pathways'!. There are two main hypotheses as to how this occurs. Research shows that different
proteins can recognize and bind to m6A modifications, marking the molecule for downstream
events in living cells relating to stability or degradation!?. For example, the m6A reader protein
YTHDF2 decreases mRNA transcript stability by recruiting the CNOT/CCR4/CNOT1 complex,

which promotes RNA degradation!1?3°, Whereas other m6A RBPs such as IGF2BP, FMRP, and



HuR stabilize m6A modified transcripts't. Aside from differential signaling of downstream
pathways, there is evidence that m6A alters the secondary structure of mRNA, influencing its

overall stability3*; however, the effect seen depends on the secondary structure being examined,

Although m6A does not interfere with base pairing selectivity, it does destabilize the
interaction between adenosine and uracil in RNA duplexes®, with the amount of destabilization
proportional to the number of m6A modified bases®. A different effect is seen when looking at
the interactions between different RNA helices. Base stacking is an important component of RNA
stability, and unpaired adenosines at ends of RNA helices stack strongly with adjacent secondary
structures®. Yet, when these adenosines have a m6A modification, they display significantly
stronger stacking kinetics, stabilizing the structure®*. This was seen at both ends of the RNA
helix, with a greater impact observed at the 3> end®3. This phenomenon introduces the idea of
differential stability between the 5’ and 3” ends of mRNA transcripts due to chemical

modifications.

Historically, methods to detect chemical modifications on RNA have relied on antibody
capture. However, antibody capture has shown to have poor specificity and resolution®*, most
likely due to the cross-reactivity of antisera used with closely related chemical species®. More
recent approaches include analysis via mass spectrometry (MS)?:374% and sequencing of native

RNA using NGS techniques®64L,

Mass Spectrometry for RNA Modification Detection

Mass spectrometry has been noted as one of the most useful tools to study
epitranscriptomics®? and is one of the few direct ways to study chemical modifications on RNA
molecules to date*®. This technique measures the mass of a molecule by converting the sample
into a gaseous phase and separating the ions by their mass-to-charge ratios*. When using MS for

detection of RNA methylation, liquid chromatography tandem mass spectrometry (LC-MS/MS)



is typically used? which includes the additional separation step of liquid chromatography.
Analysis of RNA using LC-MS/MS employs both ribonucleotide and oligonucleotide analysis.
Briefly, RNA is hydrolyzed into ribonucleotides and subjected to LC-MS/MS analysis to
determine modified from unmodified bases®. In a separate reaction, the RNA is also hydrolyzed
into oligonucleotides of different lengths for analysis via LC-MS/MS to map the location of the
identified modifications®. For both analyses, reverse phase liquid chromatography (RP-LC) is
used to separate the molecules, which is based on the hydrophobicity of the sample®®.
Modifications on an RNA molecule may alter its hydrophobicity and therefore change their
retention time during RP-LC®. Once the molecules are separated, they are converted to their
gaseous phase and identified using MS as described above®. Molecules with a chemical
modification will likely display a shift in mass compared to its unmodified counterpart,
displaying the attachment of a chemical group3!. The use of LC-MS/MS as a tool to detect
modifications was the initial strategy of this study. The concept was to enrich the 5* and 3’ ends
of our transcript markers, hydrolyze them, and subject the hydrolysate to LC-MS/MS. However,
through discussions with experts with this technology it became apparent that the sensitivity
needed to detect perhaps attograms of modified nucleotide at one end of a transcript or the other

was lacking in LC-MS/MS.

Nanopore Sequencing of Native RNA

A more recent advancement in studying RNA modifications is sequencing native RNA
on next generation platforms such as Oxford Nanopore Technologies (ONT). This method
provides the potential for single base pair resolution, as well as analysis of full-length
transcripts*. While this is a very new approach, native RNA Nanopore sequencing has proved
capable of detecting modifications present on RNA1641 Native RNA sequencing using ONT
works by selecting poly(A) tailed transcripts with sequencing adapters during library

preparation®s; thus, only transcripts with a poly(A) tail are sequenced using this method. During



library preparation, an “enzyme motor” is also ligated to the RNA, which functions to pull the
sample through the nanopore to be sequenced. An electric current pattern, called a “squiggle”, is
produced as the sample passes through the pore and reflects the subtle changes in current flow as
each ribonucleotide passes through the pore®. This information can then be used for base calling
and downstream analyses such as modification detection. If a modification is present on the
sample, the way the molecule passes through the pore will be affected, causing a disruption in the
electric current produced*. Computational methods are then used to identify modifications by

comparing the electrical signal from modified and unmodified samples®#1,

Detection of modifications on native RNA is a relatively new application of Nanopore
sequencing, thus ONT does not provide any downstream analytical tools. However, multiple
bioinformatic pipelines have been built and made available to the public through resources such
as GitHub. One such pipeline is Tombo. An advantage to the Tombo pipeline, is its option to run
a model free analysis which does not require controls or comparison samples®. In most
bioinformatic models developed to detect base modifications, two controls (one known modified
sample and one known unmodified sample) are also sequenced and included for statistical
comparison. A direct comparison between the modified and unmodified controls to the
experimental sample will then reveal the modified base(s). An option with the Tombo application
is to perform the analysis without these controls. While this approach can suggest modified bases
exist in a transcript, it does not identify the exact location or specific modification present*. An
additional downside to using the model free method of Tombo is the increased risk for false
positives*!. Nonetheless, bioinformatically analyzing NGS results for chemical modification
detection is an acceptable way to identify potential modifications in a transcript as preliminary
results. These results can then be utilized for subsequent studies to confirm the exact type and

location of any modifications present.
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CHAPTER IlI

METHODOLOGY

Preparation of Bloodstains

Bloodstains were prepared from 5—7mL of freshly drawn blood collected by venipuncture
into vacutainer collection tubes. All collections were performed with consent and approved by the
Institutional Review Board of the Center for Health Sciences, Oklahoma State University. 100uL
aliquots were spotted onto Human ID Bloodstain Cards (BFC180) (Whatman, GE Healthcare
Life Sciences) and labeled clearly with the collection date. Freshly spotted stains were allowed to

dry completely and then stored at -80°C until RNA extraction for a fresh time 0 sample.

Targeted mRNA Enrichment
RNA Extraction

The initial strategy for the project was to enrich the 5’ and 3’ ends of an RNA transcript
in bloodstains through hybrid selection and then to chemically analyze hydrolysates from each
using LC-MS/MS. We therefore experimented with methods to enrich the ends of the transcripts
through hybrid selection. Two samples underwent targeted enrichment, a fresh bloodstain, and a
two-year-old aged bloodstain. To increase sample input, four 100pL stains were processed per
sample. Each blood stain was cut into a minimum of five strips and placed in a 2mL tube. ImL of
TRIzol (Life Technologies, Carlsbad, CA) was added to each sample. Samples were then

vortexed for 30 minutes at room temperature and spun down to remove any liquid from the lid.

11



200uL of chloroform was then added, followed by 15 seconds of shaking by hand and a 3-minute
room temperature incubation. Samples were then centrifuged at 12,000xg for 15 minutes at 4°C
and the upper aqueous phase, which contains the RNA, was removed into a clean 1.5mL
microcentrifuge tube. Following the TRIzol procedure, samples were further processed using the
RNA Clean and Concentrator kit from Zymo Research (Orange, CA). First, an equal volume
(450-500uL) of 100% ethanol was added to each sample, mixed by pipette, and loaded onto the
Zymo column; two TRIzol treated samples were combined onto one Zymo column, for a total of
two columns per sample. 750uL was transferred to the spin column and centrifuged for 30
seconds. This was repeated until the entire sample was transferred to the column. The next steps
of the procedure were as follows with all centrifugations at 16,000xg: 400uL RNA prep buffer
with 30 second centrifugation, 400uL RNA wash buffer with a 30 second centrifugation and
400uL RNA wash buffer with a 2-minute centrifugation. The columns were then transferred to a
clean, labeled 1.5mL tube. Samples were eluted in 22uL of nuclease-free H.O. All samples were
incubated for 1 minute and then centrifuged for 1 minute. The two eluates for each sample were
combined for subsequent processing.

Samples were treated with ezDNase (ThermoFisher, Waltham MA) to digest possible
contaminating genomic DNA using the following setup: 41uL RNA, 5uL of 10x ezDNase buffer
and 4uL of ezDNase enzyme. The mixture vortexed, quickly spun down, incubated at 37°C for
2:30 minutes, and immediately placed on ice for 5 minutes. The samples were then processed
with the OneStep PCR Inhibitor Removal kit from Zymo Research (Orange, CA). Each inhibitor
column was prepped by adding 600uL of prep-solution and centrifuged for 3 minutes at 8,000xg.
The column was then placed in a fresh labeled 1.5mL tube and 50uL of sample was added
directly to the prepped column. Samples were centrifuged for 3 minutes at 16,000xg.

All samples were quantified using a Qubit fluorometer with the RNA quantification kit
(ThermoFisher, Waltham, MA). Following the kits instructions, 1uL of sample was added to
199uL of buffer and 1uL of H.S. RNA dye. Samples were vortexed and spun down prior to being

12



measured. Following quantification, each sample was aliquoted into three separate tubes:
extraction control, 5’ hybridization, and 3’ hybridization. Final sample concentrations and
hybridization setup are noted in Table 1. The control samples were immediately placed at -80°C
until further analysis the following day, while the hybridization samples were dried using a speed
vacuum until only 1-2uL remained, about 40 minutes. Samples were immediately stored at -80°C

until further analysis the following day.

Sample Final (ng) Extraction Control (ng) 5' Hyb. (ng) 3' Hyb. (ng)
Fresh 2,890 300 1,300 1,300
2 Year 2,210 300 955 955

Table 1. Hybrid Capture Input Concentrations

DNA Probe Hybridization

The 5’ and 3’ ends of beta-actin (ACTB) mMRNA were enriched in separate reactions for
each sample using the xGen Hybridization and Wash Kit from Integrated DNA Technologies
(IDT) (Newark, New Jersey), optimized for our purpose based on previously described methods
from Tan et al (2019)**. Two 120 nucleotide biotinylated DNA probes were designed to target
each end of ACTB (accession NM_001101). Probes were designed to cover previously designed
primer pairs used to quantify ACTB degradation during aging of blood stains (unpublished

observations). Biotinylated DNA probe designs are shown in Figure 1 and Table 2.

Probe Sequence Start Stop

5 TACGGCCAGAGGCGTACAGGGATAGCACAGCCTGGATAGCAACGTAC 406 526
ATGGCTGGGGTGTTGAAGGTCTCAAACATGATCTGGGTCATCTTCTCG
CGGTTGGCCTTGGGGTTCAGGGGGG

¥ TCATTTTTAAGGTGTGCACTTTTATTCAACTGGTCTCAAGTCAGTGTAC 1692 1812
AGGTAAGCCCTGGCTGCCTCCACCCACTCCCAGGGAGACCAAAAGCCT
TCATACATCTCAAGTTGGGGGAC

Table 2. ACTB DNA Probe Sequences

Figure 1. ACTB DNA Probe Locations

exon

5007 10007 15007
exon exon exon exon exon

5' DNA Probe 3' DNA Probe
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For each hybridization reaction, the following components were added directly to the
dried RNA: 8.5uL xGen 2x Hybridization Buffer, 2.7uL xGen Hybridization Buffer Enhancer,
4.1uL H20 and 1.7uL 10uM DNA probe for a final probe concentration of 1uM. To evaluate the
amount of probe left after final purification, the 5’ and 3’ probes alone (without any RNA sample
input) also underwent the hybrid capture process. To ensure similar hybridization conditions, the
same hybridization setup was used. Mixtures were gently vortexed, spun down, and incubated at
room temperature for 5 minutes. Samples were then placed in the thermocycler set to the
following program: 95°C for 30 seconds and 65°C for 2 hours. During this time a heat block was
prewarmed to 65°C to ensure proper temperature for the next step. RNA:DNA probe hybrids
(bearing a biotin at the 5’ end of the probe) were “captured” from solution by binding to a

streptavidin bead.

Bead Capture and Washes

xGen Hybridization Buffers and magnetic beads were freshly prepared during the two-

hour hybridization. All xGen Buffers were diluted to 1x working stocks shown in Table 3.

Volumes Per Reaction
Reagent Water (uL.)  Buffer (uL) Total (uL)
xGen 2x Bead Wash Buffer 160 160 320
xGen 10X Wash Buffer 1 252 28 280
xGen 10X Wash Buffer 2 144 16 160
xGen 10X Wash Buffer 3 144 16 160
xGen 10X Stringent Wash Buffer 288 32 320

Table 3. Dilutions for Hybrid Capture Buffers

Following the dilutions, 110uL per reaction of Wash Buffer 1 and 160uL per reaction of
Stringent Wash Buffer were aliquoted into separate tubes for the heated wash steps. Bead

resuspension mix was prepared in a low-bind tube with the following components per reaction:
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8.5uL xGen Hybridization Buffer, 2.7uL Hybridization Buffer Enhancer and 5.8uL nuclease-free

H-0.

Streptavidin Beads (IDT, Newark, New Jersey) were equilibrated to room temperature
for 30 minutes prior to washing. S0uL of streptavidin beads per reaction were aliquoted into a
1.7mL low-bind tube. Beads were washed with 100uL per reaction of bead wash buffer. Briefly,
the mixture was gently pipetted 10 times, with special attention to not introduce any bubbles.
Tubes were then placed on a magnet and the supernatant was allowed to separate from the beads,
about 1 minute. The supernatant was then removed and discarded. The wash step was repeated
twice more for a total of three washes. Following the washes, beads were resuspended in 17pL
per reaction of previously prepared bead resuspension mix. Beads were then split into 17uL

aliquots in 1.7mL low-bind tubes for each hybridization reaction.

Immediately following the two-hour probe hybridization, the 17uL of hybridization
product in a 0.2mL PCR tube was transferred to the 17uL of beads in the 1.7mL low-bind tube,
mixed by pipette, and placed on a heating block preheated to 65°C for 45 minutes. To ensure the
beads stayed suspended in the solution, tubes were gently vortexed every 15 minutes throughout
the bead capture incubation. The aliquot with 110uL of Bead Wash 1 and both Stringent Wash
Buffer aliquots were placed on the heating block at the beginning of the incubation to ensure they

were equilibrated to the correct temperature for the heated washes.

The heated wash step was started immediately following the bead capture. At each step,
care was taken not to introduce bubbles when pipetting. The heated wash steps were as follows:
100uL of heated Wash Buffer 1 was added to each sample and pipetted 10 times. Samples were
then placed on the magnet until the supernatant completely separated from the beads (~1 minute).
The supernatant was removed and discarded. Beads were then resuspended in 150uL of heated

Stringent Wash Buffer, pipetted 10 times and incubated at 65°C for 5 minutes. Following the
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incubation, samples were placed back on the magnet until the supernatant was completely
separated from beads (~1 minute). The supernatant was removed, and the beads were
resuspended in 150uL of heated Stringent Wash Buffer, pipetted 10 times and incubated at 65°C
for 5 minutes. Following the incubation, samples were placed on the magnet until the supernatant

was completely separated from the beads. The supernatant was removed and discarded.

The room temperature washes immediately proceeded the heated wash steps, as follows:
150puL of room temperature Wash Buffer 1 was added to each sample and pipetted 10 times.
Samples were then incubated at room temperature for 2 minutes while being vortexed
periodically to ensure the beads remained suspended. Following the incubation, samples were
placed on the magnet until the supernatant completely separated from the beads (~1 minute) and
the supernatant was removed and discarded. This room temperature wash procedure was repeated
with Wash Buffer 2 and Wash Buffer 3. Following the final wash, the beads were resuspended in

20pL of nuclease-free H2O.

Each sample was then split into two 10uL aliquots. One aliquot underwent RNase A and
DNase | digestion to increase specificity and only leave the 120bp region that is protected by the
DNA probe (specific product). The second sample was only digested with DNase | to maintain
additional ACTB regions extending from the probe bound region of the transcript and therefore

also enriched (full-length product).

Post-Capture Processing

One aliquot from each sample was digested with RNase A to remove single stranded
RNA not hybridized to the DNA probe. First, the samples were placed back on the magnet until
the supernatant became clear. The supernatant was removed and discarded, and samples were
taken off the magnet and resuspended in 9uL of 0.2M TNE. The RNase A digestion setup was as

follows: 9uL of sample in 0.2M TNE, 1uL of 4M NaCL and 1uL of RNase A (ThermoFisher,
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Waltham, MA). Samples were vortexed, spun down, and incubated at 37°C for 30 minutes.

Samples were then digested with DNase I.

All samples were digested with TURBO DNase | (ThermoFisher, Waltham, MA) to
remove the single-stranded DNA probe from the targeted RNA. The reaction setup was as
follows: 2uL of 10x buffer, 4uL of TURBO DNase I (ThermoFisher, Waltham, MA) and 2uL of
nuclease-free H,O. Samples were vortexed, spun down, and incubated at 37°C for 30 minutes.
Following the incubation, samples were placed back on the magnet. Once the supernatant was

completely clear, it was removed and placed in a fresh tube.

The enriched RNA was purified using RNACIlean XP Beads (New England Biolabs,
Ipswich, MA). The beads were vortexed for a minimum of 15 seconds to ensure they were
completely resuspended, and 36pL (1.8x volume) was added to each RNA sample and mixed by
pipette at least 10 times. The solutions were then incubated on ice for 15 minutes. Following the
incubation, samples were placed on a magnet until the supernatant became clear. The supernatant
was then carefully removed, without disturbing the beads, and discarded. While still on the
magnetic rack, 200uL of freshly prepared 80% ethanol was added and incubated for 30 seconds.
The supernatant was then removed and discarded. This step was repeated twice more for a total of
three washes. Any left-over ethanol was removed, and samples were air dried on the magnet with
the lid open for up to 5 minutes. Attention was paid to not over dry the beads. Samples were then
removed from the magnet and the beads were eluted in 15uL of nuclease-free H,O, mixed
thoroughly by pipette, briefly spun down, and incubated at room temperature for 2 minutes. The
tubes were then placed back on the magnetic rack until the supernatant became completely clear.

The supernatant was then removed and placed in a fresh 0.2mL tube.
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Quantification

To evaluate the success of hybrid selection, the final selected mRNA was first reverse
transcribed into complementary DNA (cDNA) using a reverse transcription (RT) reaction with
random and oligo dT primers. Prior to RT, 3uL of the 5 and 3” hybridization products from both
the RNase A digested and longer selection targets from fresh bloodstains were aliquoted out for
direct gPCR analysis. Samples treated with RNase A would represent the 5° or 3” ends of the
transcript that were protected from digestion by hybridization to the DNA probe whereas non-
digested samples would represent that portion of the transcript hybridized to the DNA probe as
well as any non-degraded transcript fragments (including full length transcript) present in the
initial RNA extract. No-RT samples would serve as a control for possible genomic DNA
contamination remaining in the final hybridization products. In addition, the probes used for
hybrid-selection were also directly analyzed via qPCR and were not reverse transcribed. Enriched
RNA was reverse transcribed using the SuperScript IV VILO Master Mix kit (ThermoFisher,
Waltham, MA) by mixing 10uL of sample with 2uL SuperScript IV VILO Master Mix. Samples
were briefly vortexed and spun down before being incubated according to manufacturer’s

instructions: 25°C for 10 minutes, 50°C for 10 minutes and 85°C for 5 minutes.

All experimental and control samples were analyzed via gPCR using SYBR green
intercalating dye. Reaction setups were as follows: SuL. PowerUp SYBR Green Master Mix
(ThermoFisher, Waltham, MA), 1uL of 10x primer pair at 3 or 5uM (primer dependent), 3uL
H>0 and 1puL of 1:4 diluted sample. All samples were amplified using six ACTB “on-target”
primer pairs along the transcript and two “off-target” transcripts, HBB (hemoglobin beta chain)
and B2M (beta-2-microglobulin). Samples were placed in the thermocycler and incubated at 50°C
for 2 minutes and 95°C for 2 minutes, followed by 40 cycles of 95°C for 15s and 60°C for 1

minute. Cq values were determined using a threshold of 0.2.
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Nanopore Direct RNA Sequencing

RNA Extraction

A total of three samples were processed for native RNA sequencing using Nanopore
Oxford Technologies (ONT); two fresh blood stain samples and one 11-week-old aged bloodstain
sample. To ensure sufficient sample input for library prep, eight 100uL bloodstains were
processed for each sample. Sample extraction followed the same procedure used for hybrid
capture samples until post-processing procedures, with a few modifications. First, to ensure
sufficient sample concentration and quality, the eight aged bloodstains were all processed on
individual Zymo spin columns instead of combining two stains onto one. Additionally, final
elution volumes were as follows, fresh sample one: 16uL, fresh sample two: 22uL and aged

sample: 15pL.

Samples were treated with ezDNase (ThermoFisher, Waltham MA) using the following
setup: fresh sample 1: 53uL RNA, 6.5uL of 10x ezDNase buffer and 6uL of ezDNase enzyme,
fresh sample 2: 80uL RNA, 9.7uL ezDNase buffer and 7uL. ezDNase enzyme, and aged sample:
98uL sample, 11.5uL ezDNase buffer and 6puL ezDNase enzyme. The mixture was mixed by
vortex, quickly spun down, incubated at 37°C for 2:30 minutes, and immediately placed on ice

for 5 minutes.

Sequencing samples were then processed using the Monarch RNA Clean-Up kit from
NEB (New England Biolabs, Ipswich, MA). Briefly, 1.5 volume of Binding Buffer was added to
the sample. An equal volume of 100% ethanol was added and mixed by pipette before the entire
sample was loaded onto the spin column and centrifuged for 1 minute at 16,000xg, the flow
through was discarded. 500uL of RNA Cleanup Wash Buffer was added and the sample was

centrifuged for 1 minute at 16,000xg, this step was repeated for a total of two washes. The
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column was then transferred to a clean 1.5mL tube and the sample was eluted in 16pL using

nuclease-free H,0.

Samples for Nanopore sequencing were quantified using a Qubit fluorometer with the
RNA quantitation kit (ThermoFisher, Waltham, MA) as described above, and a Nanodrop
Spectrometer (ThermoFisher, Waltham Massachusetts) set for RNA reading. For Nanodrop
guantification, the machine was blanked with the elution buffer before the samples were read.

Final concentrations and purities are shown in Table 4.

Sample Qubit (ng/pL) Nanodrop (ng/pL) 260/280 260/230 Library Prep. Input

1- Fresh 200 300 1.98 2.06 1.8-2.7Tug

2-Fresh 273 372 2.01 2.32 2.4-3.3ug
Aged 256 281 2.04 2.13 2.3-2.5ug

Table 4. Final Concentrations and Purities for Nanopore Sequencing Samples

Library Preparation

RNA libraries were prepped using the Direct RNA Sequencing Kit (SQK-002) from
Oxford Nanopore Technologies (ONT) (Oxford, United Kingdom) and the NEBNext Ultra Il
Ligation Module (New England Biolabs, Ipswich Massachusetts) according to the manufacturers’
instructions, with one modification of using SuperScript IV Reverse Transcriptase
(ThermoFisher, Waltham Massachusetts) instead of SuperScript I11. Although direct RNA
sequencing was utilized, a RT reaction was performed for stabilization of the RNA as it goes
through the sequencing pore. In subsequent library preparation steps, the motor protein is ligated
to the native RNA strand, and thus that is what is sequenced. Briefly, in a 0.2mL PCR tube the
following reagents were mixed in the corresponding order: 3.0uL NEBNext Quick Ligation
Reaction Buffer, 9uL total RNA, 0.5uL RNA CS (RCS), 1uL RT Adapter (RTA) and 1.5uL T4
DNA Ligase. Reagents were mixed by pipetting, spun down, and incubated for 10 minutes at

room temperature. During the incubation, the RT master mix was created by mixing the following
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reagents: 9.0uL nuclease-free H,O, 2.0uL 10mM dNTPs, 8.0uL 5x SSIV buffer, and 4.0uL 0.1M
DTT for a total volume of 23uL. The master mix was added to the 0.2mL PCR tubed, mixed by
pipette. 2.0uL of SuperScript IV reverse transcriptase enzyme was then added and mixed by
pipette. The tube was placed in a thermal cycler and incubated at 23°C for 10 minutes, 50°C for

10 minutes, 80°C for 10 minutes, and allowed to cool to 4°C before being removed.

Next, the sample was transferred to a clean 1.5mL Eppendorf DNA LoBind microfuge
tube. Agencourt RNACIean XP beads (New England Biolabs, Ipswich, MA) were allowed to
equilibrate to room temperature for at least 30 minutes and then vortexed until completely
resuspended. 72uL of beads were added to the sample and mixed by pipette. The mixture was
incubated at five minutes at room temperature while the tube was slowly rocked back and forth,
imitating the movement of a HulaMixer. Following the incubation, 200uL of fresh 70% ethanol
was prepared in nuclease-free H,O. The sample was briefly centrifuged, and the beads were
immobilized on a magnet. Keeping the tube on the magnet, the supernatant was removed and
discarded, careful not to disturb the beads, and 150uL of fresh 70% ethanol was added. With the
tube still on the magnet, the tube was rotated 180 degrees and incubated until the beads migrated
towards the magnet. Once all of the beads reaggregated, the tube was rotated another 180 degrees
to its original position until the beads moved to that position and were immobilized. With the tube
still on the magnet, the 70% ethanol was removed and discarded. The tube was then removed
from the magnet, briefly centrifuged, and placed back on the magnet in order to pipette off any
remaining 70% ethanol. The tube was once again removed from the magnet, resuspended in 20uL
of nuclease-free H,O and incubated for 5 minutes at room temperature. Following incubation, the
beads were immobilized on the magnet until the eluate was clear. The 20uL of eluate was

removed and placed in a clean 1.5uL Eppendorf DNA LoBind tube.

The following reagents were then added to the sample tube in the corresponding order:

8uL. NEBNext Quick Ligation Buffer, 6uL RNA Adapter (RMX), 3uL nuclease-free H;O, 3uL
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T4 DNA Ligase (New England Biolabs, Ipswich Massachusetts) for a total reaction volume of
40uL. The components were mixed by pipette and incubated at room temperature for 10 minutes.
Agencourt RNACIean XP beads were once again resuspended by vortex, and 16uL were added to
the ligation reaction and mixed by pipetting. The solution was then incubated for five minutes
while being rocked in a manner that imitates a HulaMixer. The sample was then briefly
centrifuged and then immobilized on a magnet. With the tube still on the magnet, the supernatant
was removed and discarded. 150uL of the Wash Buffer (WSB) was added to the beads. With the
lid closed, the beads were resuspended by flicking. Once fully suspended, the tube was placed
back on the magnet until the beads were fully immobilized. The supernatant was removed, and
the wash step was repeated for a total of two washes. After the second wash was complete, the
tube was removed from the magnet and 21uL of Elution Buffer (ELB) was added. The sample
was resuspended by gently flicking the tube. Once fully resuspended, the mixture was incubated
at room temperature for 10 minutes. Following the incubation, the beads were immobilized on the
magnet until the eluate was clear. The supernatant was then removed and put into a fresh 1.5mL
Eppendorf DNA LoBind tube. The reverse-transcribed, adapted RNA was quantified using the
Qubit fluorometer DNA HS assay following the manufacturer’s instructions. Briefly, 1uL sample
was mixed with 199uL buffer and 1uL of H.S. DNA dye. Samples were vortexed and centrifuged

prior to being measured.

Sequencing

The first step in Nanopore sequencing is to check the flow cell where sequencing occurs
to ensure an adequate number of sequencing pores are available. Briefly, a new SpotON Flow
Cell MK 1 R9 was removed from its packaging and placed under the clip in the MinlON Mk1C
sequencer. On the MinKNOW software, the check flow cell procedure was chosen. Once the flow
cell check was complete, priming and loading of the prepared RNA library onto the flow cell was

done using the Flow Cell Priming Kit (EXP-FLP002) (Oxford, United Kingdom) according to the
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manufacturer’s instructions. The RNA Running Buffer (RRB), Flush Tether (FLT), and Flush
Buffer (FB) were thawed at room temperature. Once completely thawed, the RRB, FB, and FLT

were thoroughly vortexed and briefly centrifuged.

Prior to sample loading, the flow cell (R9.4.1) was primed. First, the priming port was
carefully opened. Using a P1000 pipette set to 200uL, 20-30uL of fluid was removed by inserting
the pipette tip into the priming port and turning the wheel until a small volume of buffer entered
the tip. Flow cell priming mix was prepared by adding 30uL of thawed and mixed FLT to the full
tube of thawed and mixed FB. The mixture was thoroughly vortexed. 800uL of the priming mix
was then loaded into the flow cell using the priming port, being careful not to introduce air
bubbles, and incubated for 5 minutes. During the incubation, 20uL of the prepared RNA library
was mixed with 17.5uL of nuclease-free H2O. In a fresh tube, the 37.5uL of RNA library was
mixed with 37.5uL of thawed and vortexed RRB. When the 5-minute incubation was done, the
flow cell priming was completed. The SpotON sample port cover was gently lifted. 200uL of the
priming mix was loaded into the flow cell using the priming port, being careful not to introduce
air bubbles. The RNA library was mixed by pipetting directly prior to loading onto the flow cell.
The 75uL of prepared RNA library was loaded onto the SpotON sample port drop by drop,
ensuring each one entered the port before adding the next. The SpotON sample port cover,

priming port, and the MinlON Mk1C lid were all closed, and sequencing was initiated.

Data Analysis

The sequencing run was set up using the MinKNOW software on the MinlON Mk1C
device with default parameters and live basecalling using Guppy. Sequencing output included
FASTQ files, containing basecalling information, and Fast5 files, which contain the raw electrical
signal data used for modification detection. Samples were sequenced for 19.5 hours. After

sequencing was complete, FASTQ files were generated and then uploaded to Nanopore’s
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EPI2ME platform and analyzed using the Fastg Human Exome workflow, which maps generated
sequencing reads against the human reference exome (GRCH38) and identifies all transcripts

sequenced.

For modification detection, the bioinformatic package Tombo was used (available at

https://nanoporetech.github.io/tombo/index.html) (v1.5.1). Briefly, the following steps were

taken. First, Fast5 files were converted from multiple to single file format using
multi_to_single_fast5 (v4.0.2) and then converted to gzip file format using compress_fast5
(v4.0.2). These two steps were important for preprocessing of Nanopore data as original output
files are in multi-VBZ compressed format and downstream analyses require single-gzipped files.
Next, reads were preprocessed using tombo preprocess annotate_raw_with_fastgs. This command
performed basecalling on the Fast5 files using the FASTQ files generated from the sequencing
run. Using tombo resquiggle, the electrical signal data stored in the Fast5 files were “resquiggled”
to the latest human RNA reference GRCh38_latest_rna.fna from the National Center for

Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/genome/qguide/human/). This

step evaluated the electrical signal from each base in the sequenced RNA fragment and collected
information about current interruptions that may signify a modification. Next, potential
modifications were detected using Tombo’s model free option, tombo detect_modifications
de_novo. This application was required as we did not chemically synthesize and sequence a
control, non-methylated sample to compare electrical signal data with. We believe Tombo has a
database of profiles from non-methylated validation samples that our sequences are matched
against. The best data is obtained if one synthesizes a non-methylated copy of the transcript under
study. Finally, tombo plot most_significant was used to visually display the results in two

formats: raw electrical signal plots (squigglegrams) and box-and-whisker diagrams.
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CHAPTER IV

FINDINGS

MRNA Targeted Enrichment

Results show that targeted enrichment of specific mRNA targets is possible using
biotinylated DNA probes. ACTB enrichment was successful for the 3* (Figure 2A) and 5° (Figure
2B) ends from fresh bloodstains. Amplification was achieved along the entire ACTB transcript
from full-length products for both the 3’ (Figure 2A) and 5’ (Figure2B) hybridization reactions,
although less abundant compared to the control (Figure 2A and B). Off-target amplification of
HBB was seen in both full-length products, whereas B2M was only amplified from the 3’
hybridization (Figure 2A and B). However, off-target abundance decreased between 250,000 and
17,000,000-fold for B2M and HBB respectively. Looking at the off-target transcripts for the
specific versus full-length targets, the specific approach did help to decrease off-target

amplification.

Data from the specific fragment enrichment of fresh bloodstains shows non-specific
amplification of ACTB regions not protected by the DNA probe (Figure 2A and B), although less
abundant compared to the full-length products. For the 3’ specific product, two ACTB targets not
protected by the DNA probe were amplified, however both were low in abundance with Cq
values ranging from 30-35 (Figure 2A). HBB was also amplified from the 3’ specific product, but
its abundance decreased by almost 250,000,000-fold. Additionally, two non-protected ACTB

regions were also amplified from the 5 specific-fragment product (Figure 2B). One of these
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regions, ACTB-1486, was also found in the 3’ specific fragment enrichment, and the second,
ACTB-145, was directly adjacent to the 5’ probe location (Figure 2B). No off-target transcripts

were amplified from the 5’ specific product.

Figure 2. ACTB Enrichment in Fresh Bloodstains
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Figure 2A and B shows the comparison of DNase I only treated samples (Full length) and RNase A and
DNase I treated samples (Specific fragment) for both 5° and 3° enrichment products. The X axis shows
the transcript regions amplified during qPCR. ACTB numbers represent the location on the transcript
with 145 and 1701 being the most 5° and 3° targets respectively. Stars represent DNA probe locations.

Targeted enrichment of ACTB in a two-year-old bloodstain was not successful with the 3’

probe. Results show that no regions additional to the portion hybridized to the probe were
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amplified from the full-length product (Figure 3A). However, no off-target transcripts were found
in the sample either (Figure 3A). The 5’ hybridization of aged-bloodstains was successful. The 5’
full-length product shows amplification of regions along the ACTB transcript not hybridized to
the DNA probe (Figure 3B), and HBB abundance was reduced by about 20,000-fold. For the
specific product, three regions not protected by the probe were amplified, all of which were also

amplified in the 5’ specific product from fresh blood (Figure 2A and 3A).

Figure 2. ACTB Enrichment in Fresh Bloodstains
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Figure 2A and B shows the comparison of DNase I only treated samples (Full length) and RNase A and
DNase I treated samples (Specific fragment) for both 5° and 3° enrichment products. The X axis shows
the transcript regions amplified during qPCR. ACTB numbers represent the location on the transeript
with 145 and 1701 being the most 5° and 3° targets respectively. Stars represent DNA probe locations.
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Results support the conclusion that we were able to successfully enrich ACTB, however
potential DNA contamination in the final products make it difficult to assess the final amount of
enriched target. This is displayed with the amplification data of the probe-only and no-RT
products from the final 5* and 3’ hybridizations. Figure 4 shows that the Cq values are relatively
similar across all products from the 5’ (Figure 4A) and 3’ (Figure 4B) probe regions. This

suggests that leftover, undigested probe may be present in the final hybridization sample.

Figure 4. Experimental and Control Sample Comparison
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Figure 4A and B shows the comparison of experimental and control hybridization samples. Light grey
bars represent products that were reverses transcribed and darker bars are those that were directly
analyzed via qPCR and thus amplification shows DNA contamination.
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Lastly, quantification using the Qubit H.S. RNA kit did not detect any RNA in the
selected transcript suggesting the actual concentration of recovered RNA was very low (data not
shown). Therefore, sample concentrations were too low for analysis via LC-MS/MS. For this

reason, efforts were shifted to native RNA sequencing for modification detection.
Nanopore Native RNA Sequencing

Sequencing Summaries

Native RNA from three samples was successfully sequenced on the ONT platform, two
fresh bloodstains and one 11-week-old aged bloodstain. All libraries were prepped using total
RNA as input. The final concentration of library prepped RNA, total amount of data produced,

and number of active pores available on the flow cell used in each sequencing run are shown in

Table 5.
Sample Library Sequencing Reads Bases Failed Base Data Produced Active
Input (pg) Input Generated Called (Mb) Calls (Mb) (GB) Pores
Fresh-1 1.8-2.7 150ng* 47233k 271.87 9.9 16.57 1478
Fresh-2 2.4-33 180ng 218.06k 127.44 4.94 8.26 1148
Aged 2325 64ng 33169k 166.1 9.08 11.3 1202

Table 5. Nanopore Sequencing Concentrations and Data Outputs.
*Sample was measured using RNA instead of DNA Qubit kit, concentration may reflect RNA that is not

ligated to an adapter.

Looking at the percentage of active pores available throughout each sequencing run, there
is a steeper decline for the second fresh sample compared to the other two sequencing runs
(Figure 5). As the only difference between the two fresh sequencing runs is the amount of sample

input, it is suggested that higher input of RNA in a sequencing run has a negative effect on flow

cell health.
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Figure 5. Percentage of Active Pores Throughout Sequencing Run
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Figure 3A-C shows the percentage of active pores on the flowcell throughout each sequencing run; A- First fresh,
B- Second fresh, C-Aged.

The length of transcripts sequenced from native RNA sequencing ONT is shown in
Figure 6, displayed in kilobase pairs (kbp). Full-length transcripts were not produced for any of
the three samples (Figure 6A-C). Additionally, shorter reads were obtained from the aged
bloodstain (Figure 6C) compared to the fresh bloodstains (Figure 6A and B). It appears that

sequenced RNA fragments recovered from the aged sample were about one-half the length of

30



RNA fragments from freshly made stains. This is consistent with our observations concerning

RNA degradation in aged stains evaluated using the 5’-3° qPCR assay.

Figure 6. Length of Transcripts Sequenced.
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Figure 6 shows the length of transcripts that were sequenced for the first fresh bloodstain (A), second
fresh bloodstain (B) and aged bloodstain (C). The peaks at 1.3 k represent the RNA sequencing control.

Sequencing Results

The alignment summary of each sequencing run is shown in Table 6. The data shows

average alignment accuracy ranging from 84-86%, which is standard for Nanopore RNA

sequencing using an R9 flowcell*®. Additionally, the number of reads analyzed and successfully

aligned from the second sequencing run with a freshly prepared blood stain is about half of that

observed for the first fresh sample sequencing run (Table 6). This remains consistent with the

overall data produced (Table 5). Additionally, the top transcripts sequenced (in terms of
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abundance) remains relatively consistent across each sequencing run for fresh and aged

bloodstains (Table 7).

Sample Reads Reads Successfully Avg. Alignment No. of Transcripts
Analyzed Aligned Accuracy Found
Fresh-1 444326 387.565 84.10% 4,649
Fresh-2 205,174 178,966 82.90% 3292
Aged 203513 176,105 86.90% 4,088

Table 6. Eeference Alignment Summaries

Fresh-1 Fresh-2 Aged Previous RNA Seq

1 HEB HEB HEB HEB

2 HBA?2 HBA?2 HBA?2 MTRN2L8

3 HBAI HBAI HBAIL HBA?2

4 DHFR DHFR DHFR MTRNR2LI1
5 MTRNR2L12 MTRNR2L12 MTRNR2L12 MTRNR2L6
6 MTRNR2L8 MTRNR2LS MTRNR2LS MTRNR2L9
7 S100A9 S100A9 FTL MTRNR2L10
8 S100A8 S100A8 S100A9 HBAIL

9 B2M MT-CO3 UBB B2M
10 MT-CO3 MTRNR2L1 MTRNR2L1 S100A8

Table 7. Transcript Abundance in Descending Order.

Top 10 transcripts are shown for each Nanopore sequencing run in addition to a previously done
RNA-sequencing run. Yellow highlighted columns represent exact matches between transcript and
abundance. Grey highlights show transeripts that are found in other samples but in a different order.

The only discrepancies between the two fresh bloodstains are the 9 and 10" most
abundant transcripts found, whereas inconsistencies began at the 7™ transcript for the aged sample
(Table 7). Table 7 also includes the most abundant transcripts found from an RNA-sequencing
experiment performed prior in our laboratory using conventional NGS techniques sequencing
cDNA reverse transcribed from mRNA extracted from blood stains®. Seven of the top transcripts
found in the previous RNA sequencing run were also included in the Nanopore top transcripts,

however only two of the seven matched in abundance order (Table 7).
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Modification Analysis

As we did not have control RNA molecules to sequence for comparison to the data
produced from the experimental samples, suggested modification data is preliminary.
Additionally, the exact location and specific modification remain unknown. Potential
modifications were identified on 12 of the transcripts sequenced (Table 8). Of these, three
transcripts were identified in all three sequencing runs (HBB, S100A9 and RPS12), two were only
identified in fresh stains (S100A8 and TMSB4X), and one was found in the first fresh and aged
sample (B2M) (Table 8). More specifically, of the six transcripts that were identified in multiple
samples, identical suggested locations for modified bases were found in five of them (Table 8).
Furthermore, S100A9 and RPS12 had modifications detected in all three samples, with an
additional modification identified in only the aged sample (Table 8). Modified bases were
suggested from our data in two identical regions in HBB in the second fresh and aged samples
(Table 8). The HBB sequencing data is also significant in that, it is the only transcript for which

sequencing (and potential modification data) of the 5° end of the transcript is available.

Transcript | Fresh-1 Fresh-2 Aged RNA
HEB 57 57,117,443, 593 57,117
5100A9 432 432 432, 464
S100A8 319 262,319
B2M 640 876
TMSB4X | 29§, 329 329
RPS12 278 278 278, 321
RPL41 265
RPS29 256
UBB 614
HBA? 494 557
HLAB 1515
FTL 606

Table 8. Transcripts with Potential Modifications

Numbers represent the estimated nucleotide location identified with
a potential modification. If there are multiple numbers in one box,
there were multiple modifications identified. Colored numbers in the
same row represent the same location.
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Figure 7 shows the estimated locations for the modifications identified on HBB (Figure
7A), S100A9 (Figure 7B) and S100A8 (Figure 7C). Also included on Figure 7 is the approximate
number of reads that mapped to each region for all three sequencing runs. The data shows that
read lengths were relatively consistent across all samples, however the number of reads that
mapped to each were lower in the aged sample compared to the fresh. This was consistent across
all transcripts identified with potential modifications. All potential modifications found were
located near the 5 or 3’ end, no modifications were identified in the middle of the transcripts
(Figure7). This was also consistent with the other transcripts identified with potential
modifications. A total of four possible modifications were identified on HBB, however the
potential modifications detected at the 3> end were only found in fresh samples (Figure 7A). Two
modifications were identified on S100A9, both of which are located within 200bp of the 3’ tail,
and were found in all three samples (Figure 7B). Two modifications were also identified in
S100A8, also located within 200bp of the 3’ tail, however one was only found in fresh-2 while the

other was found in both fresh samples (Figure 7C).
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Figure 7. Approximate Modification Locations
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Figure 7 shows the estimated locations of modifications on HBB (A), S100A9 (B) and S100A8 (C). Number of reads mapping to each
region are also included for fresh-1 (Tan), fresh-2 (Teal) and aged (pink) samples.

The visual outputs from the modification analyses are electrical signal plots (called
squigglegrams) and box-and-whisker diagrams. The electrical signal plots show the raw current
data that was recorded for each nucleotide as it passed through the sequencing pore. Comparing
the transcripts and regions identified in multiple samples, the data shows consistent electric signal
patterns across each sample (Figure 8). When the electrical current graphs are superimposed on
top of each other, it is easy to see this consistency (Figure 9). This duplicated pattern is seen for
all identical modifications identified on HBB and S100A8 as well, shown in Appendix A and B
respectively. Box-and whisker diagrams were also created for each potential modification
identified. Each plot shows the statistical output from the model used for comparison next to the
sample. When the electrical signal graphs are compared to the box-and-whisker plots similar
patterns are observed (Figure 10). Box-and-whisker diagrams for all potential modification sites

identified are provided in Appendix C.
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Figure 8. S100A9 Electrical Signal Plots
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Figure 8 shows the raw electrical signal plots for the potential modification located at the 37 end of
S100AS that was found in all samples: fresh-1 (Top), fresh-2 (Middle) and aged (Bottom). Stars
represent the estimated location.
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Figure 9. Overlay of Electrical Signals of 3° S100A9 Modification
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Figure 10. S100A9 Electrical Signal and Box-and-Whisker Plot Comparison
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Figure 10 shows the comparison of the raw electrical signal and box-and-whisker plots for the potential
modification identified on the 3’ end of SI00A9.

The star in the box plot denotes a suggested modification site according to Tombo.
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Discussion of Findings

mRNA Enrichment Needs Further Optimization

Even with following experimental suggestions from Tan et al (2019)**, our hybrid-
capture protocol needs further optimization. A possible explanation for this is the difference in
sample types/input between the two applications. Tan et al (2019)** utilized total RNA extracted
from cultured cells, allowing for a 30ug sample input'* compared to our ~1ug inputs (Table 1).
Unfortunately, achieving higher sample concentrations was not feasible for us as we were
working with dried bloodstains. Additionally, their increased sample input enabled them to
double their hybridization time for a total of four hours!. This change can help with the
specificity and abundance of mMRNA enrichment. However, when we tried to increase
hybridization time, we did not see a difference in on-target or off-target abundance; shown in

Appendix D.

The additional issue observed from our targeted enrichment is the presence of undigested
DNA probe in our final purified product (Figure 4). We followed the guidelines provided by Tan
et al (2019)*, however again, incubations had to be altered due to sample sensitivity.
Furthermore, supplementary experiments were performed to test the effectiveness of different
DNase | procedures, but we were never successful in fully digesting the DNA probes; shown in
Appendix E. Finally, since we were not able to recover a sufficient amount of enriched mRNA
for LC-MS/MS analysis, we decided that no further optimization was warranted, and switched

our efforts to sequencing native RNA for modification detection.

Nanopore Sequencing Summaries
Results show that there was a large decrease, average 2ug, in concentration between
initial sample input into library preparation and the final amount of adapter-ligated RNA prepped

for sequencing (Table 5). This is expected, however, as only RNA with a poly(A) tail were
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ligated to the sequencing adapter, which is about 1-5% of total RNA. Additionally, total data
generated from the second fresh and aged sequencing runs is about half of that produced from the
first sequencing run. While this is expected for the aged sample, as it has likely started to degrade,
the difference between sample input and number of active pores between the first and second
fresh bloodstain suggests an optimal active pore to sample ratio. Furthermore, the percentage of
active pores for the second fresh sequencing run decreased at a steeper rate compared to the other
two samples (Figure 5A-C). This is likely due to the clogging of pores from the RNA forming
secondary structures and/or degrading during sequencing. Thus, more sample input is not always

beneficial when sequencing native RNA using ONT.

The length of sequences obtained from each run is also of something to note. The average
length of reads remains consistent between the two fresh samples (Figure 6A and B), however the
average read lengths from the aged sample is shorter (Figure 6C). This is expected and agrees
with previously published data on RNA degradation kinetics in dried bloodstains®®. In summary,
RNA degrades faster at the 5° end of transcripts in dried bloodstains. Thus, as samples are
sequenced beginning at the 3’ end, shorter reads will be produced as the 5’ end degrades in older
samples. Since the aged sample was only 11 weeks old, some longer reads were produced (Figure
7), however the number of longer reads was reduced, causing the average read-length to decrease.
Although Nanopore specializes in long-read sequencing, shorter RNA transcripts can be
expected, due to the fragile nature of RNA and the way the molecule is pulled through the pore

for sequencing.

Preliminary Modification Results

As previously mentioned, as a result of not having controls for statistical comparison,
results are preliminary and can only suggest the existence and possible locations for RNA

modifications. This is displayed in Figure 10, which shows a squigglegram with its corresponding
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box-and-whisker diagram. The estimated location of the modified base pair is nucleotide 432,
marked with a star. However, at this location, the box-and-whisker diagram shows overlapping
signals between the theoretical control and experimental sample. However, looking at the
nucleotide directly adjacent to the estimated location (nucleotide 433), the box-and-whisker
diagram no longer shows overlapping signals. This possible inaccuracy by the software is a result
of not having control samples for statistical comparison. The model used is only able to estimate
approximate location, and although it was close, visual observation suggests that the modification
is located on nucleotide 433 and not 432 because of the wide separation of the boxes in the plot.

Similar discrepancies were seen in some of the other modifications suggested, but not all.

Use of the model-free version Tombo introduces the possibility for a high false positive
rate for detecting modified sites in an RNA sequence*'; however, the reproducibility of
squigglegram data for each transcript strengthens the interpretation of the results provided
(Figures 8-10). Of the transcripts identified with potential modifications, half were found in more
than one sample (Table 8). Furthermore, duplicate locations were identified six times (Table 8).
Additionally, identical electrical current patterns are observed at suggested modified sites
detected repeatedly and can be superimposed onto one another. Thus, although the data presented

here is preliminary, it provides a solid foundation for future studies.

Potential modifications were identified for 12 different transcripts; however, this does not
mean that no additional RNA modifications exist. The bioinformatic package used relies on
realigning the raw electrical current data to the reference genome to identify any interruptions in
the signal. These interruptions are then compared to either the model data set (de novo detection)
or to control samples (methylated and unmethylated) of identical sequence to confirm differences
in the electronic signal and thereby confirm a modified site. It was hypothesized that modified
transcripts could have been missed in the computational analyses if too few reads were mapped to

that region. However, looking at the number of reads for transcripts identified with modifications
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versus non-modified transcripts shows this may not be the case. For example, based on previous
degradation data, we believed we would identify potential modifications on ACTB and S100A12.
We got read depths of 96, 48 and 188 for ACTB for fresh-1, fresh-2 and aged samples
respectively. Additionally, we found 59, 22, and 9 reads mapping to S100A12. However, the
software identified potential modifications on transcripts with as low as 2-7 reads mapping to
them. Therefore, our hypothesis does not hold true about insignificant read-depth, and ACTB and
S100A12 may not be modified. Nonetheless, these results are preliminary, and experiments
should be repeated with the proper controls. Furthermore, HBB was the only transcript identified
with potential modifications located at the 5’ end. However, the 5 end was not sequenced for
most of the transcripts and therefore we cannot conclude if 5” modifications do exist on other

transcripts.

Degradation of Potentially Modified Transcripts

The transcripts identified in this study with potential modifications were not originally
chosen for validation of the 5°-3” assay®, therefore limited degradation data is available.
Nevertheless, early results show that both SI00A8 and S100A9 follow similar degradation
patterns to those previously seen for other transcripts in aged and dried bloodstains (Figure 11A
and B). Although data is only available through 6-weeks of aging, S100A8 and S100A9 show
correlation values of 0.85 (Figure 11A) and 0.84 (Figure 11B) respectively when degradation is

followed using the 5°-3” assay. Data is included with permission from Dr. Jun Fu.
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Figure 11. Degradation Rates for S100A8 and SI00A9
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Figure 11 shows the available degradation data for SI00AS8 and S100A9.

There is also limited degradation data available for HBB. Since HBB is extremely
abundant in blood, it is harder to detect subtle differences in abundance levels of 5° and 3> RNA
fragments as they degrade, since the changes are small compared to the transcript’s total
abundance. However, early results suggest that the two ends of the HBB transcript degrade at
similar rates up to around 200 days (Figure 12A and B). Whether the observed similarity between
the 5 and 3’ degradation rates of HBB is due to the presence of modifications on both ends of the
transcript (Figure 7) or an artifact of the transcripts high overall abundance cannot be determined

until further studies are done. Data is included with permission from Dr. Jun Fu.
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Figure 12. HBB Degradation Rate

A

18
17
16
15
§ 14
13
12

HBB Cq (0-~3y)

400 600 800 1000

Time (Days)

® HBB Cg-5'

HBB Cg-3'

1200

200

HBB-ACq (0-~3y)

400 600 800

Time (Days)

1000 1200

Figure 12 shows the available degradation data for HBB. 12A shows the
Cq values for the 5° and 3’ ends of HBB, while 12B shows the delta-Cq.

Future Directions

The data produced in this study can serve as the basis for subsequent studies aimed at
interrogating the epitranscriptome of forensically relevant transcripts. Additional research is
needed in order to confirm the presence of modified transcripts in dried bloodstains shown here.
Future studies should include controls to be sequenced and analyzed with the experimental
samples for an improved accuracy in identifying modified sites. Including controls will also allow
for the exact location and modification type to be identified. Different methods should also be

employed to investigate the epitranscriptome of less abundant transcripts in dried bloodstains.
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One such option is using Nanopore’s alternative native RNA sequencing method, which utilizes
sequence-specific adapters to only ligate to your transcript of interest. However, this approach is
more labor intensive as your target sequence must be at the very 3’ end of your transcript for
successful adapter ligation. Therefore, if the target mMRNA has a poly(A) tail, as ours do,
experimental manipulation is required prior to library preparation. Finally, similar studies should
be done in other tissue types that are relevant to a forensic investigation, such as saliva and
semen. This can help to expand the knowledge surrounding RNA in various tissues in order to
fully understand the molecule’s structure and degradation kinetics, helping to improve assays

designed to age biological samples.
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CHAPTER V

CONCLUSIONS

This study works to expand the knowledge and tools available for studying RNA
degradation Kinetics in a forensic setting using hybrid capture and native RNA NGS. Although
further optimization is needed, the targeted mMRNA enrichment approach discussed shows that
manipulation of RNA for further analyses is possible, even from an aged bloodstain. If validated,
this approach can enable in-depth analyses of targeted RNA transcripts in a relatively low cost
and labor efficient manner. However, as validating this approach was beyond the scope of this
study, we chose to focus on native RNA sequencing using ONT to interrogate the transcriptome

of all poly(A) tailed transcripts within the human exome.

The work provided here shows that sequencing native RNA from forensically relevant
samples is possible using the Nanopore platform. Furthermore, we showed that these sequencing
reads can then be bioinformatically analyzed to predict potential modification sites. Comparing
these results to degradation data from Oklahoma State University, School of Forensic Science,
our data suggest that RNA modifications may be influencing differential degradation of the 5’
and 3’ ends of transcripts in dried bloodstains. Understanding how and why RNA degrades the
way it does can be complex, but a thorough understanding of degradation kinetics is crucial for
the design of an assay able to estimate the TSD for biological evidence recovered from a crime

scene.
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APPENDICES

Appendix A. Superimposed Electrical Current Plots for Duplicate Modifications on HBB

Position

25

Electrical current plots for modifications identified on HBB found in more than one sample.
Top: HBB 5’-found in all three samples, bottom: HBB 3’-Found in fresh 2 and aged.
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Appendix B. Superimposed Electrical Current Plots for SI00A8
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Electrical current plots for modifications identified on S1I00A8 found in more than one sample.
3’-Found in both fresh samples.

Appendix C. Box-and-Whisker Diagrams for Identified Modifications
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HBB 3’- Only found on fresh 2.
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HBB NM_000518.5:593:+ Est. Frac. Alternate: 0.99 Coverage: 107617 (Model in Black)
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S100A8 3’- Only found on fresh 2.
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B2M 3’- Only found on aged.
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™S 4§1M_021109.4:329:+ Est. Frac. Alternate: 0.99 Coverage: 155 (Model in Black)
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TMSB4X 3’- Found on both fresh samples.
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TMSB4X 3’- Only found on fresh 1.
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RF,3412NM_001016.4:278:+ Est. Frac. Alternate: 0.99 Coverage: 141 (Model in Black)
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RPL41 NM_021104.2:265:+ Est. Frac. Alternate: 0.99 Coverage: 110 (Model in Black)
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RPS29 3’- Only found on fresh 1.
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HBA-2 3’- Only found on aged.
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HLAB NM_005514.8:1515:+ Est. Frac. Alternate: 0.98 Coverage: 122 (Model in Black)
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HLAB 3’- Only found on aged.
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FTL 3’- Only found on aged.
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Appendix D. Probe Hybridization Protocol Optimization

Comparison of Hybridization Lengths
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Results from hybrid capture optimization. Increased hybridization time does not decrease off-
target products or increase on-target abundance. No products are shown for ACTB-1701 because
the sample was not digested with DNase | to remove the probe.

Appendix E. DNase | Comparison

DNase I Comparison
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Results from DNase | Comparison. TURBO DNase | does a better job of digesting the DNA
probe, however DNA contamination is still seen in the final product.
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