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Abstract

It is common practice for laboratories that run any type of diagnostic assay or
molecular test at even moderate frequency to employ a well characterized in-process
control sample to verify and validate assay specifications and performance. ERCC spike
in mixes are a widely used set of external synthetic RNA transcripts designed to be added
to in-process control RNA samples. These specific spike in mixes are most often utilized
in gene expression profiling assays such as total RNA seq and microarrays to verify
sensitivity, limit of detection, and reproducibility. This study investigates the feasibility
of using ERCC spike in mixes to perform similar measurements in a targeted hybrid
capture assay instead of whole transcriptome sequencing or microarrays. Manufacturer
instructions do not provide guidance for this less common application, empirical
knowledge and several rounds of testing were employed to determine optimal conditions
to enable translation to a hybrid capture assay. Sensitivity, reproducibility, and
sequencing read distribution were analyzed across a range of spike in mix concentrations
and captured with targeted panels of varying size. Subsequent results indicate that when
capturing ERCC spike in mixes with a large sized panel, the ERCC spike in mix should
remain more concentrated to preserve ability to detect ERCC transcripts present at low
abundance in the mix. When capturing with a smaller targeted panel, the ERCC spike in
mix should be diluted to a lower concentration to avoid consuming an exorbitant amount

of sequencing reads and therefore taking away valuable coverage of other targets in the



panel. A linear relationship was demonstrated between spike in mix concentration,
percent of sequencing reads consumed, and successful detection of ERCC transcripts
present at low molecular abundance. Expression correlation between identical sample
replicates demonstrated high reproducibility at every dilution of spike in mix, including
the least concentrated twenty-fold dilution. The results of this study demonstrate a unique

and promising application of synthetic spike in transcripts in a hybrid capture assay.
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Chapter I.

Introduction

Understanding the Importance of Genetics

In 1869, swiss chemist Fredrich Miescher first identified a material referred to as
‘nuclein’ inside human white blood cells. Originally planning to characterize leukocytes
(white blood cells), Miescher encountered a substance in cell nuclei that had properties
very different from the cellular proteins catalogued at this point in time. This material had
significantly higher phosphorous content and exhibited resistance to proteolysis (Dahm,
2008). This mid-1800’s discovery went largely unremarked at the time, until 1910 when
Albrecht Kossel was finally awarded the Nobel Prize in Physiology or Medicine for
determining the chemical components of nucleic acids, now widely known as the
building blocks of DNA and RNA (Jones, 1953). This discovery added to the framework
of genetic inheritance established by Gregor Mendel and Charles Darwin decades earlier.
An overall trend occurred in the field of genetics; many discoveries were made in the
1800s, but it was not until the 1900s and beyond that technology allowed researchers to
better understand the function and mechanisms behind these molecules and structures. In
the mid-1950s, Rosalind Franklin’s work in X-ray crystallography lead to the discovery
of DNA fibers, which proved paramount in enabling James Watson and Francis Crick
experiments that revealed the double helix structure of DNA. Although this discovery
would not have been made possible without Rosalind Franklin’s initial work, she

received no credit for their discovery and died a few years later after a short battle with



cancer, likely exacerbated by time spent using carcinogenic material to perform her
research work (Maddox, 2003). This discovery of the double helix structure triggered a
frenzy of genetic research, which has remained a burgeoning field to this day. With the
advent of new technologies, a myriad of information has been generated and the concepts
are understood much more in depth, but the initial findings have remained as follows.
DNA is a double stranded molecule; the two strands are connected by hydrogen bonds,
and on each side of the bond is a nucleotide that pairs with only one other type of
nucleotide. There are four types of nucleotides (chemical bases) that make up the DNA
that holds genetic code: adenine (A), cytosine (C), guanine (G), and thymine (T). RNA
molecules have an uracil (U) nucleotide instead of thymine. The DNA double helix is
anti-parallel, meaning that the 5° end of one strand pairs with the 3’ end of its
complementary strand (Varnai & Zakrzewska, 2004). This enables replication, the

process necessary for life to occur.

DNA Sequencing Technology, Then vs Now

In the early 1950’s, a British biochemist by the name of Frederick Sanger was the
first person to determine the complete amino acid sequence of the two polypeptide chains
of insulin, initially using bovine insulin for his testing. From here, Sanger then explored
methods aimed at determining the sequences of RNA and DNA molecules. In 1977,
Sanger and colleagues introduced a new approach of DNA sequencing that would
become known as ‘Sanger’ Sequencing. The Sanger technique used a chain-termination
method with DNA primers, polymerase, ssDNA template, deoxyribonucleotides
(dNTPs), and dideoxy ribonucleotides (ddNTPs) which were modified to terminate DNA

template extension (Men et al., 2008).



In 1987, Applied Biosystems introduced the first automated sequencer, which utilized
capillary electrophoresis to determine nucleic acid sequences. These capillary sequencing
machines and Sanger sequencing methodology were later used as the main tools to
complete the sequencing of the Human Genome Project in 2003.

At present, the most well-known sequencing technologies are Sanger Sequencing
and Next-Generation Sequencing (NGS). NGS is similar to the Sanger method in that the
template strand is fragmented and the bases in each fragment are identified by a signal
when the fragments bind to the template strand. However, the older Sanger method
sequences a single DNA fragment at a time, whereas the newer NGS method sequences
millions of fragments during the same run (Lundin et al., 2010). Sanger sequencing is a
fast, cost effective method used to sequence a very small number of targets whereas NGS
is a much more robust, high throughput method to generate hundreds of times more data
from the same amount of input DNA (Fuller et al., 2009). Where the Sanger method can
only sequence one fragment at a time, NGS is ‘massively parallel” meaning that millions
of fragments can be sequenced all in one sequencing run.

There are several types of recently developed platforms for sequencing. Some
technologies, such as the PacBio Sequel or Oxford Nanopore, can sequence very long
fragments up to tens of thousands of base pairs in read length (Jain et al., 2016). The most
widely used NGS platform is Illumina sequencing, which generates millions of shorter
reads with rapid turn around time (Loman et al., 2012). This method uses a chemistry
called sequencing by synthesis (SBS) to amplify and read the individual bases contained
on segments of DNA. In the first step of sequencing, the double stranded molecules of

the sample are denatured into single strands that can cluster and bind to the flow cell for



the instrument to read (Shendure et al., 2011). DNA polymerase is used to extend and
amplify the clusters of DNA that are bound to the sequencing flow cell. The nucleotides
that bind to the DNA template are chemically modified and contain a fluorescent tag,
which emits a unique signal to indicate which base is present (A, T, C, or G). After
fluorescing, the base is cleaved so the next base can bind, fluoresce, and be cleaved
again. For paired end sequencing, after the forward strand is read by the machine, the
reads are washed away, and the process repeats for the reverse strand. This cycle
continues over and over, resulting in base-by-base sequencing reads with high accuracy
and low error rates. Ultimately this method enables the generation and collection of high-
fidelity data from hundreds or thousands of genes, allowing for greater power of
detection for low frequency variants or low abundance molecules (Grada & Weinbrecht,

2013).

Library Preparation for Sequencing

Historically, to obtain the genetic code of any organism, nucleic acid (DNA or
RNA) must be extracted from the source, purified, and processed through a series of steps
within the laboratory. The end result of this multi-step process is a chemically modified
sample in a form that enables the genetic code to be read by a sequencing instrument.
Before DNA sequencing become widely used and in high demand an older, antiquated
method of library preparation called whole-genome shotgun sequencing was used
(Ventner et al., 2001). In this method, the DNA is extracted and purified, then fragmented
and cloned into a universal cloning vector, such as E. coli. These smaller fragments of

DNA have portions of their code that overlap with neighboring segments and after



sequencing completes can be re-assembled into a whole genome by using this overlap
information (Rothberg & Leamon, 2008). The assembled genomic structure is called a
contig, short for contiguous sequence (Weber & Meyers, 1997). This antiquated approach
is referred to as shotgun sequencing because it mimics the rapid, random pattern of a
shotgun. This technique worked acceptably well in the early days of DNA sequencing,
but more sophisticated strategies for library preparation have been developed and are now
used.

Though there are a variety of technical approaches and slight nuances or
exceptions to each, the general principles used to create ‘libraries’ of molecular
information remain the same. After nucleic acid extraction the first step of sample
manipulation for whole genome and targeted sequencing is to break apart the segments of
DNA into smaller fragments. The commonly used Illumina sequencing technology
utilizes read lengths much shorter than the length of a genome, so in order to sequence all
of the genetic information comprised in a genome the extracted material must be
separated into shorter fragments compatible with sequencer read length. Sample
fragmentation can be achieved by using acoustic waves to shear the sample, through
enzymatic or chemical reactions, or the tried and true method of gel-based fragment size
selection.

After the sample has been broken into smaller fragments that fall within the
desired size range, the fragment ends are ‘repaired’ through an enzymatic process. The
rough ends of the molecules are blunted and phosphorylated at the 5” ends with
polynucleotide kinase and DNA polymerase. Following end repair, an A-base is added to

the 3’ ends of the molecules using a mix of enzymes. After 3’ adenylation, adaptors are



ligated onto each end of the molecule. These adaptors must be specifically designed to be
compatible with the sequencing machine, reagents, and flow cell to facilitate clonal
amplification on the flow cell and ensure each sample is readable uniquely identifiable
once loaded onto the sequencer (Van Dijk et. al, 2014).

One exception to the general overview of dsDNA library preparation
described above is observed with RNA sample preparation. RNA differs from DNA in its
single stranded nature and the substitution of uracil nucleotide instead of thymine. Due to
the single stranded composition of RNA, it tends to be more fragile than DNA molecules
and requires additional upfront manipulation before library preparation. For most NGS
methods, total RNA must first be isolated from tissue or cells, purified, then different
parts of the RNA are selected depending on downstream application. For example, most
total RNA preparation includes an enzymatic step to remove globin transcripts, which
make up a large percentage of the total RNA but hold no transcriptional value in
downstream analysis. Another commonly used technique employs Oligo dT magnetic
beads to select the poly-A tailed mRNA from total RNA.

After isolation and purification, chemical fragmentation is used to create the
desired size of single stranded RNA molecules. In the following step, primers are added
to enable extension by DNA polymerases or reverse transcriptase enzymes in subsequent
reactions. In common practice random primers are used to give unbiased coverage to all
regions of the RNA, which generates cDNA of varying lengths. After primer addition, the
first strand is synthesized by adding reverse transcriptase to an RNA template in order to
bind to the 3’ end and facilitate extension. The second strand is created by using DNA

polymerase enzymes and a similar method of primer binding and extension. The end



result of cDNA synthesis is generation of double stranded molecules made from the
single stranded RNA template. This double stranded molecule is now ready for
downstream library preparation the same as a DNA sample.

In most DNA and RNA library preparation workflows, the final step of library
construction is a selective amplification to make more copies of the fragments present
and increase sample yield. Increasing the of the number of unique molecules that have
been modified and adaptor ligated will give each sample the best possible chance at
generating valuable sequencing data. This amplification occurs through a process referred
to as polymerase chain reaction (PCR), which uses varying temperature cycles to initiate
reactions with primers, enzymes, and oligonucleotides such as dNTPs. Both a forward
and a reverse primer are used to amplifying the selected fragments and must be
complementary to the template DNA. The forward primer initiates the start of PCR
amplification as it binds to the start codon or region of the template DNA, whereas the
reverse primer binds to the stop site of the complementary strand.

In the first step of PCR, the double stranded DNA is denatured into a single strand
by heating at a high temperature. Once the sample is denatured, the reaction temperature
is lowered, and primers anneal to their complementary site. Next, the temperature is
raised slightly to initiate polymerase binding to the strands and extending across the
fragment by adding complementary nucleotides to each template strand. This generates a
double stranded copy of the original fragment. The PCR amplification cycle of
denaturation, annealing, and extension is repeated several times, resulting in many copies
of the original DNA molecule (Quail et. al, 2012). Outside of the library construction

application, this technique can be performed on genomic, plasmid, or cDNA.



The success of the library construction process through sample yield is verified or
quality checked (QC) before sequencing or downstream enrichment. A variety of
methods are available for determining fragment size and relative concentration of a
sample. Absolute quantitative analysis can be performed using a Real-Time PCR (qPCR)
method to determine the amount of material that would be amplifiable on a sequencing
instrument (Wang et al., 2009). Similar to the amplification method described above,
gqPCR utilizes complementary primers that bind to target sites in order to generate more
copies of the molecules in solution from a small volume aliquot of the stock sample. This
is used to quantitate the specific molecules present by measuring the amount of cycles or
time needed to cross a set abundance threshold (Ct). Whereas PCR amplification
increases the number of molecules in a library and results in an enriched product with
increased yield, the qPCR method is used to quantify and does not affect the actual

molecules present in a sample.

Targeted Enrichment and Hybrid Capture

As DNA sequencing technology progressed it became evident that there
were many future applications beyond just sequencing the whole genome of an organism
or individual. Whole genome sequencing remains a reliable method to provide a broad
picture of genetic makeup. However, given its large size and complexity, sequencing a
whole genome to deep coverage is extremely costly and time consuming. This led to the
development of workflows that target specific regions of the genome with known or
unknown significance, allowing a small percentage of the whole genome to be sequenced
at a much higher coverage much more efficiently.

By sequencing smaller regions at much higher coverage, researchers are able to



gain a deeper more comprehensive view of how any given individual’s genetic makeup
correlates with known alternations that underlie disease (Meyer & Kirchner, 2010).
Within the past decade, a newer method has been developed to target smaller more
specific regions of interest within the genome, providing a more efficient and cost-
effective approach for research and diagnostic goals (Rizzo & Buck, 2012). It is widely
recognized that the protein coding region of the genome accounts for less than 2% of the
whole human genome (Gnirke et al., 2009). Trying to make inferences about protein
coding or expression from whole genome data would be challenging and futile.

One of the first techniques developed to sequence smaller target regions utilized
oligonucleotide bases (i.e. PCR primers) complementary to the region of interest. The
sequence of the target region must be understood in order to design the complementary
primers for this method to work efficiently. This technique aims to enrich and amplify
only those specific target regions, but as with any PCR reaction there are duplication,
bias, and errors (Fuller et al., 2009).

This targeted amplification method can also be coupled with microarray technology to
enrich regions of interest within the genome. Multiplex amplification utilizes microarrays
to synthesize oligonucleotide probes that can then be cleaved and amplified via
polymerase chain reaction. (Head et al., 2014).

Another common method is microarray capture, which hybridizes oligonucleotide
probes matching the region of interest to an array chip. This method is limited by the
number of amplicons that can be multiplexed at one time. Another limitation of
microarray capture is fragment size, which does not align with the median size (120bp) of

human protein coding exons (Gnirke et al., 2009). Directly amplifying specific targets or



amplification via hybridization on an array have both been shown to generate a large
amount of non-specific amplification products or off target material (Krishnakumar et. al,
2008). This conflicts with the original intent of narrowing down the genome size to only
sequence regions of interest.

A more recently developed technique, referred to as ‘hybrid capture’ or ‘hybrid
selection’, utilizes the efficient kinetics of in-solution hybridization coupled with the
robustness of microarray oligonucleotide synthesis (Gnirke et al., 2009). The
oligonucleotide probes are designed to be complementary to the target region of interest,
by using in vitro transcription with biotin conjugated uridine triphosphate (biotin-UTP) a
single stranded RNA molecule is created that will bind to the targets present in the mass
of adaptor ligated human genome DNA. During the following ‘capture’ portion of this
process, streptavidin beads are used to bind the biotin-UTP probes and their
complementary target region of the sample (Gnirke et al., 2009). After sample-bead
binding, a series of washes are performed to remove any off-target material left over from
the hybridization, while the target sample fragments conjugated to beads are retained
through magnetism. In theory, after the capture and washes, all that remains is the small
fragments of the target regions of interest. Because most of the genomic material has
been washed away (e.g. 98% of the whole genome is considered ‘off” target if capturing
the human whole exome), PCR amplification is performed on the final product to enrich
the targets captured and provide enough experimental yield to be sequenced successfully
(Lundin et al., 2010). This hybrid capture method has become so robust that it can be
used to successfully capture large regions of the genome (e.g. whole exome or whole

transcriptome) but also can be used for very small, focused captures with panels targeting

10



a subset of genes or the small genomes of organisms such as bacteria or viruses. This
dynamic range of capture panel and target size can be accommodated in a standard wet

lab hybrid capture workflow with very little manipulation or modification required.

Gene Expression Profiling

Targeted enrichment of smaller regions of the genome as highlighted above has
enabled researchers and clinicians to gain a more comprehensive understanding of the
biological and cellular processes underlying a disease state. This technique applies to
both DNA and RNA libraries. One method to gain a higher level of insight has been
developed by sequencing RNA to determine which genes are being expressed at a given
timepoint, referred to as gene expression profiling. Understanding how expression levels
change with time or experimental condition (i.e. treated vs non treated) provides useful
data to make clinical decisions.

Gene expression profiling can be performed by using a variety of platforms and
techniques. In recent years the lower throughput methods for gene expression studies
such as northern blots and RT-qPCR have been replaced by RNA seq and microarrays.
This allows generation of robust, sequencing ready RNA libraries that can be sequenced
together in one sequencing run. Where microarray technology tends to be faster and
cheaper, transcriptome sequencing (RNA seq) enables gene expression data that is much
more accurate and robust than conventional microarray analysis (Park et al., 2019). Using

NGS methods to sequence RNA enables a lower limit of detection with higher resolution

11



of differentially expressed genes. This data has a wide range of useful applications, such
as fusion detection, splicing events, and gene expression profiling (Trapnell et al., 2012).
This last application is perhaps the most valuable and exciting, since the evaluation of
differentially expressed genes can shed light upon the function of a cell or protein
cascade at any given time. This application of gene expression data is valuable for both

research scientists and clinicians.

High Throughput Scale Up for NGS

With the advent of massively parallel DNA sequencing many companies have
invested a large amount of time and energy into scaling up methods to construct sample
libraries compatible for Next Generation Sequencing (Mardis, 2008). Whereas the first
human genome sequence took over ten years to complete and cost over one billion
dollars; today a patient can have their genome sequenced in less than a week for about
one thousand dollars (Collins, 2003).
As a result, a bottleneck has emerged in the field of Next Generation Sequencing. While
sequencing capacity has greatly increased, protocols for sample library preparation
remain a time consuming and expensive limiting step. One solution to this bottleneck is
incorporation of robotic liquid handlers to replace the manual processes performed by
technicians in the laboratory (Farias-Hesson et al., 2010). Automated systems such as the
Agilent Bravo Liquid Handler enable batches of 96 samples to be processed in the
amount of time it would take a technician to manually prepare 8 or 12 samples
(Holmberg et al., 2013).

In common practice a manufacturer or vendor will supply reagents in kits that

12



contain all necessary enzymes and chemicals needed to prepare an extracted nucleic acid
sample so it can be loaded on a flow cell and read by the sequencer instrument.
Depending on the sample batch size and volume of reagents, a technician may prepare
samples by hand at the bench, which tends to be slower and more error prone. If the
sample batch size is considerably larger, laboratories can use liquid handling robots to
process hundreds of samples at one time.

One way this exponential increase in sample batch size is achieved is by using
magnetic beads during the enzymatic library preparation process. This technique, referred
to as solid phase reversible immobilization (SPRI) has enabled scientists to vastly scale
up the number of samples processed within a shorter amount of time (Fisher et al., 2011).
The SPRI method utilizes magnetic beads coated in carboxyl molecules added to solution
with the double stranded DNA molecule. These beads are magnetic only in a magnetic
field (paramagnetic), which prevents the beads from falling out of solution.

Depending chemical composition of buffers used, the magnetic beads will either
bind the DNA or the DNA will precipitate out and be released from the magnetic beads.
In the presence of a crowding agent such as polyethylene glycol (PEG) and sodium
chloride (NaCl), the beads will reversibly bind DNA. The crowding agent pushes out the
molecules of water present in solution, which then causes the negatively charged DNA to
bind to the carboxyl groups on the surface of the beads. Presence and amount of sodium
ions in a given buffer will change the charge of the solution, which leads to the release of
bound dsDNA molecules (DeAngelis et al., 1995). The ratio of beads to DNA volume is
critical given the immobilization is dependent on concentration of crowding agent and

salt in the reaction.
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By adjusting these conditions, the DNA sample in solution will be either bound to
the beads or precipitated off the beads. Being able to control this magnetic binding
enables purification of the DNA molecules from enzymes and other reagents used in the
library construction process (Head et al., 2014). For most bead-based library preparation
methods, the magnetic beads are added to the sample following fragmentation and remain
in the vessel throughout the sample preparation workflow. Using the same beads for each
step decreases the number of liquid transfer steps, and subsequent material loss are
greatly reduced, allowing for higher sample yield and better sequencing results.

As library preparation methods scale up and the number of samples processed in
each batch increases, quality checks become even more important (Fisher et al., 2011). At
high throughput, one lab processing error could affect hundreds of samples. This
highlights a need for a reliable and reproducible control sample to serve as a reference to
distinguish between potential errors in wet lab processing versus sample-to-sample

performance variability.

Process Controls for NGS

Process control samples, or process match controls, are an essential part of
ensuring a wet lab test meets important criteria regarding sample quality. In almost every
type of Next Gen Sequencing assay, process control samples are used as surrogates for
patient specimens, processed as if the sample came from an individual patient, and
subject to each step of the assay in the same regard as all other experimental samples.
This method is used to monitor the overall performance of the entire process, both by
individual batch and through historical assay data (Mardis, 2008). Molecular tests such as

DNA sequencing usually include positive and negative controls. When an assay is being
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developed, it is common and almost expected that sensitivity controls with known
expected values will be used to demonstrate that a target is still detectable even at low
levels of analyte (Ansorge, 2009).

In the past few decades enormous resources have been dedicated to
developing process match controls. Analysis of sequencing data is challenged by the
complex nature of human genetic variation as well as confounding errors inherently
introduced during sample preparation and sequencing itself (Linnarsson, 2010).
Biological and/or synthetic controls are used as a baseline reference measurement to
determine origins of variation. These control samples are intended to verify assay
performance at relevant analytical and clinical decision points. For example, multiple
myeloma is a cancer that affects plasma cells and is characterized by a several step
transformation of normal to malignant cells. Within the past decade, transcriptomic
studies and gene expression profiling have been used to shed light upon this complex
process, resulting in a more accurate diagnosis and better therapeutic options for
treatment (Szalat et al., 2016). These studies depend on reliable and reproducible controls
to serve as a baseline reference for analyzing changes in cellular composition and
identifying significance in the levels of gene expression measured. Another application of
controls in the clinical setting is demonstrated by biomarker use for drug development. In
almost every situation, a clinical biomarker must first be validated with a set of well
characterized and thoroughly understood control samples before any interferences can be

responsibly made about treatment of an individual patient (Lesko et al., 2001).
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Process Control for the wet and dry NGS laboratories

Figure 1: Application of In Process Controls.

FDA overview of process control applications for both wet and dry laboratory.

Next generation sequencing has three main areas in which control samples are
utilized. The first is during nucleic acid extraction. Controls ensure that the extraction
was performed successfully, and the sample meets criteria to continue preparation for
sequencing. The second area is during sample library preparation itself. Due to the many
complex enzymatic steps in this process it is critical to every step was executed correctly
and any samples not meeting criteria will fail due to a sample related issue as opposed to
an error in processing (McKenna et al., 2010). Lastly, a sequencing control (e.g. Illumina

PhiX) is often included in the pool of samples as a final step before the samples are
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loaded on to the sequencer (Rizzo & Buck, 2012). This illustrates another reason why
controls are so important for Next Generation Sequencing assays due to the exorbitant
cost of running these tests, both financially and in terms of turnaround time.

The type of samples used for process controls are available in a wide range of
material and isoforms; from widely characterized reference cell lines (i.e. NA12878 or
material from Master Cell bank) to synthetic spike in controls such as sequins or RNA
transcripts designed by the External RNA Control Consortium (ERCC) (Blackburn et al.,
2019).

Reference cell lines, as mentioned above, have become increasingly
valuable and informative as Next Generation Sequencing technology has exploded in the
past few decades. In 2001, the International HapMap Project was launched with the goal
of establishing a haplotype map (‘HapMap’) of the human genome. Haplotype maps shed
light on which regions of an individual’s genome tend to be inherited together, and how
this phenomenon varies by country and ethnicity (Gibbs, et al., 2003). While a haplotype
refers to a set of genetic variations inherited together, a genotype refers to an individual
or cluster of traits inherited together; i.e. the combination of genes at a given locus
(Manolio et al., 2008). By understanding the patterns of genomic variations in humans,
researchers can make inferences on a broad scale about genetic links to a multitude of
diseases around the globe (Liu et al., 2004). As part of the project, all HapMap data are
widely accessible to the public through an online database.

Phase I HapMap was completed in 2005, comprised of over one million single
nucleotide polymorphisms (SNPs) generated from hundreds of individual participants.

These individuals were sourced from four distinct and genetically diverse populations:
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Beijing, China; Ibadan, Nigeria; Utah, U.S.A (with European ancestry); and Tokyo,
Japan (Manolio et al., 2008). These data shed light upon how genetic sequences vary by
region or continent.

The second phase of the HapMap project added over two million SNPs to the
original database of the hundreds of individuals generated in the first phase to further
support its utility. Enabled by this comprehensive and widely available database,
HapMap cell lines and specimens are often used for NGS assay validation and as a
process match control during sample processing (Buchanan et al., 2012). Because
HapMap cell lines such as NA12878 are so well characterized and widely used it is well
suited as a reference specimen to establish baseline accuracy for confounding factors
such as insertions, deletions, or single nucleotide variants (SNVs) (Manolio et al., 2008).
Another common application of in process controls is as a reference in RNA gene
expression profiling assays. At present, there are several different types of refence RNA
control materials commercially available as mixes of tissues or cell lines from several
manufacturers. Common reference RNA mixes include Universal Human Reference
RNA (UHRR) and Human Brain Reference RNA (HBRR). Universal Human Reference
RNA is comprised of ten human cell lines, each individual cell line adds its own unique
set of genes and expression levels to the UHRR mix as a whole (Novoradovskaya et al.,
2001).

RNA controls in gene expression profiling assays can also be used as a
normalization tool. For example, in microarray gene expression profiling, the signal of a
probe is measured as the ratio of experimental RNA to UHRR targets (as opposed to

absolute signal intensity). This decreases variability in the raw data by normalizing signal
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output, giving more accurate readings and decreasing sample CV (Novoradovskaya et al.,
2004). These widely characterized controls are also used in RNA seq and NGS
experiments as a reference for gene expression levels. The rigorous quality standards
necessary for a universal RNA reference control enables a well characterized
composition of RNA at different expression levels that remains consistent and
reproducible across replicates and across batches. This reproducibility in a process
control is crucial for NGS assays in which sequencing artifacts and process errors can

easily confound data.

Overview of ERCC Spike-Ins

As RNA sequencing has become more popular and in greater demand, it was clear
that a common set of RNA based controls were needed to standardize gene expression
measurements. In 2003, the External RNA Control Consortium hosted by National
Institute of Standards and Technology (NIST) addressed the lack of standardized RNA
controls for gene expression profiling assays and dedicated a large effort towards meeting
this need (Devonshire et al., 2010). To date, the ERCC has established two sets of 92
synthetic transcripts designed to mimic eukaryotic mRNA sequences, with each set in a
mixture ranging 6-fold in abundance. The transcripts are 250 to 2,000 nucleotides in
length and are traceable through manufacturing to the NIST plasmid reference material.
The spike in mixes are designed to be added to isolated RNA samples before downstream
processing. These synthetic transcripts can be used to evaluate many different
technologies for gene expression measurement such as microarray, real-time quantitative
PCR (RT-gPCR), and next generation RNA sequencing (Baker et al., 2005). In addition

to the evaluation of gene expression platforms, ERCC spike in mixes can also be used as
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a quality control for library amplification workflows (Jiang et al., 2011).

Each ERCC set of 92 transcripts is comprised of four smaller sub-pools.
Analyzing the fold-change measurement between these mixes provides robust and
reproducible expression data. For example, the dynamic range of transcript abundance in
each ERCC sub-pool and the individual transcript ratio across sub pools enables
calculation of known relative differences between the pools across a large range of
dynamic abundance (Devonshire et al., 2010). This design facilitates signal response
assessment of individual ERCC transcripts at various folds of abundance, e.g. 1, 3, 5-fold
increases in concentration. Additionally, performing a pairwise comparison of the
transcript abundance in each pool enables a ratio-based evaluation of the dynamic range

(Devonshire et al., 2011).

Applications of ERCC Spike In Mixes

Ambion ® ERCC RNA Spike-In control mixes are used as an external synthetic
control to assess gene expression measurements and sensitivity to detect transcripts at
low abundance across different platforms. The ERCC spike in mixes come in two
formulations, referred to as mix 1 and mix 2. Each mix contains 92 transcripts spanning a
10 fold concentration range (Lemire et al., 2011; Figure 2). ERCC spike in mixes are
most commonly used in microarray and RNA-Seq for gene expression profiling. A
notable difference between using ERCC spike ins for microarray versus RNA seq is
highlighted in the manufacturer guidelines, which strongly recommends that microarray
assays should include probes complementary to the ERCC transcripts in order to fully

capture and utilize ERCC transcript data. Depending on the sample type and purpose of
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the assay, these probes may have to be modified to achieve the most efficient

performance.

Prepare sample RNA with ERCC RNA Spike-In Control Mixes
Start with purified total RNA, poly(A], or rRNA-depleted RNA

1 Mix 1: Mix 2

4.0X
A
Add Spike-In Mix 1 or Mix 2 to the RNA sample(s)

l

Perform gene expression measurements
Process the ERCC Control Mix-containing RNA sample(s)

l

Perform the gene expression measurements on your platform

!

Analyze the ERCC RNA Spike-In Control Mixes data

0.5X

0.67X
B 1.0X

(2]

¢ Assess the lower limit of detection and dynamic range (dose response)

10 15 20 25
Log, transcripts

Figure 2. Application of ERCC Spike in Control.

In vitro application of ERCC transcripts as depicted by Ambion® user guide
https://www.thermofisher.com/order/catalog/product/4456740?us&en#/4456740?us&en
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Synthetic ERCC transcripts are well suited for expression measurement assays
because they provide a reliable and reproducible reference value, whereas RNA transcript
detection and gene expression levels are highly variable by nature. Whether or not a
given gene is even expressed, let alone detected, can change based on tissue type, cell
count, time point, and a multitude of other factors. These dynamic ratios of transcript
abundance are a way to measure biological activity in a given system, e.g. gene
expression profiling (Munro et. al, 2014). The

The ERCC RNA spike in mixes are designed to be added to the following type of
samples: purified total RNA, poly(A) RNA, and rRNA-depleted RNA. Manufacturer
guidelines recommend adding either Spike In Mix 1 or Spike In Mix 2 to RNA samples
for dynamic range and lower limit of detection. To measure fold change response,
manufacturer guidelines recommend adding Mix 1 and Mix 2 to separate samples (e.g.
Add Mix 1 to the control sample and add Mix 2 to the treated sample). In standard
application the concentration of ERCC spike in mix must be adjusted to determine
optimal conditions based on experimental criteria (Garalde et al., 2018; Table 1).
Manufacturer guidelines recommend performing serial dilutions with nuclease free water

to reach the target spike-in mix concentration based on downstream application.
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Dilution Spike-In Mix' Nuclease-free Water
1:10 1 pL undiluted 9 uL
1:100 1 pL of 1:10 9uL
1:1000 1 pL of 1:100 9 uL
1:10,000 1 pL of 1:1000 9uL

T ERCC RNA Spike-In Mix 1, ExFold Spike-In Mix 1, or ExFold Spike-In Mix 2.

Table 1. Guidelines for Preparing Spike-In Dilution.

These guidelines instruct the user to select a Spike-In Mix dilution ratio based on
the starting RN A sample mass (Table 2). The manufacturer recommends increasing the
concentration of Spike-In Mix at higher amounts of starting sample RNA for both total

RNA and Poly(A) selected RNA.

Amount of Volume of Spike-In Mix 1 or Mix 2 (dilution)’
sample RNA Total RNA Poly(A) RNA
20 ng 4pL (1:10000) 2 pL (1:100)
50 ng 1 uL (1:1000) 5 pL (1:100)
100 ng 2 L (1:1000) 1L (1:10)
500 ng 1 L (1:100) 5 ul (1:10)
1000 ng 2 pL (1:100) =
5000 ng 1L (1:10) -

Table 2. Ratio of Suggested RNA Input to ERCC dilution.

In addition to identifying differentially expressed transcripts as a reliable
reference for gene expression levels, measuring ERCC abundance ratios can provide

insight into the lower limit of detection. The limit of detection in an assay is the lowest
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quantity of analyte that can be detected against a blank measurement with a
predetermined level of confidence. Using ERCC spike in transcripts to establish the limit
of detection in an RNA Seq assay or other gene expression profiling assays is often
achieved by plotting signal abundance to compare the expected expression or detection of
the ERCC transcripts at a known concentration versus the observed values generated by
the assay. This is often depicted as a dose response curve with observed ERCC counts or
expression per transcript on one axis and ERCC concentration (attomole) on the opposing
axis.

This research will use commercially available pre-extracted human reference
RNA material comprised from a mix of five different tissue types. This aids in the
provision of an accurate representation of the different RNA species present in differing
tissues or cells (Islam et al., 2014). Following library construction, the control RNA
containing ERCC spike in transcripts will go through target enrichment using hybrid
capture methodology. Complementary oligonucleotide probes will be used to bind to the
target regions of interest in these samples. Another set of probes will be used to capture
the ERCC transcripts spiked into each sample, enabling the detection and quantitation of
each individual ERCC transcript present at a known molecular abundance. Analysis of
sequencing data will be performed on the raw data, which will involve many steps such
as removal of duplicate molecules and regions that are not of interest, e.g. ribosomal
RNA (Zhao et al., 2014). The goal of this study is to determine the optimal conditions to
enable application of ERCC spike in mixes in a hybrid capture assay instead of the

commonly used application in total RNA Seq. This will be achieved by adjusting spike-
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in concentration and capture panel size while analyzing sensitivity, reproducibility, and

lower limit of detection of the ERCC transcripts.

Experimental Design and Expected Outcome
This study will investigate the relationship between ERCC spike in concentration,
hybrid capture panel size, and sequencing reads consumed by ERCC transcripts. This will
be accomplished by a series of experiments testing various dilutions of ERCC transcripts
with panels of the following sizes: 30 Mb, 1.5 Mb, and 650 kb. The first experiment of
this study will test ERCC spike in transcripts captured alongside a large panel. Based on
these results, further work will be performed to test ERCC spike in transcripts enriched
via hybrid capture alongside two smaller sized panels. It is expected that several
modifications will be made to the ERCC spike in mix dilution and probe set in order to
maintain parameters for sensitivity and lower limit of detection across the two different
panel sizes.
This study will use a series of experiments to address three main objectives:
e Determine whether ERCC spike in transcript mixes can be applied to a
capture based assay in alignment with application for RNA seq method
e Understand how the relationship between panel size and read consumption
affects sensitivity of transcript detection
e Establish optimal concentration in HC assay that achieves and maintains high

sensitivity and reproducibility

We hypothesize that the same concentration of ERCC spike in transcripts
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captured with a smaller panel will result in the ERCC transcripts consuming more
sequencing reads compared to capture with a larger panel. If the ERCC transcripts
receive high sequencing coverage this will take away coverage from more important
target regions in the pane, which is a detrimental effect given that adequate sequencing
coverage target regions is crucial in the development of a successful assay. The
concentration of ERCC transcripts will need to be further diluted to accommodate for a
smaller panel size. The ideal concentration of ERCC transcripts will enable accurate
detection without taking up too many valuable sequencing reads. To investigate this
relationship across several experiments we will generate plots that illustrate the read
distribution across targets, including reads covering ERCC transcripts. We expect to see a
tradeoff between concentration and detection limit, as well as decreased sensitivity with

increasing dilution factor.
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Chapter II.

Materials and Methods

Preparation of Control RNA:

A commercially available and widely used reference RNA control sample was
needed for this study. The ideal sample is comprised of different cell lines or tissue types
given that RNA transcripts differ in abundance between cell lines or tissues, and the
material used should mimic a biological sample as closely as possible. It is expected that
a well characterized control mix will be reliable and reproducible across varying
experimental conditions. A total RNA control sample comprised of 5 tissue types met the
criteria above and was selected for use in this study. The mix of total RNA purchased for
this study is designed specifically to be a reliable process control in gene expression
profiling and other RNA based assays.

The total RNA mix was received in several tubes containing 25 pLL RNA per tube
at a concentration of 1pg/uL. This material had to be modified before addition of ERCC
transcripts and downstream processing in order to ensure the control RNA mimicked a
biological sample as closely as possible. Before starting any bench work with the RNA
sample or ERCC spike in mixes, the space was decontaminated using bleach and
disinfected with 70% EtOH. New, unopened pipette tips and reagents were used at every
step to minimize possibility of contamination and preserve integrity of the RNA material.

RNA Dilution: First, the control mix had to be diluted from the stock

concentration it was received at in order to fall within a range suitable for ERCC spike in
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mix addition and assay input parameters. Nuclease free water was used to dilute the
control RNA sample using the manufacturer listed starting concentration. A bulk dilution
of RNA sample was made, which was then aliquoted into several smaller volume
replicates to generate enough material for any repeat experiments and avoid unnecessary
freeze thaw cycles of the RNA material.

Fragmentation: Ambion® RNA fragmentation reagents and manufacturer
guidelines were used to fragment the total RNA sample into smaller segments to facilitate
downstream sample manipulation and library construction.

e 2 uL of 10X Fragmentation Buffer was added to 18 pL of control RNA sample.
e The sample and buffer were mixed, centrifuged briefly, then incubated at 70°C for

15 minutes using an Eppendorf Mastercycle thermal cycler.

e After incubation, 2 puL of Stop Solution was added to the RNA sample.

Sample Clean up: After fragmentation, a filter based purification was performed
on the sample to remove enzymes and other compounds that might degrade or
compromise sample integrity. Zymo® RNA Clean and Concentrator Kits were used as

follows.

100 uLL RNA Binding Buffer was added to each sample and pipette mixed upon

addition.

e 100 pL 100% ethanol was added to the solution above and mixed.

e This solution was transferred to the Zymo-Spin™ Column and centrifuged for 1
minute. Flow-through supernatant was discarded after centrifugation.

e 400 uL RNA Prep Buffer was added to the column and centrifuged for 30

seconds. Flow-through was discarded after centrifugation.
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e 400 uL RNA Wash Buffer was added to the column and centrifuged for 30
seconds. Flow-through was discarded after centrifugation.

e 400 uL RNA Wash Buffer was added to the column and centrifuged for 2 minutes
to ensure complete removal of the wash buffer.

e The column was then transferred into an RNase-free tube. 100 pL nuclease free
water was added directly to the column matrix and centrifuged for 30 seconds.

e After dilution, fragmentation, clean up and QC, the total RNA material is now

ready for addition of ERCC spike in mix and downstream library preparation.

Preparation of ERCC spike in transcript mix:

ERCC Spike-In Mixes are synthetic RNA transcripts that serve as a reference for
measuring dynamic range, lower limit of detection, fold-change response, and gene
expression of an RNA assay or platform. The ERCC spike in mixes are shipped ready to
be diluted and added to RNA samples before executing an experiment, with no additional
manipulation required. Manufacturer guidelines advise that the spike in mixes are added
to the following type of samples: purified total RNA, poly(A) RNA, and rRNA-depleted

RNA.
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1 2 3
100 ng Total RNA | 100 ng Total RNA | 100 ng Total RNA
ERCC spike-in mix | ERCC spike-in mix | ERCC spike-in mix
at 0.25X at 0.5X at 1X
(n=2) (n=2) (n=2)

Table 3. General experimental design. RNA Sample input remained constant at 100 ng.

This study used 100 nanograms (ng) of total RNA for all samples regardless of
ERCC transcript concentration, in contrast to the manufacturer guidelines. The input
mass of total RNA sample was kept the same across all experiments to serve as a control
as the panel size and ERCC dilution varied. At least two technical replicates per
condition were included in each experiment (Table 3). Given that the manufacturer
guidelines were designed for using spike in mixes in microarrays and RNA seq, there was
no information about spike in mix concentration for hybrid capture with targeted panels.
Dilution factor was determined empirically based on the assumption that the dilution
guidelines for RNA seq would be too concentrated for targeted sequencing and would
blow out sequencing read consumption.

Serial dilutions with nuclease free water as outlined in Table 1 were performed to
reach each target ERCC dilution factor. Per manufacturer guidelines, a fresh dilution of
ERCCs was made for each new batch of total RNA samples using nuclease free water.
The diluted ERCC transcript mix was added directly to the total RNA samples before any

additional processing or sample manipulation occurred.
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Library Preparation and Hybrid Capture:

After addition of ERCC transcripts, the total RNA control material was converted
from single stranded molecules to double stranded cDNA molecules. This was achieved
by using reverse transcriptase enzyme with an RNA template and complementary primer.
Once the RNA molecules were successfully converted to double stranded cDNA,
standard preparation methods were used to generate NGS compatible libraries. The
libraries went through a quality check to determine success of sample preparation and
amount of sample yield before hybrid capture target enrichment. Hybrid capture was
performed with panels of varying sizes (30, 1.5, and 0.65 megabases) and each panel also
contained probes designed to target the ERCC transcripts. After capture and subsequent
batch quality check, samples were pooled together and loaded onto a sequencing
instrument to generate sequencing data.

Analysis of Raw Sequencing Data:

Amount of sequencing reads, or coverage, consumed by ERCC transcripts will be
a key metric throughout the study. More reads taken up by ERCC targets will result in
less coverage and decreased sensitivity for the other targets that each panel was designed
to capture. The unfiltered data from the sequencing run will give a raw read count for
each sample, which is then broken down to number of sequencing reads mapping to each
target region (e.g. genes within a panel or ERCC transcripts). Using the total number of
sequencing reads for any given sample, the percentage of reads for each target region is

calculated. This method will be used to determine the percentage of reads absorbed by
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ERCC transcripts, a metric to compare across experimental conditions and assess
performance.
Ambion ® ERCC RNA Spike-In Control Mixes User Guide:

Instructions for normalizing by dilution: ‘Before data analysis, it is often
convenient to transform the Mix I and Mix 2 concentration values to reflect the dilution
scheme used. For example, if 2 uL of a 1:100 dilution of Spike-In Mix was added to 1 ug
of total RNA, multiply by 0.02 to give new concentration values, expressed as attomoles
of ERCC transcript/l ug total RNA. The concentration values can be expressed in terms

of absolute number by conversion of moles to molecules with Avogadro's number (NA;

6.02214179 X' 1023 mol-1).’

The following guidelines from Ambion ® ERCC RNA Spike-In Control Mixes
User Guide were followed to perform data analysis: ‘The dynamic range can be measured
as the difference between the highest and lowest concentration of ERCC transcript
detected in each sample. Some platforms, such as microarrays, have a fairly restricted
linear range. In such cases the dynamic range can be defined by the lower limit of
detection (LLoD) and the region of signal saturation. NGS platforms do not exhibit a
region of saturation, so the dynamic range can be determined by observing the
concentration difference between the highest-concentration ERCC transcript detected and
the low limit of detection (LLoD). The LLoD is used as a measure of sensitivity, defined

as the lowest molar amount of ERCC transcript detected in each sample.
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Figure 3. Example dose response curve.

Plot taken from user guide as a method to measure sensitivity and limit of detection. Y-axis corresponds to
observed expression measurements for the ERCC transcripts (RPKM). X-axis corresponds to expected
transcript abundance (i.e. known molar concentration or amount).

After normalizing and filtering the expression data, the expression signal for each
ERCC transcript was plotted against the known molar concentration or abundance. The
expression signal measurements are plotted on the Y axis and are usually measured in
terms of sequencing reads covering the transcripts; i.e. Reads Per Kilobase per Million
mapped reads (RPKM) or Transcripts Per Million mapped reads (TPM). A linear
regression was used to determine the best fit line as demonstrated in the dose-response
curve above. Manufacturer guidelines define the lower limit of detection as the X-axis
value where the regression line crosses the threshold (Figure 3). According to these

guidelines, the threshold for defining lower limit of detection may be determined
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empirically or arbitrarily.

Reproducibility was measured by comparing the expression values for each
individual transcript between two sample replicates of the same dilution and panel size.
Expression values for one replicate were plotted on the x-axis of a linear plot, and
expression values for the second replicate were plotted on the y-axis. R2 values were

used to measure correlation and overall reproducibility across dilution factors.
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Chapter III.

Results

Optimization of ERCC dilution for a broad 30Mb RNA expression panel

In order to determine the optimal ERCC spike-in amounts for a large 30Mb
expression panel, three different ERCC dilutions were tested in a hybrid capture
workflow with the large panel. As expected, the higher concentration of the ERCC
dilution spiked-in, the lower the sequencing reads consumed by ERCC transcripts. The

number of unique ERCC transcripts detected also decreases with higher dilutions (Table

4).

ERCC Number ERCC Percent ERCC .

e . : . Percent Sequencing
Dilution Panel Size Transcripts Transcripts

Reads Consumed
Factor Detected Detected
1X 30Mb 73 79.34 0.3
0.5X 30Mb 84 91.31 0.5
0.25X 30Mb 86 93.48 0.9

Table 4: 0.25X, 0.5X, and 1X ERCC Dilutions captured with a 30 Mb panel

At standard sequencing coverage for an RNA expression panel, the majority of
ERCC transcripts were detected successfully (79.34% of ERCC transcripts detected at
highest dilution). However, not all ERCC transcripts were detected, even at the lowest
dilution (86 ERCC transcripts detected at 0.25X dilutions, Table 4). To maximize RNA
transcript target coverage, the read consumption by ERCC transcripts was limited to less
than 1% total sequencing reads. This trade-off for read consumption resulted ERCC

transcript dropouts (86 out of 92 ERCC transcripts detected). This drop out can be
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attributed to the competition of the large size of the expression panel with overwhelming

number of targets consuming the majority of sequencing coverage (Figure 4).

Sequencing Read Distribution, 0.25X ERCC
Dilution

30 Mb panel 99.1

ERCC Transcripts | 0.9

0 10 20 30 40 50 60 70 80 90 100
Percentage of Total Sequencing Reads

Figure 4: Sequencing read distribution for 0.25X ERCC dilution.

Percentage of sequencing reads consumed by ERCC and RNA expression targets captured with the 30 Mb
panel.

Out of three spike-in mix dilutions tested with the 30 Mb panel, none
demonstrated the ability to detect all 92 ERCC transcripts in the mix. At the highest
concentration of spike-in mix only 86 out of 92 transcripts were detected. Because ERCC
transcripts are present in the mix at different molar concentrations, the lower abundance

ERCC transcripts are the most likely to be missed.
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Spike-in dose response

Figure 5: Dose-response curve

n(detected)=86 °
44 R2=0.9664 /0 for 0.25X ERCC dilution.

Slope=0.91

Captured with 30 Mb panel. Y
axis values correspond to
expression levels detected for
each transcript; X axis
corresponds to abundance of
molecules per transcript. Marker
colors correspond to read count
per transcript; red = 1-5, green =
6-20, blue = 21-100, black =
>100 reads.

log10(TPM)
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log10(transcript molecules) if Mix1

The dose response curves generated for this study, as shown in Figure 5, the
markers representing each transcript were colored based on the read count per transcript.
Red represents the lowest read count (less than 5 reads), black represents transcripts with
over 100 reads. This serves as a visual reminder that more noise in the scatterplot is
expected at the lower end of the distribution due to random integer counting differences,
1.€. less reads, more variation.

The 0.25X ERCC transcript dilution factor consumed minimal sequencing reads
but maintained sensitivity to detect the majority of ERCC transcripts present in the mix.
These results are only directly applicable to the 30 Mb panel tested with the three ERCC
dilutions (Table 4), how these findings may translate to a panel of different size is

unclear.
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Evaluation of large panel ERCC dilution with focused 1.5 Mb panel

To assess how the findings above translate to a much smaller targeted panel, a
0.5X ERCC dilution was tested in capture with a 1.5 Mb panel (Table 5). The median
dilution factor from the 30 Mb panel evaluation was tested as an initial first pass to better

understand the relationship between panel size and concentration of ERCC transcripts.

ERCC Number ERCC  Percent ERCC Percent
Dilution Panel Size Transcripts Transcripts Sequencing
Factor Detected Detected Reads Consumed
0.5X 1.5 Mb 91 98.91 34.19

Table 5: 0.5X ERCC dilution captured with a 1.5 Mb panel.

At standard sequencing coverage for small targeted panels, the majority of ERCC
transcripts were detected successfully (91/92 ERCC transcripts detected). The single
transcript not detected is present at the lowest abundance in the mix and is rarely detected
in standard capture based assays (Curion et al., 2020). The 0.5X dilution of ERCC
transcripts was well suited for capture with a 30 Mb panel based on the amount of
sequencing reads consumed while maintaining sensitivity to detect ERCC transcripts.
This dilution factor demonstrated an optimal tradeoff between the amount of sequencing
reads consumed and the number of ERCC transcripts detected. These findings were
directly applicable to the 30 Mb panel tested only, when the same ERCC dilution was
tested with a smaller panel, the amount of sequencing coverage consumed by ERCC

transcripts took up more than a third of the total sequencing reads (Figure 6).
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Sequencing Read Distribution, 0.5X ERCC Dilution

0.5%
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Figure 6: Sequencing reads consumed by ERCC transcripts.

0.5X dilution with 30 Mb panel (left) versus 1.5 Mb panel (right).

The 0.5X ERCC dilution captured with a 1.5 Mb panel took up almost 60x more
sequencing reads than the same dilution factor with a 30 Mb panel. These results made it
strikingly clear that a dilution optimized for a capture with a large panel does not readily
translate to capture with a smaller targeted panel. The increased number of reads
consumed by ERCC transcripts at this dilution with a 1.5 Mb panel is likely to be
problematic when put into practice. Given that over one third of total sequencing reads
are covering ERCC transcripts, less than two thirds of the remaining sequencing coverage

is spread across all of the targets encompassed in the 1.5 Mb panel.
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Lower Limit of Detection, 0.5X Dilution

Spike-in dose response

Spike-in dose response
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Figure 7: Dose response curves for 0.5X ERCC transcript dilution.

Captured with 30 Mb (left) and 1.5 Mb (right) panels. Y-axis corresponds to observed expression levels for
each ERCC transcript (TPM), X-axis corresponds to expected number of transcript molecules present in
mix. Marker colors correspond to read count per transcript; red = 1-5, green = 6-20, blue = 21-100, black =
>100 reads.

The 0.5X ERCC dilution captured with the small panel that received
exponentially more sequencing reads had a higher amount of ERCC transcripts detected
than the same dilution captured with a 30 Mb panel (Figure 7). These results confirm the
theory that a 0.5X ERCC transcript dilution is better suited for capture with large panel
containing many targets. Even though the same dilution with a 1.5 Mb panel received

~60x more sequencing reads, the same dilution in a 30 Mb capture was still able to detect
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~92% of the number of transcripts compared to the 1.5 Mb capture but with a fraction of
the sequencing coverage (84 transcripts detected with 30 Mb capture versus 91 transcripts

detected with 1.5 Mb capture, both at same 0.5X ERCC dilution).

Optimization of ERCC transcript concentration for small targeted panels

Given that the 0.5X dilution optimized for capture with a 30 Mb panel was much
too concentrated for capture with a smaller 1.5 Mb panel (determined by sequencing read
distribution as illustrated in Figure 7), a titration of ERCC transcript dilutions was
performed using two targeted panels of differing size (1.5 Mb vs 650 kb) to fully

understand the relationship between each variable depicted in Table 6.

Capture Panel Size: 650 kb

ERCC Number ERCC Percent ERCC Percent
Dilution  Panel Size  Transcripts Transcripts  Sequencing Reads
Factor Detected Detected Consumed
1X 650kb 83 90.22 9.65
2X 650kb 77 83.70 5.24
4X 650kb 67 72.83 2.38
10X 650kb 63 68.48 0.97
20X 650kb 55 59.78 0.55

Capture Panel Size: 1.5 Mb

ERCC Number ERCC Percent ERCC Percent
Dilution Panel Size Transcripts Transcripts  Sequencing Reads
Factor Detected Detected Consumed
1X 1.5Mb 79 85.87 6.58
2X 1.5Mb 75 81.52 3.83
4x 1.5Mb 67 72.83 1.80
10X 1.5Mb 62 67.39 0.75
20X 1.5Mb 54 59.78 0.33
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Table 6: ERCC transcripts detected and reads consumed captured with 1.5 Mb and 650 kb small targeted
panels.

Sequencing Read Distribution, 1X ERCC Dilution

6.58% 9.65%

0.3%

m ERCC mERCC m ERCC
Transcripts Transcripts Transcripts
u30 Mb m15Mb m 650 kb

panel panel panel

Figure 8: Sequencing reads consumed by ERCC transcripts at 1X dilution.

Captured with 30 Mb (left), 1.5 Mb (center), and 650 kb (right) panels. Green area of pie chart corresponds
to percent of sequencing reads consumed by ERCC transcripts. Blue area represents percent of reads
consumed by all other targets in the panel (left to right: 30 Mb, 1.5 Mb, and 650 kb

As illustrated above, while ERCC transcript dilution factor remaining constant
(1X), amount of sequencing reads consumed by ERCC transcripts increases as panel size
decreases. This trend is explained by a central tenet of targeted sequencing; smaller
panels with less regions targeted will receive more sequencing coverage under the same
sequencing run conditions than larger panels with more targets to cover. To put it simply,
it all comes down to a matter of stoichiometry. Though this general concept can be
explained in simple terms, applying the underlying principles can be time consuming and

costly given the expense of Next Generation Sequencing reagents.
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Figure 9: Percentage of sequencing reads consumed by ERCC transcripts at 2X and 20X dilutions.

Captured with 1.5 Mb and 650 kb panels. For each pie chart, green area represents the percentage of
sequencing reads consumed by ERCC transcripts. Blue area represents percentage of sequencing reads

consumed by all other targets in the two panels tested.

In alignment with previous results, as ERCC transcript concentration decreases so

does sequencing reads consumed and number of transcripts detected (Table 6).

Figure 9 illustrates the consistent linear relationship between dilution factor and

sequencing coverage of ERCC transcripts, the dilution 10x higher consumes almost

exactly ten times more sequencing reads. Further evidence that smaller panels receive
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higher sequencing coverage as a general trend is witnessed when comparing the

percentage of reads for ERCC transcripts in the 1.5 Mb panel versus the 650 kb panel.

Spike-in dose response
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Figure 10: Dose response curves for 2X dilution.

2X ERCC transcript dilution captured with 1.5 Mb panel (right) and 650 kb panel (left). Y-axis corresponds
to observed expression levels for each ERCC transcript (TPM), X-axis corresponds to expected number of

transcript molecules present in mix. Marker colors correspond to read count per transcript; red = 1-5, green
= 6-20, blue = 21-100, black = >100 reads

Similar to the data shown in Figure 5, a smaller panel with increased sequencing
coverage is able to detect a higher number of ERCC transcripts when compared to a
larger panel at the same ERCC dilution. However, even with increased sequencing reads
for the smaller panel, the same low abundance transcripts drop out and are not detected

with either panel.
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Reproducibility Across ERCC Transcript Dilutions

Reproducibility across ERCC transcript dilutions was investigated by plotting
expression levels for two identical sample replicates of the same ERCC transcript dilution
factor and captured with the same panel. Interestingly, even at high dilutions the ERCC

transcript expression correlation remained consistent.

ERCC Transcripts Correlation
Dilution Panel Size  Detected R’
1X 650kb 83 0.999
2X 650kb 77 0.997
4X 650kb 67 0.999
10X 650kb 63 0.999
20X 650kb 55 0.994
1X 1.5Mb 79 0.992
2X 1.5Mb 75 0.997
4X 1.5Mb 67 0.995
10X 1.5Mb 62 0.998
20X 1.5Mb 54 0.999

Table 7: Expression correlation.

Measured by comparing replicates of the same ERCC transcript dilution and panel size.

Expression correlation between replicates of each condition was calculated for
each dilution factor. R? values show high correlation across sample replicates, even at
very low concentration of ERCC transcripts. The plots below demonstrate reproducibility

even at the least concentrated levels of ERCC transcripts (20X dilution).
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Figure 11: Correlation of ERCC transcript expression between identical sample replicates.

Summary: Applying External RNA Controls in Targeted Hybrid Capture Assay

Initial data indicated that the 0.5X ERCC dilution was optimal for capture with a
30 Mb panel. 85 out of 92 transcripts were detected with the 0.5X dilution compared to
79 out of 92 transcripts detected with the 1X dilution. This dilution consumed <1% of
total sequencing reads, leaving the vast majority of sequencing reads allocated to other
targets captured in the panel. This distribution of sequencing reads ensures that the

regions of the genome targeted by the capture panel receive enough coverage without
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costly over sequencing to outcompete the coverage of ERCC transcripts. Adequate
sequencing coverage is critical to successful target enrichment.

When the 0.5X ERCC dilution was subsequently tested with a smaller capture
panel (1.5 Mb), 91 out of 92 transcripts were detected. However, the ERCC transcripts
consumed approximately 40% of sequencing reads, leaving slightly more than half of
total sequencing reads to all other targets in the smaller panel. This distribution is far
from ideal for achieving adequate sequencing coverage of the targets in the capture panel.

To gain a better understanding of how panel size and ERCC transcript
concentration affects read consumption in a capture based assay, a titration of ERCC
transcript dilutions was performed. These dilutions were tested using a 650 kb panel and
a 1.5 Mb panel. In general, the amount of sequencing coverage and number of transcripts
detected decreased as dilution factor increased. Expression correlation within sample
replicates was assessed to gauge reproducibility, the results were consistent even across

the higher dilutions in which the ERCC transcripts were much less concentrated.
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Chapter IV.

Discussion

The global DNA sequencing market has grown rapidly and is expected to reach
26 million dollars by 2025. Technological advances in the past quarter century have
enabled DNA sequencing methods and applications to expand exponentially, to the
benefit of researchers and clinicians alike. As sequencing technology has become more
sophisticated and efficient the need for a standardized in process control has become
evident. These process control samples are often used to mimic a biological sample,
serving as a quality control and reliable reference to ensure a batch of patient samples
was prepared for sequencing correctly and without any confounding artifacts. Ultimately,
in-process controls ensure the sequencing data generated for all samples in a given subset
are the best quality possible and of high integrity. This allows for confidence in data
analysis, reporting, and clinical implications.

Process match control samples have many different applications depending on the
type and purpose of a given assay. Both DNA and RNA process controls are commonly
used, as well as biological and synthetic source material. Ideally a control is used as a
standardized reference data point when assessing a batch of samples, meaning that the
less variability in control performance the better. In some cases, a control sample from a
biological source is used in conjunction with synthetic spike in material, usually to
determine that an assay as a whole is meeting performance criteria (e.g. synthetic spike
ins for contamination detection). This type of control is also useful when measuring data
that by nature tends to have high variability in outcome. For example, RNA expression

data varies widely depending on a multitude of factors. To mitigate this issue a common
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set of external RNA controls was developed by a consortium of organizations, hosted by
the National Institute of Standards and Technology (NIST). These controls were
developed to evaluate different platforms such as real-time qPCR, next generation RNA
sequencing platforms, microarray systems, and can even be used as an in-process control
for quality checking library amplification processes (Lemire et al., 2011). One of the
earlier studies that investigated the use of ERCC spike in transcripts identified a wide
range of successful measurements but also highlighted a main shortfall of RNA seq in
this application. High sequencing coverage of transcripts is crucial for analyzing and
understanding data generated with the spike in mixes. The entire length of the transcript
must cover by the sequencing reads, which necessitates a large number of sequencing
reads for these targets to be covered when sequencing the whole transcriptome (Jiang et
al., 2011). This ends up being a costly and time consuming process in order to generate
useful data.

The synthetic transcripts are commercially available as ERCC RNA spike in
mixes and are commonly used for platform agnostic quantitation in gene expression
experiments (Baker et al., 2005; Curion et. al, 2020; Zhao et al., 2014). The RNA spike
in mixes can also be used during the development and validation of an RNA based assay
to provide standardized and reproducible data for assay sensitivity, limit of detection,
dynamic range, and differential gene expression. ERCC spike in transcripts are well
suited for characterizing lower limit of detection because each of the 92 transcripts in the
mix exists at a known abundance and concentration. Determining the number of
molecules or transcripts detected at a given ERCC transcript concentration can provide

valuable insight into how sensitive an assay would perform at detecting very low levels
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of a molecule.

This study investigates the feasibility of using synthetic ERCC spike in transcript
mixes with targeted panels in a hybrid capture assay, an ‘off label” application given that
manufacturer guidelines only recommend using these mixes in RNA seq or microarray
assays. Using synthetic transcripts, as opposed to biological controls such as
housekeeping genes, provides a reliable reference for precise measurements of sensitivity
and reproducibility. Synthetic RNA also facilitates easier detection of contamination and
decreases the chance of misalignment when the fragments are read by a sequencer.

The experiments to address the main goal of this study started with a broad, more
generalized experiment and translated these results to a smaller focused panel. The
optimal ERCC dilution for use with a 30 Mb hybrid capture panel was determined by
testing different ERCC dilutions and comparing number of transcripts detected versus
percent of sequencing reads consumed. It was hypothesized that the ERCC dilution
optimized for a 30 Mb panel capture would be too concentrated for a 1.5 Mb panel
capture. The ERCCs encompass a much smaller region compared to a 30 Mb panel
versus a 1.5 Mb panel. This was confirmed by demonstrating that the 0.5X dilution of
ERCC transcripts were taking up far too many sequencing reads, resulting in less
coverage of other important targets in the panel. The smaller capture panels used in this
study targeted regions that are difficult to detect at low sequencing coverage. Given this
sensitivity, minimizing the amount of reads consumed by ERCC transcripts is even more
important, and target dropouts are a potential concern.

The results of the initial experiments in this study provided insight into an

approach to better understand the relationship between ERCC spike in concentration,

50



panel size, and sequencing coverage when using these spike-in mixes in a hybrid capture
assay. The subsequent titration of ERCC spike in dilutions aimed to find a satisfactory
compromise between number of transcripts detected and amount of sequencing reads
consumed by these transcripts. The corresponding data confirmed an inverse relationship
between ERCC dilution factor and number of transcripts detected. At higher ERCC spike
in dilution factor (i.e. lower concentration), fewer sequencing reads were consumed by
the transcripts. As expected, the more dilute ERCC spike in mixes took up less reads, but
at the cost of linearity and sensitivity to detect low abundance ERCC transcripts. Dropout
of the same lowest abundance transcripts has been historically demonstrated in previous
studies using RNA seq for transcript detection (Jiang et al., 2011).

For the application of ERCC spike in mixes, the lower limit of detection (LLoD)
is generally described as the lowest analyte concentration that can be reliably detected
against the limit of blank at which detection is feasible. The LLoD is a measure of
sensitivity as determined by the lowest molar amount of ERCC transcript able to be
detected in each sample. Given the nature of NGS data and because the platform does not
exhibit a region of saturation, the dynamic range of the ERCC transcript concentrations
can be determined using the concentration difference between the highest concentration
transcript detected and the lower limit of detection.

In the dose response curves generated for each dilution (Figures 5, 7, and 10), the
x-axis value where the regression line crosses the threshold represents the concentration
value corresponding to lower limit of detection. This study tested ERCC RNA spike in
mixes at varying dilution factors with the hypothesis that decrease in ERCC transcript

concentration will have a detrimental impact on limit of detection, or sensitivity to detect
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transcripts at low molecular abundance. In general, and per the manufacturer guidelines,
the values for determining detection limit are defined by the user. This threshold may be
determined empirically or arbitrarily based on other studies, primary literature, etc. For
example, differential expression analysis uses high stringency thresholds to increase the
accuracy of expression calls. Alternatively, lower stringency thresholds (e.g. 1 mapped
read) can be used to increase sensitivity of fusion detection and splicing discovery. In the
dose response curves generated for this study, the markers representing each transcript
were different colors based on the read count per transcript. Red represents the lowest
read count (less than 5 reads), black represents transcripts with over 100 reads. This is a
visual reminder that more noise in the scatterplot is expected at the lower end of the
distribution due to random integer counting differences, i.e. less reads, more variation.

The expression correlation between replicate samples of the same ERCC dilution
remained high even as the transcript concentration decreased, as demonstrated by Figure
11. This indicates the results are reproducible across a wide range of ERCC transcript
concentration. Other studies using ERCC spike in transcripts with different technologies
have tested performance of ERCC transcripts across different sample types. One study
found that percentage of reads consumed by ERCC transcripts in low quality (e.g. FFPE)
samples was much higher than reads consumed in higher quality cell lines. Interestingly,
the read consumption from internal expression controls was comparable across all
samples, regardless of quality (Reeser et al., 2017). Given that our study used high
quality RNA only, follow up work from the results presented in this study could
investigate how the findings translate across different sample types.

ERCC spike in mixes were designed for use in microarray technologies and whole
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transcriptome RNA sequencing. When comparing the two assays, both have benefits and
limitations depending on the intended application of the data generated. For example,
previous work has shown that RNA seq and microarray based models perform similarly
in prediction of clinical endpoints (Zhang et al., 2015) but RNA seq enables profiling of
the whole transcriptome, whereas microarrays can only profile predefined targets. In
general, RNA Seq provides more robust and powerful data than microarray assays.
Confident measurements of accuracy, reproducibility, detection limits and dynamic range
are crucial for generating usable data for both platforms and can be confirmed by using
ERCC spike in mixes (Jiang et al., 2011).

Several studies have used ERCC spike in transcripts as a means to compare gene
expression measurements across RNA seq and microarray technologies (Devonshire et
al., 2010; Kamel et al., 2017; Zhang et al., 2015). This work has demonstrated that RNA
seq provides an incomplete characterization of the transcriptome, especially for low
expressed genes and transcripts. This highlights a need for a more targeted approach to
sequence low expressed genes and transcripts of interests at higher sequencing coverage,
while maintaining linearity of the assay. Very recent studies have explored a more
targeted approach to RNA sequencing via hybridization to an array and found a 250-fold
enrichment of target genes as well as detection of 10% more additional genes (Curion et
al., 2020). ERCC transcript detection also improved by over 60-fold compare to standard
whole transcriptome RNA seq.

Using ERCC spike in transcripts to measure sensitivity, specificity, and
reproducibility in a targeted RNA hybrid capture workflow, as described by the work of

this study, is a less common practice. Our approach to limit amount of sequencing reads
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consumed by ERCC transcripts was achieved by titrating and optimizing the amount of
ERCC transcripts added to the reaction. Limiting read consumption became even more
important as the size of targeted panel used became smaller. Other methods to limit read
consumption include only targeting a small percentage of the 92 ERCC transcripts
instead of all transcripts present in the mix (Reeser et al., 2017).

Previous studies have used ERCC transcripts to compare the sensitivity and range
of microarray versus RNA seq assays. One study demonstrated that the microarray
platform has higher sensitivity at the lower end of the dynamic range compared to RNA
seq data, resulting in higher dynamic range for microarray compared to RNA seq when
averaging over 100M reads per sample (Munro et al., 2014). The data presented in this
study were generated by capping sequencing reads at 30 million read pairs for each
sample replicate to normalize and reduce bias by outliers with high coverage. The same
study also compared sensitivity by taking into account both limit of detection rate
(LODR) and false discovery rate (FDR). By using these parameters, the researchers
demonstrated an ability to detect small changes in ERCC transcript spike in concentration
between both universal human reference RNA and human brain reference RNA, two
widely characterized controls for measuring gene expression. Similarly, our study
analyzed limit of detection as the ability to detect ERCC transcripts at very low transcript
abundance or molecular concentration across varying size of targeted panels.

Comparisons of microarrays versus RNA seq have highlighted the difference
between nominal and normalized ERCC ratios and variability in measurement of low
expressed genes (Pine et al., 2016; Uygun et al., 2016; Wang et al., 2009). This work

demonstrates that both platforms perform efficiently when measuring genes expressed at
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high and average levels, while gene expression microarrays provide more stable and
precise measurements of low expressed genes compared to RNA seq. The results
presented in this study demonstrate a method of using NGS technology to sequence target
regions of RNA to capture and measure low expressed genes with high specificity and
sensitivity. Targeted sequencing of RNA is proven to be much more efficient than the
commonly used method of whole transcriptome sequencing. The dynamic range of the
whole transcriptome presents many challenges such as difficulty discovering rare
transcripts. The most abundant or highly expressed RNAs in the transcriptome will
consume the majority of sequencing reads, leaving minimal coverage for low expressors
or other regions of interest (Jiang et al., 2011).

As highlighted above, the use of ERCC transcripts for detection and sensitivity
measurements translates to a range of applications beyond just RNA Seq and
microarrays. It remains unclear if other types of spike in material would also translate
linearly to other applications such as capture based assays. A newer product, referred to
as Spike-In RNA variants (SIRVs) is gaining popularity for characterization of RNA
isoforms in RNA seq workflows. These synthetic spike ins are added to reference RNA
samples to provide molecular information about variants, splicing, and gene fusions (Paul
et al., 2016). Future work could test the application of this type of spike-in with a capture
based assay.

Using ERCC spike in mixes at different concentrations with different sizes of
capture panel generated the most meaningful data not just for the goal of this study, but
also has exciting implications in other assays or future applications. If the relationship

between read consumption and ERCC transcript concentration is linear and reproducible
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as indicated by this study, other targeted panel hybrid capture assays could save time and
money by using this as a guideline for approximate dilution of ERCC transcripts,
avoiding a costly titration of several different dilutions.

The results from this study highlight the tradeoff between amount of sequencing
reads (i.e. coverage) versus ability to detect molecules at low abundance (i.e. sensitivity).
This limiting factor is almost universal across platforms that use DNA sequencing
technology to generate insightful data at the molecular level. At higher ERCC transcript
concentrations sensitivity to detect targets in smaller capture panels is compromised. If
future work or follow up experiments investigate a way to mitigate this tradeoff, the
application would be universal and widely beneficial for targeted sequencing with custom

panels.
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