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What sequencing technologies can teach us about innate
immunity

Mays Mohammed Salih, Susan Carpenter
Department of Molecular Cell and Developmental Biology, University of California Santa Cruz,
Santa Cruz, CA 95064

Summary

For years we have taken a reductionist approach to understanding gene regulation through the
study of one gene in one cell at a time. While this approach has been fruitful it is laborious

and fails to provide a global picture of what is occurring in complex situations involving tightly
coordinated immune responses. The emergence of whole genome techniques provides a system
level view of a response and can provide a plethora of information on events occurring in a

cell from gene expression changes to splicing changes and chemical modifications. As with any
technology this often results in more questions than answers, but this wealth of knowledge is
providing us with an unprecedented view of what occurs inside our cells during an immune
response. In this review we will discuss the current RNA-sequencing technologies and what they
are helping us learn about the innate immune system.

Keywords
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Introduction

Over the last four decades there have been many technological advances in high throughput
approaches to study gene expression from DNA microarrays to the development of next
generation sequencing (NGS) 1. NGS provides a wealth of knowledge in terms of biological
processes from profiling of gene expression changes, to the identification of genetic variants
including single nucleotide polymorphism (SNPs), to the study of splicing and chemical
modifications. These tools are making a strong impact on a number of fields of research and
here we will focus on what they have taught us so far and what they could be used for in the
future in relation to regulation within the innate immune system.

Our innate immune system provides one of the first lines of defense against infection; It
serves as a rapid response involving transient activation of inflammation 2. This is essential
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to maintaining homeostasis, but if left unchecked can become chronic and result in a host
of inflammatory or autoimmune conditions 3. Understanding the molecular mechanisms
that govern inflammation and drive inflammatory and autoimmune diseases have presented
a long-standing challenge due to the combination of genetic and environmental factors in
addition to the complexity of the pathways involved 3, making it difficult to develop cures
or even new drugs for therapeutic intervention. Since the development of NGS it has been
used extensively to study inflammatory diseases from efforts such as large genome-wide
association studies (GWAS) designed to identify possible disease-causing genes, to the
identification of variants as well as studying altered gene expression programs 4. In addition
to the complexities surrounding protein regulation in the immune system, NGS has also
unveiled the presence of 1000s of non-coding genes. It is now appreciated that the majority
of any given genome is transcribed and yet only 3% is protein coding®. Figuring out the
functional and biological significance of these transcripts in relation to innate immunity

is only beginning. Finally, NGS has brought a renewed focus on the importance of post-
transcriptional events such as splicing, RNA editing and RNA modifications during an
immune response. As expected, inflammatory and autoimmune diseases are complicated;
each cell type can be involved to varying degrees in the pathogenesis of any given disease
driving the need for the development of single cell sequencing technology. It can be
daunting to think about how we unravel such complexity in the immune response. Here
we will review what NGS has allowed us to glimpse in terms of regulation within innate
immunity. There is still a lot for us to learn and with the speed at which these technologies
are developing we continue to get one step closer to producing better therapeutics with the
long-term goal of eventually curing inflammatory and autoimmune diseases.

Evolution of RNA-sequencing

DNA sequencing has evolved rapidly from first generation Sanger sequencing to the
so-called next generation sequencing (NGS) which includes second generation short-read
sequencing to the more recent third generation long-read sequencing technologies &7:8.
NGS was quickly adopted as a tool to profile the transcriptome by isolating RNA and
converting it to cDNA for sequencing (RNA-sequencing or RNA-seq) as an attractive
alternative to microarray technology. RNA-seq possesses a number of advantages compared
to microarrays including the detection of novel sequences, broad dynamic range, high
specificity and sensitivity capable of picking up low abundance transcripts 919,

The first high-throughput sequencing platform appeared in 2005 11 and was followed by
multiple NGS platforms, the most common of which is the lllumina-based sequencing
technology. Rapid growth in NGS use was prompted by its application in the whole genome
sequencing project (WGS) and continued to grow as an essential tool due to its biomedical
applications, its use in epidemiological studies of infectious diseases, surveillance of
foodborne illnesses and viral diversity studies 1213.14 Massively parallel NGS technology
or commonly known as “deep sequencing” refers to sequencing a genomic region multiple
times, sometimes hundreds or even thousands of times (referred to as coverage) allowing
for the detection of rare clonal cells, or microbes comprising as little as 1% of the

original sample 15. Advances in sequencing depth and error reduction elevated the field of
biomedical discovery from studying individual genes in order to discover disease variants to
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whole genome studies. The most commonly used sequencing platforms (second generation
technologies) are generally divided into two categories: MiSeq or MiniSeq platforms which
are relatively cheap and provide low to medium throughput, while HiSeq, NovaSeq or
NextSeq are more expensive but provide high throughput (Table 1). All second-generation
technologies provide fragmented short reads that require subsequent genome assembly. The
low-cost high throughput sequencing technologies allowed for a deeper and more thorough
understanding of genetic variation and complexity and allowed us an unprecedented

view into novel transcripts and epigenetic regulation. These advances push us closer to
personalized medicine where a patient’s genome can be readily sequenced to try and detect
disease associated variants. It currently takes less than a few days and costs about $1000 to
sequence a human genome 6. The cost will continue to decrease and soon patients will not
just have their genomic DNA sequenced but also their transcriptome to obtain information
on post-transcriptional regulatory events that could be dysregulated in a diseased state.

Large scale initiatives that utilized deep sequencing to study genetic variation have shown
their effectiveness in covering >91% of the human genome with high confidence and
resulted in the discovery of about 150 million SNPs in the coding and non-coding

parts of the genome 7. Thanks to recent advances in sequencing technology, as well as
computational pipelines we now have a close to complete reference genome. The first
reference genome (GRCh37) published in 2001 covered 90% of the human genome with
15,000 gaps, representing sequences from 13 donors constructed into a mosaic haploid
genome 1819, The reference genome is now in its 20th rendition; GRCh38 published in
2013 with merely 738 unclosed gaps 20 with continual advances in NGS holding the
promise of closing these gaps in the next iterations. GRCh38 remains limited because

it represents genetic sequences from a few individuals and doesn’t begin to cover the
complex genetic variability especially in regions with high allelic diversity such as the major
histocompatibility complex (MHC). Also, it fails to represent regions where haplotypes

are represented in similar frequencies in different populations 19. This paved the way

for initiatives such as the “1000 genomes project” which was completed in 2015 and
reconstructed the genomes of 2,504 individuals from 26 populations, it characterized over
88 million variants along with 3.6 million short insertions/deletions (indels) covering huge
population diversity using multiple sequencing technologies 21, While this work was a
heroic undertaking, we need to expand these efforts if we are to appreciate the full genomic
diversity of populations across the globe. There are populations that were never even
sampled and others such as those of European descent that have been oversampled which
has been reviewed in depth in 22, Abi-Rached et a/., highlight the shortcomings of the 1000s
genomes project when it comes to understanding the complexity of the immune system. The
human leukocyte antigen (HLA) region is a highly polymorphic and well-studied region that
encodes MHC molecules; however, data from the 1000 genomes project failed to detect over
70% of rare and 20% of common HLA variants 23. There are serious immune conditions
such as sickle cell anemia as well as autoinflammatory conditions such as systemic lupus
erythematosus (SLE) that disproportionately impact African Americans compared to those
of European descent 24, Yet, in GWAS studies, Hispanic, African American and indigenous
people continue to be under sampled. We need much more inclusive data if we are to fully
appreciate how genetic diversity and genome plasticity contribute to disease states 22.
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NGS provided the depth necessary to detect novel sequences and transcripts, such as long
noncoding RNAs (IncRNAs), which we will discuss in depth later. It also allows for the
detection of splice isoforms of the same gene, thus providing information about alternative
splicing at a specific loci under treatment conditions, as well as alternative promoter

usage and premature termination 25, However, as Illumina short read sequencing arose to
become the gold standard in genome profiling, progress continued to be made in developing
newer tools to overcome short read technologies shortcomings. Some of these shortcomings
include short read length (<300bp), which makes it difficult to detect structural variation,

its size bias due to PCR amplification, insensitivity to highly repetitive or GC rich regions
or homologous elements (Fig.1A) 26, These limitations have contributed to failed attempts
at understanding or identifying causal mutations and or dysregulated pathways in patients
suffering from complex inflammatory diseases.

Exploring the dark matter of the genome

One of the biggest discoveries emerging from next gen RNA-sequencing studies was the fact
that the majority of the genome is actively transcribed, yet only a small percentage <3% is
translated into protein . The next question was, and continues to be, what is all this RNA
doing and is it biologically active? The largest group of non-coding RNA produced in the
genome are INcCRNAs (Fig. 2). LncRNAs are defined as transcripts >200bp in length with no
protein-coding potential. LncRNASs exhibit low sequence conservation despite some stability
in genetic loci conservation 31, While there are nearly 18,000 IncRNA transcripts annotated
in the human genome (Fig. 2) °, the majority of them remain unstudied and their function
remains uncharacterized. While these transcripts were first thought to be transcriptional
noise it was clear early on that these are dynamically regulated regions and their exact
functions are only beginning to be uncovered 32. LncRNAs are often classified based on
their orientation or site of transcription relative to their neighboring protein coding gene
such as antisense, intronic and intergenic INcRNAs. There are also InNcRNAs emerging from
enhancer regions (eRNAs) as well as from promoters 33, The largest group of INcRNAs

are intergenic meaning they lie between two protein coding genes and contain their own
independent promoters 34. For a thorough review on IncRNA biogenesis and their many
modes of post transcriptional regulation we recommend a recent review by Statello et al. 3.

LncRNAs can mediate regulation of genes through a wide variety of mechanisms which can
broadly be broken into two categories of cisor fransregulators (Fig. 3, 1 and 2). LncRNAs
functioning in ¢/s, means they regulate their neighboring genes on the same allele. This
form of regulation is perhaps not surprising given the fact that many IncRNAs display a
similar expression pattern as their neighboring protein coding genes 3°. Interestingly, this
regulation can be independent of the transcript itself and instead rely on recruitment of the
transcriptional and splicing machinery to the neighboring locus (Fig. 3, 1.A) 36. LncRNAs
can also regulate neighboring genes in c¢is by acting as enhancer INcCRNAs (e-IncRNAS)
where they recruit mediators and co-activators to the locus and facilitate coordinate
activation through chromatin looping between the enhancer and promoter of the neighboring
gene (Fig. 3, 1.B) 37:38:39.4041 An example of cis regulation is the innate immune regulatory
IncRNA, Rroid, that directly interacts with the promoter of its neighboring gene /a2in
innate lymphoid cells (ILCs), promoting chromatin accessibility and deposition of STAT5
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at the promoter of /d2 prompting the cells to commit to an ILC fate 42. LncRNASs can

also repress expression of neighboring genes in cis (Fig. 3, 1.C) including Morrbid, which
recruits PCR2 complex to Bc/2/11 promoter through chromatin looping and allows PCR2
to deposit methyl tags at Bc/2/11 promoter suppressing its expression 4344, Through this
interaction with the promoter of pro-apoptotic BcL2/11, Morrbid is able to tightly regulate
the survival of neutrophils, eosinophils and classical monocytes in response to pro-survival
signals by cytokines, thus balancing an appropriate protective immune response against the
deleterious consequences of prolonged activation.

LncRNAs can regulate genes on a different allele or different chromosome in #rans.
LncRNAs can function in #ransthrough interactions with RNA binding proteins (RBPS)

to regulate splicing or stability of transcripts (Fig. 3, 2.A and B) 454647 Alternatively, it
can occur by binding of a INcRNA to mRNA transcripts through base pairing to promote or
suppress stability and translation (Fig.3, 2.C and D) #8:49:50 Others function by sequestering
suppressors from the gene promoter to allow transcription factor binding and subsequent
gene expression (Fig.3, 2.E) 5152, Most of the INcRNAs described to date in the innate
immune system regulate genes in trans.

LncRNAs and innate immunity

LncRNAs play various roles in biological processes, including splicing %3, protein
localization 54 and cellular proliferation 556, LncRNAs are highly cell type specific in
their expression patterns which makes them attractive as disease biomarkers for 7. This is
something that could be a particularly attractive area of investigation for autoinflammatory
conditions such as arthritis and SLE which are notoriously difficult to diagnose quickly in
the clinic.

Over the last decade there has been a significant increase in the number of INCRNAs

being characterized to function in various ways within the immune system, from immune
cell development to gene regulation. We cannot cover in depth all the IncCRNAs identified

to function in the immune system in this review and therefore we direct readers to the
following reviews for in depth analysis of each IncRNA and its specific role in the

innate immune system, reviewed in 58:59.60.61 Here we will focus on IncRNAs that show
some common or unique mechanisms of action within the immune system (Table 2).

One of the first long intergenic non-coding RNASs (lincRNAS) identified in the immune
system is /incRNA-Cox2, It was first described to be induced ~1000 fold following
lipopolysaccharide (LPS) activation by Guttman et. al, 2. They utilized the chromatin
signatures of active promoters (trimethylation of lysine 4 on histone 3, H3K4me3) and active
transcription (trimethylation of lysine 36 on histone 3 H3K36me3) and performed chromatin
immunoprecipitation followed by massively parallel sequencing (ChIP-Seq) to capture all
actively transcribed genes including IncRNAs. Since this study we and others have shown
that /incRNA-Cox2is a highly inflammatory inducible gene that functions broadly to
regulate immune genes during the innate immune response 63.64.65.66.67.68 |nterestingly,
using multiple genetic mice models we found that /incRNA-Cox2 can function both in
ciswhere it regulates the critical immune gene Ptgs2 (Cox2) through an enhancer RNA
mechanism as well as in fransto regulate a wide variety of immune genes in macrophages
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67.68 \We found that LincRNA-Cox2 can function in fransto negatively regulate basal
expression of interferon stimulated genes through interactions with hnRNPA2/B1 and
hnRNPA/B (Fig. 3, 2.B) %3. Interestingly, many IncRNAs that function within the immune
system appear to do so through interactions with various hnRNP proteins. TNFa and
HNRNPL related immunoregulatory lincRNA (7HR/L) was found to regulate expression
of the 7N/FA gene through binding to HNRNPL forming a complex that binds to TNFA
promoter region (Figure 3, 2.B) 9. LincRNA-EPS represses immune response genes

by associating with chromatin in the nucleus to create a heterochromatin (repressive)
environment. It binds to HNRNPL through a specialized motif at 3” end forming a complex
that represses immune gene expression (Fig.3, 2.B) 70,

P50 associated Cox2extragenic RNA (PACER) is another IncRNA that functions to regulate
Prgs2 (also known as Cox2). PACER functions by sequestering the P50 repressive complex
of NF-kB away from the Prgs2 promoter allowing recruitment of the active dimers of NF-kB
and RNA pol Il initiation complex to promote the activation of Pfgs2 (Fig.3, 2.D) ®1. In a
similar mechanism the IncRNA NEATI was found to sequester the /L8 repressor, splicing
factor proline/glutamine rich (SFPQ) from the promoter into a heterochromatin structure
“paraspeckle” leading to the transcriptional activation of /L&in response to viral infection or
toll-like receptor 3 (TLR3) activation (Fig.3, 2.D) 52.

IL1B-eRNA is an example of an e-IncRNA in the immune system which acts as an enhancer
for /L 1B gene through binding to the PU.1 transcription factor and the /L 1B promoter
activating /L 1B gene expression in response to an inflammatory stimulus (Fig.3, 1.B) 71.72,

While GWAS studies have mostly been utilized to study various SNPs arising in protein
coding genes it is clear that over 90% of all SNPs lie within the non-coding space in the
genome /3. Lnc13was identified in a study by Castellanos-Rubio et a/., where they showed
that the Celiac Disease associated SNP, rs917997, lies within this locus 74. Lnc13regulates
inflammatory genes and mediates its function viahnRNPD 7. They showed that the SNP
disrupts the RNA-protein interaction making the IncRNA dysfunctional.

LncRNAs can function within the cytoplasm or the nucleus to mediate their effects on
immune genes. Letheis a predominantly nuclear INcRNA that is involved in the negative
feedback loop of the NF-xB pathway through direct binding to Rela and inhibiting its
interaction and activation of genes within the nucleus 7. Lnc-DC'is localized to the
cytoplasm where it directly binds to signal transducer and activator of transcription 3
(STAT3) to promote its phosphorylation and induce dendritic cell differentiation 76. Recently
we characterized the cytoplasmically localized IncRNA, gastric adenocarcinoma predictive
long intergenic noncoding RNA (GAPLINC), as a conserved IncRNA that functions as a
negative regulator of the inflammatory response in human and murine macrophages. Gaplinc
KO mice are resistant to LPS induced endotoxic shock and mechanistically GAPLINC
appears to function within the cytoplasm to control expression levels of NF-kB (Rela) and
limit its localization to the cytoplasm during homeostasis.

Immunol Rev. Author manuscript; available in PMC 2023 January 01.
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Emergence of long read sequencing technologies:

As we continue to study the transcriptome, we need tools capable of capturing layers of
genetic complexity that contribute to gene regulation including detection of strandedness,
DNA and RNA modifications and splice variants. In addition, PCR amplification steps
involved in the majority of library preparation protocols introduce biases such as large
duplicate portions and uneven distribution of read coverage across targeted sequences 8.

In recent years, Pacific Biosciences (PacBio) and Oxford Nanopore (ONT) have developed
multiple new sequencing techniques capable of producing continuous reads longer than
10kb in length directly from DNA or RNA which are helping researchers to answer complex
biological questions (Fig 1 B and C). These approaches allow for de novo transcript
assembly which means less reliance on the often error prone reference genome and without
the need for PCR thus eliminating PCR bias.

Pacific Biosciences long read technology (PacBio):

The core technology emerging from PacBio is single molecule, real-time (SMRT)
sequencing, where DNA is directly used to produce reads with read length around 10Kb.
The initial technology was developed with low accuracy of 70-90% compared to illumina
NGS accuracy of >99%, but increasing read accuracy was possible through read to read
correction, despite being computationally intensive 7°. PacBio relies on a circular DNA
template SMRTbell composed of a double stranded DNA insert flanked by two single
stranded hairpin adapters on both ends (Fig.1 B) 26. DNA polymerase is attached and the
complex is read through a SMRT cell where DNA polymerase adds fluorescently labeled
dNTPs and allows for base by base readout of the template 25.

Recent development in PacBio technology allowed for enhanced accuracy (>99%) through
the development of high fidelity (HiFi) reads using circular consensus sequencing (CCS)

21 The consensus sequence results from repeated passes of DNA polymerase through the
template resulting in multiple error-prone subreads. Collectively, these subreads lead to a
highly accurate consensus sequence with a high confidence that any detected variability is
due to biological variants rather than sequencing errors 27. In addition to long read length
(average of 20kb) and high accuracy (>99%), PacBio technology provides uniform coverage
across the template due to elimination of the amplification step; it can also sequence through
regions that are inaccessible to Illumina due to high GC content, complexity, and repetition
to achieve unambiguous mapping 2.

Oxford Nanopore Technologies (ONT):

Oxford Nanopore Technologies uses a linear DNA molecule attached to a sequence adapter
loaded with a motor protein (Fig. 1 C) 26. The motor protein feeds the DNA molecule
through a nanopore embedded in a synthetic membrane, as the negatively charged DNA
strand travels through the pore, individual bases cause a disruption in the current allowing
calling of individual bases in real time 26. ONT can generate continuous reads exceeding
megabases in length, surpassing PacBio read length with a wide range of base calling
accuracy 80,

Immunol Rev. Author manuscript; available in PMC 2023 January 01.
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ONT is the leading developer of direct RNA sequencing. This is a significant advance

as it eliminates the cDNA synthesis step thus reducing errors associated with the

reverse transcription step and allows for direct detection of modifications such as N6-
methyladenosine (m8A) and 5-methylcytosine (5-mC) 81 which we will cover in more

detail in later sections 82. Direct RNA sequencing produced a comparable number of

reads that aligned to the transcriptome when compared to lllumina (79%) and slightly less
than what was recorded for the cDNA long read dataset (90%). Both cDNA and direct

RNA nanopore sequencing yield reads that are similar in length 3. In addition, direct

RNA sequencing displayed less of a bias towards transcript length and GC content than
Illumina thus allowing for a more uniform coverage across the transcriptome 83, While
ONT platforms like the MinlON are able to produce more than one million reads per

run, there were concerns initially with the higher error rate associated with it 8. In recent
years researchers have applied many protocols and computational changes in an effort to
increase accuracy. An example is the 2D sequencing protocol that involves ligating the
template and the complementary strand of DNA using a hairpin; this enables both strands

to pass through the pore and produce a more accurate consensus sequence 39. A more

recent approach, 1D2, involves sequencing both strands without the need for physical ligation
and yields a high accuracy consensus of ~97% 30. The Rolling Circle Amplification to
Concatemeric Consensus (R2C2) method was developed by the Vollmers lab at UCSC
leading to an increase in read accuracy as well as providing more comprehensive and
quantitative analysis of RNA transcript isoforms 8%, R2C2 relies on introducing 8bp splints
to both ends of the reverse transcribed cDNA, only full length-cDNA is then circularized and
amplified using rolling circle amplification (RCA) 83. Using this protocol and sequencing
on a MinlON generated more than 400,000 reads with base calling accuracy of 94%,
covering the whole cDNA molecule 8. In recent studies utilizing R2C2 and enhanced
computational base calling programs the accuracy is now reaching 99.45% which rivals all
short-read approaches 86, with a substantially enhanced ability to resolve transcript isoforms
and avoid ambiguous mapping. Another advantage provided by R2C2 is the extremely

low concentration input requirement (50ng); which enables accurate, high throughput
sequencing from highly limited samples such as patient biopsies or blood samples.

Advantages to using long read sequencing to study Innate Immunity

While short read RNA-seq has provided us with vast new insights into gene regulation
during inflammation we still do not have a complete picture of the key players and
mechanisms involved in these complex processes. In this section we will outline the ways
that long read technology can help expand our understanding of innate immunity, from
better understanding what is being made within the genomes of immune cells, to gaining
a picture of the post transcriptional regulatory changes that occur to the genes produced
following inflammatory activation.

Construction of accurate and complete genomes:

While the majority of this review is covering the use of RNA-seq technologies to understand
the immune system it is worth noting that we rely on the reference genome to interpret our
RNA-seq data. Currently the reference genome is less than ideal for the reasons described

Immunol Rev. Author manuscript; available in PMC 2023 January 01.
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earlier. However, there are a number of ways in which researchers have been combining
short and long read data to improve accuracy of the reference genome. Short read and long
read technologies have their pros and cons. Short-read data is extremely accurate with high
depth while long-read data is typically less accurate with shallow depth (Fig.1). However,
several studies now pair the less accurate long read data with the highly accurate short

read data to achieve maximum base calling accuracy 87:88. Combining the two technologies
means it is possible to obtain correctly mapped genomes covering highly repetitive regions.
A recent study has applied this approach to datasets from monocytes and peripheral

blood mononuclear cells (PBMCs) to characterize variations in 8 different immune system
genomic loci 88, They were able to construct a de novo assembly of the human leukocyte
antigen, immunoglobulins, T cell receptors, and killer-cell immunoglobulin-like receptors.
This study demonstrates the utility of accurate long read sequencing data in studying
complex immune regulation loci and to aid in the discovery of novel structural variants

in these regions which we will discuss in more depth later.

Despite continuous efforts and technological advances in NGS, gaps are still present in

the latest human genome assembly GRCh38, these gaps are mainly associated with highly
repetitive regions. These regions are often found around the centromeres, but they can

now be resolved with the use of long accurate reads that resolve the entire region in one
continuous read 89, Ultralong nanopore sequencing provides an unprecedented advantage of
being able to sequence an entire chromosome telomere to telomere with high base calling
accuracy that will enable the gaps in the latest human genome assembly GRCh38 to be filled
in. In a recent study, Miga ef a/., performed the first high-coverage ultra-long-read nanopore
sequencing that resulted in the first complete assembly of the human X chromosome .

In this study, they combined ONT ultra-long-reads with complementary technologies such
as PacBio sequencing and high coverage Illumina sequencing for quality improvement and
validation to sequence the hydatidiform mole CHM13 genome, which is a type of haploid
organism and therefore a useful tool that has been used previously to assist with filling in
gaps in diploid genomes. This approach allowed them to construct an assembly totaling
2.9Mb with half of the genome contained in continuous sequences with a continuity that
exceeds GRCh38. Through the whole genome assembly in combination with polishing
techniques, they were able to manually assemble the complete, gapless X chromosome

de novo with accuracy that exceeds 99.99%. The continuing advancements in long read
sequencing and analysis pipelines open a path for constructing the complete accurate human
genome. This will improve mapping accuracy for techniques that rely on mapping to the
reference genome such as RNA-seq, ChIP-seq and ATAC-seq.

One clear disadvantage to the hybrid approach just described is the fact that it requires
generating different libraries and using multiple sequencing platforms in order to generate
a complete genome. Instead, one approach used to assemble bacterial genomes utilizes
“consensus polishing” where a subset of the longest reads from long read dataset such as
PacBio are utilized as input for the assembly 1. Hierarchical genome-assembly process
(HGAP) assembler developed by Cin et al., 92 uses the entire dataset from one library
that consists of both long and shorter read fragments to correct errors in the longest reads
and produce an accurate highly polished assembly. While this approach has only been
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utilized for bacteria so far one can imagine its usefulness in assisting with the assemblies of
eukaryotic genomes 9192,

Understanding splicing and its role in immune response regulation

Splicing is the process of intron removal from a pre-mRNA transcript to produce a mature
mRNA. Alternative splicing takes a number of forms including use of alternative start

sites, alternative polyadenylation, exclusion or skipping exons, retention of introns, use

of alternative start or final exons or use of alternative 5’ or 3’ splice sites. Alternative
splicing (AS) is a highly regulated process enabling a single gene to produce multiple
isoforms, thus increasing the complexity of gene function and the proteome 93:94.95.96,
Transcriptome profiling performed on many immune cell lineages uncovered that AS affects
>60% of expressed genes and that B and T cells differed in AS events of genes that were
similarly expressed in both lineages, indicating cell type specificity in the splicing process
97, A study by Pai et al., % used short reads NGS (SR-NGS) to study mRNA processing
changes in macrophages in response to bacterial infections (Salmonella typhimurium and
Listeria monocytogenes) and their impact on the overall immune response. They reported
that 6-10% of genes switch their dominant isoform post infection with high enrichment

for genes involved in the immune response. Interestingly, they reported that 47% of

genes that displayed differential isoform usage were not differentially expressed following
infection, which highlights the importance of studying isoform usage in addition to gene
expression changes. They found an overall tendency to include skipped exons and to shorten
3’UTRs post infection. The shorter 3’UTRs eliminated target immune associated microRNA
(miRNA) binding regions which inhibited their binding and allowed the transcript to escape
repression. Their data indicates that the observed splicing changes could be carried out by
heterogeneous nuclear ribonucleoproteins and serine and arginine-rich proteins (hnRNPs
and SRs), which belong to splicing gene families and show an increase in expression post
infection, in addition to themselves being subject to alternative splicing 9.

While short read data can be useful to study isoform usage its major disadvantage is

that the reads might not always capture all spliced junctions. Paired end 150bp reads are
useful but long read data is a game changer for the isoform profiling field. Advances

in long read sequencing allowed for the detection of novel isoforms and quantification

of isoform expression under different conditions. Long reads that exceed 1kb in length
eliminated the need to assemble short read data to construct isoforms, allowing for a

more accurate detection of isoforms and discovery of novel ones. In order to better
understand isoform expression and isoform level changes in immune cells in response to
inflammatory stimuli, we utilized ONT technology combined with R2C2 to generate an
isoform level transcriptome atlas of macrophage activation (IAMA) following activation
with a variety of inflammatory stimuli 86. Using this method, we were able to generate
14,961,450 R2C2 reads at a median length 942nt across multiple ONT MinlON flow cells.
In addition, we were able to achieve an unprecedented increase in base calling accuracy
from 97.9 to 99.45%. This enabled us to identify 29,637 high confidence isoforms; they
included at least one isoform for 69% of the genes that are differentially expressed in any
condition, and one isoform for 80% of the genes that were differentially expressed in all
conditions. Of the total number of isoforms, 19%, were novel with annotated splice sites in
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unannotated configurations (novel in catalog, NIC) and 7% were isoforms that use at least
one unannotated splice site (novel not in catalog, NNC). This data is a reference database for
researchers interested in knowing the exact isoform of their gene of interest that is expressed
in a primary macrophage at baseline or following inflammatory stimulation. We find this
data particularly useful for the study of IncRNAs as it can accurately map their full-length
sequence without the need for laborious techniques such as 5’-3’ RACE.

A combination of short and long read data is being utilized to help obtain a more accurate
picture of the isoforms being produced following splicing. This was utilized by a study that
performed Iso-seq (full length isoform sequencing through PacBio long read sequencing) in
addition to illumina sequencing to study transcriptional diversity in whole blood samples 9.
They detected 57 isoforms at 42 loci that do not overlap with any GENCODE transcripts
(unannotated) and are missed by short read sequencing 98. We recently utilized both illumina
short-read and ONT long-read data to study alternative splicing events in human and murine
macrophages following inflammatory activation with LPS 99, We showed that alternative
first exon usage is the dominant splicing event, making up 50% of all events found in
human and mouse macrophages following inflammatory activation. As mentioned earlier,

it is known that the reference genome and current annotated transcriptome assemblies are
incomplete. Therefore, we utilized the program full-length alternative isoform analysis of
RNA (FLAIR) 100.101 t5 combine our long-read data with our short-read data to generate

a new reference transcript from which to perform our splicing analysis. This approach
enabled the identification of 95 novel alternative first exon (AFE) events in response to LPS,
50% of which were not differentially expressed at the RNA level following stimulation,
again highlighting the importance of considering alternative splicing as a key regulatory
mechanism during an immune response. We also discovered a novel isoform of cytosolic
dsDNA sensor, Aim2, that is induced by an inflammatory stimulus, where an alternative
first exon is used through alternative splicing and a new transcription start site (TSS). This
novel inflammatory driven isoform is myeloid specific and is shown to be less efficiently
translated when compared to the canonical form because this novel isoform possesses an
iron specific translational mechanism through an iron-responsive element in its 5"UTR.
These studies highlight the power of combining both short and long read sequencing to
understand the splicing landscape of immune cells.

Applying these approaches in disease samples could help provide much needed insights into
mechanisms of dysregulation. One of the most important takeaways from all the splicing
studies is that many dominant isoform changes seen following inflammation are in proteins
where they are not necessarily differentially regulated at the RNA level. These can be missed
if one simply focuses on the top most up or down regulated genes. Instead by studying the
splice sites it is possible to uncover disease specific isoforms of genes that could be missed
by only focusing on differential expression approaches.

Identification of Structural Variation

Long-read sequencing is a reliable tool to study native and disease associated structural
variations like copy number variations (CNVSs), duplications, translocations and inversions
102 These variations have been difficult to identify, due to their small size (could be as
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small as 50bp) leading to inaccurate mapping when using short reads. Long reads enable
more accurate mapping and a better understanding of the genetic architecture of the region
in healthy and disease conditions. Studies have reported on the advances achieved by using
new CCS technology when compared to short read sequencing, where they sequenced the
well-characterized human HG002/NA24385 genome and obtained precision and recall rates
of ~99.91% for single-nucleotide variants (SNVs), 95.98% for insertions and deletions <50
bp (indels) and 95.99% for structural variants 193, Another study that utilized a SMRT based
technology to sequence HX1 was able to construct an assembly that fills 28% of gaps in

the reference genome GRCh38 and discover HX-1 specific sequence that has not yet been
reported 9.

Studying RNA modifications in innate immunity

A-to-l editing

A-to-1 editing is a form of post-transcriptional modification that occurs in all classes of
eukaryotic RNA (mRNA, tRNA, rRNA and ncRNA) and is considered the most widespread
RNA modification in mammals 194, It involves the chemical change of an adenosine residue
to an inosine by adenosine deaminase that acts on RNA (ADAR) 195, which in turn is
recognized as Guanosine (G) by both translational and splicing machinery 196, It serves as
an essential mechanism for the immune system to differentiate between self and non-self
where A-to-I editing occurs in endogenous double stranded (dsRNA) allowing it to avoid
detection by the cytosolic dsRNA receptor MDAS 107, Studies on ADAR1 knockout mice
show that loss of ADARL results in increased expression of type | IFNs as reviewed by
Wang et al., 108. ADAR expression is inducible following activation with TNFA, IFNG or
LPS in myoblasts 199, T cells and macrophages 110 indicating a possible regulatory role

for A-to-1 editing during the inflammatory response. When A-to-I editing occurs in coding
regions it can lead to changes in protein sequence, however, A-to-1 editing is most common
in noncoding regions such as introns and UTRs 111, which can result in nuclear retention,
degradation, alternative splicing, and translation regulation of the mMRNA. Dysregulation of
editing has been implicated in various inflammatory and autoimmune diseases 112:113.114,

Interestingly, many novel editing sites in INCRNAs have been recorded in glioblastomas
(brain cancer) 115, LncRNAs can form secondary folds that generate dsSRNA making them
substrates for ADAR editing 111, Editing of INcRNAs can result in nuclear retention or
degradation acting as a negative feedback mechanism to regulate INcRNA function. Since
ADAR binds to double stranded regions, it could bind a IncRNA and inhibit another RNA
binding protein from forming an interaction thereby impacting IncRNA function in both
an editing dependent and independent manner. Considering the role that A-to-I plays in
the immune system highlights the importance of being able to detect and quantify these
changes accurately. Sanger sequencing was able to detect edited sites 116 and revealed that
both edited and unedited transcripts can be expressed in the same tissue, and the ratio
between the two can vary by tissue type and developmental stage. Next, high throughput
NGS proved to be capable of detecting A-to-1 editing, however, concerns around NGS
biases persisted, including ambiguous mapping, sequencing error and genomic SNPs that
could lead to inaccurate identification of edits 117. Therefore, some considerations need to

Immunol Rev. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salih and Carpenter

Methylation

Page 13

be taken when designing an experiment to estimate differential editing between samples
and treatments; sequencing depth and coverage are essential for accurate identification of
edited sites. In addition, edits residing in repetitive elements exhibit low abundance and
require ultra-high coverage for reliable detection and quantification 118, Improvement in
edit identification accuracy can be achieved by increasing sequencing depth, preferentially
employing protocols for strand specific-paired end read sequencing 117. This also highlights
the need for a complete and accurate reference genome that represents the vast genetic
diversity of the population to enable accurate mapping of detected edits and avoid errors due
to sequencing or mapping artifacts. Combining high throughput short with long reads can
be extremely beneficial for thorough A-to-1 edits detection. Short reads provide the required
accuracy to detect edits, while long read sequencing provides high mappability power and
ability to map complex repetitive regions 119, Nanopore direct RNA sequencing provides an
added advantage by revealing the complexity of mMRNA modification in full-length single
molecule reads while avoiding the bias associated with PCR and reverse transcription steps
120 1n addition, selecting appropriate bioinformatics pipelines is essential for the analysis
of NGS data to ensure the correct identification of edited sites, currently available analysis
workflows are discussed in detail by Diroma et. al, 117.

While there are ~170 chemical modifications that can occur on RNA, the most

abundant internal modification in mRNA is N6-methyladenosine (MBA) 121 accounting for
approximately 50% of methylated ribonucleotides 122, These modifications are involved in
shaping the fate of the transcript and regulating many aspects of RNA metabolism including
transcription, splicing, export, translation and stability 123, Studying the importance of these
modifications has created the field of “epitranscriptomics” 124, which has been greatly
fueled by the development of NGS allowing for rapid identification and evaluation of these
modifications. MBA is a reversible modification, which ignited interest in its dynamics and
the features that help regulate it 12, It was discovered that the same position might only be
modified in a fraction of transcripts, serving as further indication that m8A could possibly
serve a regulatory role in many biological processes 126,

There are three methyltransferases, methyltransferase-like 3 (METTL3), methyltransferase-
like 14 (METTL14) and Wilms’ tumor 1-associating protein (WTAP) primarily responsible
for shaping the m6A RNA landscape by transferring a methyl group to the N-6 position of
the adenosine base 127128129 These tags are removed by demethylases “erasers” such as
alpha-ketoglutarate-dependent dioxygenase fat mass and obesity-associated protein (FTO)
130 and RNA demethylase ALKBH5 131,

More recently modifications and their roles in regulating IncRNAs have emerged. LncRNAs
can function as decoys and scaffolds, which depend on the structure of the RNA and
therefore a single modification like m8A could improve or eradicate these RNA-protein
interactions. One of the best studied IncRNAs is X-inactive specific transcript (X/S7) whose
job is to mediate silencing on the inactive X in females. Recently it has been reported that
m®A modifications within XIST are critical to its function 132, Patil er a/., reported that
YTH domain containing 1 (YTHDCZ1) recognizes m6A sites on X/ST7and is required for
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its function such that artificial tethering of this protein to XIST can rescue silencing in
the absence of m8A marks 132, m6A modifications within the INcRNA THOR are read by
YTHDF1 and YTHDF2 and these interactions help stabilize the oncogenic IncRNA 133,

LncRNAs are also known to play an important role in the stress response; highly repetitive
satellite 111 (HSATIII) I IncRNAs function in forming the stress bodies nSBs in response

to thermal stress 134, These GGAAU rich IncRNAs sequester serine and arginine rich
splicing factors (SRSFs) during thermal stress to suppress splicing of hundreds of introns. In
addition, it was found that methylation of the same GGAAU motifs sequesters m6A reader
proteins such as YTHDC1 to repress M8A dependent splicing during the thermal recovery
phase 135, Thus, IncRNAs that constitute nSBs serve as gene regulation hubs by serving a
dual function as molecular sponges for RNA splicing proteins and m8A readers to regulate
intron splicing events during thermal stress responses.

Recent studies have pointed to RNA modification involvement in immune regulation. A
recent study investigated the involvement of mBA in the inflammatory cycle of dental

pulp disease 136. They demonstrated that METTL3 depletion resulted in a decrease in
inflammatory cytokine expression as well as a decrease in the phosphorylation of IKKa/p,
p65 and IkxBa in the NF-xB signaling pathway in addition to p38, ERK and JNK in

the MAPK signaling pathway in dental pulp cells when treated with LPS. This was
facilitated by an increase in production of the myeloid differentiation primary response

88 (MyD88) splice variant (MyD88S). MyD88S exerts a negative effect on TLR signaling
pathways and limits the duration of innate immune activation. A separate study that utilized
a pooled CRISPR screen approach showed similar results where they demonstrated that
METTL3-deficient macrophages exhibited reduced TNFa production upon LPS stimulation
and showed that METTL3 KO mice display susceptibility to bacterial infections and faster
tumor growth 137, METTL3 depletion resulted in loss of m8A modifications on the TLR4
negative regulator /rakm slowing down its degradation and resulting in suppression of TLR4
activation.

MBA has been implicated in viral propagation and antiviral immunity by impacting
transcript stability. A study showed that viral infection of cells depleted of m8A writer
METTL3 or reader YTHDF2 resulted in an induction of interferon-stimulated gene
production which suppressed viral propagation 138,

While NGS has rapidly increased the ability to study RNA modifications there are some
limitations to the approaches described thus far. These include the need for the RT step

that erases the modifications and renders them indistinguishable from regular RNA bases.
Also, the RNA species of interest (MRNA and IncRNAS) are of low abundance which
makes sequencing sensitivity a concern, in addition to limited computational tools capable
of reliably distinguishing modified bases in sequencing data 12°. Most of the approaches to
study mBA involve use of antibodies to enable m®A immunoprecipitation and sequencing,
such as m®A-seq and MeRIP-seq 125139, MBA-seq was used to map the modification on the
human and mouse transcriptome to better understand conservation and dynamic changes in
response to treatments 139, M®A was shown to be most prevalent around stop codons near
3’UTRs 140 and within long exons and that this pattern is evolutionarily conserved, pointing
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to a possible functional regulatory role 139, There are some concerns of non-specific binding
of the m®A antibodies to other methyl tags 141,142, For a review and resource on méA
mapping we direct the readers to the following study by Xiang et. al 139,

Direct RNA sequencing

ONT provides the only library preparation to date to probe native RNA, without the need
for an RT step, at single nucleotide resolution and with long reads. This approach is capable
of detecting changes in the current as the nucleic acid travels through the pore with a
sensitivity that allows for direct RNA bases calling with and without modifications (Fig.

1, C). A variety of computational programs were developed to read the modified bases

such as ELIGOS 143 MINES 144 and EpiNano 145. MINES (M®A Identification using
Nanopore Sequencing), was able to identify >40,000 m®A sites at single base and isoform
level resolution in primary human epithelial cell line 144, Using direct RNA sequencing

and meRIP-seq revealed that absence of m6A either by silencing METTL3 or YTHDC1
resulted in an overall decrease in late viral RNAs, viral proteins and infectious progeny of
Adenovirus 146, This decrease was mainly a result of the decrease in late splicing efficiency
indicating that mSA regulates splicing of viral transcripts.

Single cell RNA sequencing technologies (scRNA-seq)

Any given cell population within the immune system whether it is macrophages, dendritic
cells, neutrophils etc, are all heterogeneous populations. While bulk sequencing provides a
systems level view of gene regulation within a given population of cells it fails to describe
the variety of responses between individual cells following activation. Single cell RNA-seq
(scRNA-seq) allows for the identification and classification of new cell types based on their
gene expression profiles as well as providing insights into how cells within a population
respond to a given stimulus 147:148.149 Shalek et a/,, produced two of the earliest single cell
studies examining the responses of bone marrow derived dendritic cells (BMDCs) to TLR
ligand activation 149.150 They demonstrated bimodal activity in both gene expression as well
as splicing in BMDCs following stimulation with LPS 149, There are a number of reasons
why heterogeneity might be evident in a seemingly homogenous population of cells such

as differences in cell state including cell cycle, stochastic gene expression differences to
name a few. Shalek et. al, showed that there appears to be different maturity states across the
BMDCs, and this is accompanied by distinct splicing patterns where on a population level
many isoforms of a gene are identified, but there is a dominant isoform expressed in one

cell compared to another 149, They also noted that distinct precocious cells exist that produce
large amounts of interferon early in the immune response and could impact neighboring
cells in a paracrine manner through the secretion of IFNs 150,

ScRNA-seq has enabled the discovery of distinct classes of human dendritic cells as well
as innate lymphoid cells 151.152,153,154.155 gcRNA-seq has also provided insights into
macrophage populations as well as their ability to fight infections including Sa/monella
156,157 Ayraham et al., showed that variation in host cell responses could be related

to differences in bacterial factors within the invading bacteria 1°6. Saliba et a/., took a
similar approach and noted interestingly that cells harboring non proliferating bacteria
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are in an M1 pro-inflammatory state while cells containing proliferating bacteria are in

an anti-inflammatory (M2) state suggesting the bacteria can alter polarization states of
host macrophages 157. The power of scRNA-seq provides insights into the intricacies of
immune responses and how much they vary even within what was initially thought to be a
homogeneous population of cells.

The human cell atlas project is a consortium wide effect involving scientists across a number
of disciplines coming together to map all the cells of the human body °8. They will utilize
scRNA-seq in addition to techniques such as Mass Cytometry, epigenome sequencing and

in situ approaches to provide a complete picture of the active molecular pathways present

in healthy cells. The hope is that by understanding what is occurring in healthy cells and
tissues it will provide the framework needed to understand what goes wrong during a
diseased state. There are similar efforts underway in Europe by the Lifetime initiative that
are utilizing single cell approaches to better understand complex diseases as well as trying to
dissect individual cells’ response to treatment 19,

While these large consortium efforts are exciting and will undoubtedly provide us with
enormous amounts of data, there are however limitations to this technology. It is costly and
this limits the number of single cells you can study at a given time. This technology is
rapidly evolving and with that cost will continue to go down. Kasmia et a/., provide a review
that covers the scRNA-seq pipelines, as well as the pros and cons of the various techniques
160 10X genomics is one the most common scRNA-seq pipelines and involves mapping

the 57 or 3’ ends of polyA transcripts and so this approach only gives a glimpse into gene
expression and not any information on the whole body of the gene. It lacks isoform and
sequence variation information and also fails to capture genes that are not polyadenylated.
The average number of reads from any given cell from a chromium platform averages
~10,000 reads, therefore one only gets to study the most abundant genes expressed in a
given cell. There are platforms available for in depth analysis of single cells that are capable
of getting up to 1 million reads such as the C1 platform, however, this greatly limits the
number of cells that can be studied in a single experiment 169, New library prep methods
including R2C2 which was mentioned earlier can be utilized to generate single cell libraries
that can be sequenced either using illumina or nanopore sequencing. Volden et a/., profiled
3000 peripheral immune cells using R2C2 and were capable of clustering them into their
cell types (T, B cell, monocytes etc.) based on their gene expression profiles 161, This is

a powerful advance to single cell sequencing as it provides isoform level transcriptomes

in addition to gene expression profiles of immune cells. Another disadvantage of all the
sequencing technologies discussed thus far is that they require lysing of cells to extract
RNA and therefore only provide a snapshot of what was happening at the time the cells
were lysed. Live-seq is a new innovative approach designed to allow for sampling of single
cells during a live immune response 162, It can act as a recorder and allow researchers

to evaluate the immune response in the same cell overtime. This technology was used to
study macrophages sampled both at baseline and following LPS stimulation over time. They
concluded that baseline levels of the protein NFKBIA (IxBa) and cell cycle state as the
major determinants of the observed phenotypic changes 162. As with all the technologies
mentioned here sScRNA-seq will undoubtedly continue to develop and become cheaper
which will allow for more widespread use. With this will come more information which will
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be useful in deciphering the complex immune responses that occur in healthy and diseased
cells.

High-throughput Functional Characterization of genes: CRISPR

It is clear that deep sequencing approaches provide us with this unprecedented view of

what is being produced from the genome, but it fails to provide insights into the biological
relevance of all the transcription that is occurring. In order to make the most of all the
emerging genomic sequencing it is necessary to establish rapid functional characterization
pipelines. The development of CRISPR-Cas9 has helped revolutionize the field of functional
genomics by offering a tool from which we can rapidly functionally characterize genes in
our systems of interest. Cas9 is a deoxyribose nuclease (DNase) that can be specifically
targeted to genomic regions viaa guide RNA (gRNA) 163.164  Classical use of CRISPR in
its enzymatically active form is ideal for removing protein coding genes and determining

a phenotype. Targeting of Cas9 to such region results in a blunt double-stranded DNA

break that is repaired by the imprecise Non-Homologous End-Joining (NHEJ) DNA repair
pathway, leading to small deletions or insertions that disrupt the open reading frame and
therefore result in loss of the protein. The simplicity of the guide RNA cloning system
makes it amenable to high throughput approaches meaning that hundreds to thousands of
proteins can be studied in a pooled fashion in any biological context. This is an attractive
pairing to high throughput screening in which you identify all the interesting proteins that
are turned on or off in your system of choice and now you want to know which of those
proteins are actually important in your biology of choice. This has been utilized by a number
of groups to try and better understand the genes involved in the immune system.

Genome wide screens have been performed to identify new regulators of TNF, TLR3
signaling as well as the NLRP3 inflammasome 165:166.167 There have been many pooled
CRISPR screens performed to try and better understand host-viral interactions which is
reviewed in 168, Perturb-seq is an approach in which CRISPR screening is combined

with single cell sequencing readouts allowing for both target identification and mechanistic
insights in one experiment. Dixit et a/., used this approach to target 24 transcription factors
in bone marrow derived dendritic cells and reconstruct the complex interplay between
positive and negative regulators within the LPS signaling pathway 169,

We recently performed a pooled high throughput screen in macrophages where we targeted
all annotated protein coding genes, microRNAs as well as targeting 3’UTRs of known
essential genes. In addition to the inflammatory screen we performed a viability screen
which identified all genes required for viability including macrophage specific viability
genes such as IRF8 170, We also provided insights into new regulatory elements present

in the 3’UTRs of essential genes. We made use of our recently developed NF-kB-GFP
reporter system 56 and identified 115 novel regulators of NF-kB as well as showing that
TNF can act as a negative regulator of the pathway in a cell intrinsic manner 170, The
majority of the pooled based screens have been performed in cell lines, but the technology
is now being utilized to move towards /n vivo screening as well as screening primary human
cells. Lafleur et. al, have developed CHIME: CHimeric IMmune Editing using CRISPR in
the bone marrow to study gene expression in vivo 171, They performed a pooled /n vivo
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screen targeting 21 genes (using 110 sgRNAS) specific for T cell biology and identified the
Protein Tyrosine Phosphatase Non-Receptor Type 2 (Pfpn2) as a negative regulator of CD8+
T cell-mediated responses to LCMV infection.

The Marson lab at UCSF have been pioneering ways to utilize high throughput CRISPR
approaches to knockout or knockin genes in primary human T cells with the view to gaining
insights into the molecular mechanisms in healthy and diseased T as well as developing
tools for therapeutics use in the future 172173, They have shown how amenable their tools
are to other immune cells by demonstrating their ability to knockout genes in primary CD14
monocytes, cells that are typically genetically intractable 174,

While enzymatically active Cas9 is powerful for targeting proteins, it is not so easy to
employ to interrogate the function of IncRNAs that do not contain ORFs. Instead CRISPRi
has been effectively utilized to target non-coding regions of the genome. CRISPRIi involves
a catalytically inactivated version of Cas9 fused to the KRAB (Kriippel associated box)
chromatin-silencing domain which when targeted to the transcription start of a gene induces
heterochromatin formation and silencing 175176,

There are many versions of the CRISPRi system that have been used to study IncRNAs and
they have been reviewed here 177, More recently the system has been utilized to perform
high throughput screens to rapidly determine which IncRNAs are important for viability. Liu
etal., 178 employed a CRISPRI platform targeting 16,401 IncRNAs in seven different cell
lines including human transformed and induced pluripotent stem cells (iPSC) lines. They
identified 499 IncRNAs required for cellular growth with cell type specificity, confirming
that IncRNAs serve cell type specific functions 178, However, it is important to note that
there are some technical challenges to the CRISPRi system. Gilbert et a/., showed that there
is an ideal guide RNA targeting window of ~ =500 to +500 nucleotides surrounding the
transcription start site 179, Therefore, in order to design a library to target all IcRNAs

or protein coding genes, it is essential to know exactly where the start sites are. It is

well appreciated that INcCRNAS in particular are poorly annotated and even in our limited
experience using screening tools we have found that many proteins are also incorrectly
annotated 180,181,182 gome of this comes down to the nature of the reference genome
utilized for the design of the guide RNAs. Since many IncRNAs are cell type specific and
even protein coding genes can have alternative start sites that are cell specific 183.184 jt
means that it is necessary to obtain sequencing data from your cell type of interest prior to
designing a library.

While there are clearly many advantages to the use of CRISPR for functional genetics

from the speed at which it can be carried out into the vast number of genes that can be
interrogated at once, these are expensive and time-consuming approaches. Screens only
work if the read out is amenable to a high throughput system which means these approaches
are somewhat limited in the scope of biology, they can provide insights to. However, these
functional technologies are continuing to evolve. We need continued innovation in high
throughput functional assays if we wish to make sense of all the sequencing data that is
being generated.
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Combining CRISPR with long read sequencing

This is an incredibly powerful approach for studying disease causing mutations. A recent
study used CRISPR-Cas9 to cut out the known oncogenes BRCAL and 2 and combined this
with long read sequencing to identify new structural variants 185, They studied a family with
a history of breast cancer that had negative results for mutations by traditional sequencing
methods including whole exome sequencing. They identified a retrotransposon insertion
which resulted in the formation of a pseudoexon in the BRCAI message and introduced a
premature truncation 185, There are many inflammatory diseases for which whole exome
sequencing has produced underwhelming results. Perhaps if instead, we focused on possible
disease associated genes and sequenced them in individual patients using this CRISPR-long
read approach we might uncover the mechanism at play.

Conclusions and future directions

Since there are so many sequencing techniques and platforms available, it is important

to decide exactly what question you want to answer for any given experiment. It is

also important to recognise and utilize the wealth of data that comes from any of these
experiments. Many RNA-seq experiments are undertaken to perform differential expression
analysis and while this technique is indeed useful for this it is also incredibly expensive

and there is so much more you can obtain from the data. These experiments capture not
just protein coding genes but also many noncoding RNAs. LncRNASs are known to be more
cell type specific in their expression levels compared to proteins so if someone is interested
in looking for unique signatures in diseased versus healthy states it is worth analysing the
data for IncRNAs as well as proteins. As mentioned, splicing is a key regulatory mechanism
in any immune response, and it also changes in diseased conditions. Many isoforms being
used after inflammation are in genes that don’t show differential expression levels, instead
they display isoform switching and this should not be overlooked especially when studying
diseased conditions. We feel that the future lies with long read technology as it offers a
wealth of information from isoform identification to RNA modifications. The major focus
to date has been only on m8A, but there remain 169 other modifications that have not been
examined to any great extent. A recent consortium has been established and is led by Prof.
Angela Brooks called The Long-read RNA-seq Genome Annotation Assessment Project
(LRGASP). They have tasked researchers with comparing library preparation protocols as
well as computational approaches in order to help set a standard for long read data capture
experiments (https://www.gencodegenes.org/pages/LRGASP/). Long read data will provide
a much clearer picture of the splicing and modification landscapes that will allow us to better
appreciate disease specific isoforms or modified genes and could allow for more targeted
approaches for therapeutic intervention for inflammatory and autoimmune conditions.
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Figure 1. Evolution of RNA sequencing technologies.
A. lllumina NGS involves RT and amplification steps prior to sequencing. It is high

throughput as it can yield anywhere from 3 million to 1 billion short read fragments
<300bp in length. It currently provides highest read accuracy >99% in combination with
low run cost. However, the short-read length results in ambiguous mapping and inability
to resolve genomic variants and GC rich regions. B. Long read sequencing using PacBio
technology generates up to 3 million long reads and relies on a circular DNA SMRTbell
template composed of a double stranded DNA insert flanked by two single stranded hairpin
adapters on both ends. DNA polymerase is attached and the complex is read in a zero
mode waveguides (ZMW) SMRT cell where DNA polymerase adds fluorescently labeled
dNTPs and allows for base by base readout of the template. The original technology
relied on continuous long read (CLR) sequencing that yields reads longer than 10Kb with
moderate accuracy ~80%. To increase read accuracy circular consensus sequencing (CCS)
was introduced, it produces high fidelity (HiFi) reads through repeated passes of DNA
polymerase through the template resulting in multiple error-prone subread, which when
compiled produces a highly accurate consensus sequence. It yields a higher number of
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reads compared to CLR with longer read length and accuracy that exceeds 99%. Both
technologies eliminate the need for PCR, and produce reads long enough to detect variants,
novel splice isoforms and can be mapped accurately. C. Oxford Nanopore Technologies
(ONT) uses a linear DNA molecule attached to a sequence adapter loaded with a motor
protein that pushes the DNA molecule through a nanopore. As the negatively charged
DNA strand travels through the pore, individual bases cause a disruption in the current
allowing us to call individual bases in real time. Many platforms were developed such as
the MinlON and the PromethlON that differ in number of flow cells and subsequently

in read number output. ONT can generate reads exceeding 1Mb in length with variable
base calling accuracy 85-97% which is dependent on the protocol used to generate the
reads and the computational program used for base calling. Nevertheless, it generates
reads long enough for unambiguous mapping, allows for de novo genome assembly and
detection of structural variants as well as novel isoforms. The Rolling Circle Amplification
to Concatemeric Consensus (R2C2) method relies on introducing 8bp splints to both ends
of the reverse transcribed cDNA, only full length-cDNA is then circularized and amplified
using rolling circle amplification (RCA). It is used to increase accuracy - can produce >94%
read accuracy- and to increase resolution of RNA transcript isoforms. Additionally, ONT
allows for direct RNA sequencing which eliminates the need for the RT and PCR steps and
allows for detection of native isoforms and RNA modifications.
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Figure 2. Annotated transcriptsin Gencode based on the most recent human and mouse release.
Pie Charts showing statistics of annotated genes in human GRCh38.p13 (version 38) and

mouse GRCm39 (release M27).
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1. Cis Regulation of IncRNAs 2. Trans Regulation of IncCRNAs
A. Activation via recruitment of transcriptional machiney A. Binding to RBPs to regulate alternative splicing
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Figure 3. Modes of generegulation by INcRNAs.

1.LncRNAs can regulate neighboring genes in c¢/sthrough a variety of mechanisms. A:

They can activate gene expression through recruitment of the transcriptional and splicing
machinery to the neighboring locus. B: They can activate gene expression by acting

as enhancer RNAs (e-IncRNAS) where they recruit mediators and co-activators to locus

and facilitate coordinate activation through chromatin looping between the enhancer and
promoter of the neighboring gene. C: They can repress neighboring gene expression

by recruiting a repressive complex to the neighboring gene promoter through chromatin
looping, leading to methyl tag deposition and gene expression inhibition. 2. LncRNAs can
regulate genes on a different allele or different chromosome in #ransthrough a variety

of mechanisms. A. Through interactions with RNA binding proteins (RBPSs) to regulate
alternative splicing of the RBP target transcript. B. Through interactions with RBPs to
regulate target transcript expression, stability or degradation. C. It can occur through binding
of a IncRNA directly to mRNA transcripts through base pairing impacting transcript stability
and degradation. D. Binding of a IncRNA directly to mRNA transcripts through base pairing
impacting recruitment of the polysome and transcript translation. E. LncRNAs can sequester
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suppressors from the gene promoter to allow transcription factor binding and subsequent
gene expression.
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Table 1.

Developments of evolving sequencing technologies with variable throughput, accuracy and cost.
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Platform Throughput Accuracy Number of Maximum Read length Run Time Price
Reads per Output
Run
Sanger Low 99.99% 1 -- 400-600bp 12 | 4 hrs $3/reaction ”
7
llumina Miseq 7 | Low >96% § 25 million 15Gb 1x36bp 4-55hrs $24/Mb 12
2x300bp 12
MiniSeq 7 Low >80% high 25 million 7.5Gb 1x75bp 4-24hrs $24/Mb 12
i § 2x150hp 12
quality bases p
Illumina HiSeq High >88% bases 300 million 250GB 1x50bp 1-3.5days | $1400-2000/
4000 RapidRun § with high 750GB 2X75bp Lane '
quality scores § 1500GB 2x150bp
NovaSeq High >94% bases 650 — 800M 400 Gb 2 x 250bp 38hr $8,578/Flow
6000 7 with high 2-25B 750 Gb 2 x 150bp 44hr cell
quality scores s $5,590/ Lane
NextSeq 550 7 High >80% bases 400 million 120Gb 1x75bp 12-30hr 20$/Gb
with high 2x150bp
quality scores s
PacBio High >99.9% 300K - 12M 30-50Gb per ~10-25Kb 10 hr per >2000%/flow
Soquel Il 77 per SMRT cell | SMRT cell 77 SMRT cell | cell
(HiFi) 2627
ONT High 85-970429.30 4-10 million 20-50Gb Up to 4.2Mb Up to 72hr 425-900%/
Minion flow cell
(DNA)
[ 28
ONT High 85-97% 4-10 million Up to 245Gh Upto4.2Mb | Upto72hr | Up to 2000$/
Promethion 24, flow cell
487
(DNA)

"PacBio website

fData from Genewiz website
’tData from Thermofisher website
s . .

Data from Illumina Website

”Data from Nanopore website
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Table 2.

IncRNAs involved in inflammatory gene expression regulation.

Page 36

LncRNA Function Mode of regulation Localization Source
Rroid Promotes ILC proliferation Cisthrough direct interaction with neighboring gene Nuclear 42
promoter
Morrbid Represses Bel2l11 Cis Recruits PCR2 which deposits methyl tags on Nuclear 43
expression Bcl2/11 promoter
LincRNA- - Required for ptgs2 expression - Enhancer RNA mechanism Nuclear and 67
Cox2 - Regulates expression of critical | - Inhibits expression of ISGs through interactions with | Cytoplasmic
immune response genes hnRNPA/B and A2/B1 in trans
- trans activation via unknown mechanism
Lncl3 Regulates inflammation and is Trans regulation of immune genes through interactions | Nuclear 7
dysregulated in Celiac disease with hnRNPD
Lethe Negative feedback of NF-xB Trans via direct binding to Rela Nuclear s
pathway
THRIL Induction of TNFA expression Trans via direct binding to HNRNPL Nuclear 69
lInRNA-EPS Suppresses immune gene Trans, Binds to chromatin and Hnrnpl to form Nuclear 70
expression complexes
Lne-DC Dendritic cell differentiation Trans via direct binding to STAT3 Cytoplasm 7%
GAPLINC Inhibits basal activation of NF- Functions in fransto regulate to regulate basal levels Cytoplasm w
kB of NF-kB and limit its localization to the cytoplasm
PACER Promotes Ptgs/Cox2 expression Cis; sequesters p50 away from Ptgs2 promoter Nuclear 51
allowing for its expression
NEAT1 Promotes /L& expression Trans; sequesters the SFPQ repressor complex to Nuclear 52
paraspeckles
IL-1B eRNA Promotes /L 1B expression Binds to PU.1 transcription factor and /L1B promoter Nuclear 72
to activate transcription
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