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Alternative RNA Processing in Cancers
Alison D. Tang
Abstract

RNA-Seq has brought forth significant discoveries concerning aberrations in RNA
processing, implicating RNA variants in a variety of diseases. Here, | will discuss cancer-
associated RNA variation accompanying either somatic mutations in a splicing factor or
changes in RNA base editor abundance. While many splice variants have been examined at
an event-level with short reads, identifying full-length isoform changes may better elucidate the
functional consequences of these variants in cancer. Thus, we have employed long-read
technology to obtain full-length transcript sequences, developing a computational workflow
called FLAIR (Full-length Alternative Isoform analysis of RNA) to identify high-confidence
transcripts, differential transcript usage, and haplotype-specific transcripts. We performed
nanopore sequencing of chronic lymphocytic leukemia patient samples containing SF3B1
mutation. With FLAIR, we are able to find patterns of aberrant splicing and a decrease in
unproductive retained introns associated with SF3B1 mutation. Additionally, we have applied
FLAIR to direct RNA sequencing reads to facilitate the identification of longer poly(A) tail
lengths associated with intron retentions. Finally, we have sequenced H1975 lung
adenocarcinoma cells with knockdown of ADAR, an enzyme that mediates A-to-l editing. We
further improved our workflow to identify key inosine-isoform associations with the goal of
clarifying the prominence of ADAR in tumorigenesis. Ultimately, our work demonstrates the

utility of nanopore sequencing for augmenting cancer and splicing research.
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Alternative RNA Processing in Cancers

Introduction

RNA splicing is a carefully-regulated and a pervasive form of gene processing, with
over 95% of human multi-exon genes being alternatively spliced (Pan et al. 2008; E. T. Wang
et al. 2008). Unsurprisingly, splicing dysregulation is a recently appreciated hallmark of cancer
(Garraway and Lander 2013; Oltean and Bates 2014). Studies have shown increased
alternative splicing (AS) in tumors (Kahles et al. 2018), such as elevated levels of intron
retention events (Dvinge and Bradley 2015), finding thousands of novel, tumor-specific AS.
Furthermore, tumor-specific AS can result in the production of tumor-specific aberrant proteins
(Kahles et al. 2018), demonstrating a mechanism via the translation of AS transcripts for the
potential functional impact of splicing in disease. One form of AS called intron retention can
result in the production of neoantigens, worsening multiple myeloma patient outcomes while
also providing a therapeutic strategy for targeting multiple myeloma cells to prevent immune
escape (Dong et al. 2021). The inhibition via small molecule of a specific splice variant of the
IRAK4 gene, shown to be present in a subset of acute myeloid leukemia and myelodysplastic
syndrome patients, is tied to the abrogation of leukemic growth (M. A. Smith et al. 2019). AS
and disease are further connected and resolved through the application of an antisense
oligonucleotide to induce splice-switching in spinal muscular atrophy patients (Wurster and
Ludolph 2018). With these examples and many more to be discovered, it is crucial that studies
measure AS accurately as this may lead to additional insights into future prognosis and

treatment of cancers and other genetic diseases.

The advent of Next Generation Sequencing has accelerated the discovery of
alternative splicing breakthroughs in cancers and is correlated with a growth in research
focused on splicing (Cloonan et al. 2008; Sultan et al. 2008). Short-read RNA-Seq, or shotgun
sequencing, can survey complete transcriptomes with high depths. The general steps for short-

read RNA-Seq are as follows: RNA transcripts are isolated, reverse transcribed to cDNA copies,



fragmented, and then sequenced using sequencing-by-synthesis techniques. The sequenced
fragments range from 50-500 bp, limited mainly by the dephasing that can occur as lengths are
increased (Nakamura et al. 2011). With RNA-Seq, transcriptome-wide characterization of AS
in cancer became routine (L. Wang et al. 2016; Darman et al. 2015). Analyses of The Cancer
Genome Atlas (TCGA) data, a Pan-Cancer repository profiling upwards of 20,000 cancer and
matched normal samples with multiomic assays, has revealed mutations in splicing factor
genes to be positively selected for in tumors of multiple cancer types (Kandoth et al. 2013;
Seiler et al. 2018). RNA-Seq studies have also informed that higher rates of splicing factor
mutations cause global splicing deregulation, suggesting that broad transcriptional alterations

may benefit tumorigenesis (Seiler et al. 2018).

However, the resolution of alternative splicing events using short-read sequencing is
restricted to characterizing the transcriptome at the level of distinct RNA processing events. As
short read data are only capturing fragments of cancer transcripts, this necessitates a number
of assumptions and inferences in order to reconstruct and quantify isoforms. For this reason,
fragmented data lack the ability to identify the full transcriptional context of aberrant splice
events, further convoluting the functional consequences of cancer-associated splicing events
identified with short read RNA-Seq. The detection of coordinated splicing variation and RNA
sequence variation is limited to the length of fragments which are sequenced (Steijger et al.
2013). Moreover, detection and quantification of transcripts containing retained introns using
short reads is difficult and often overlooked (Jacob and Smith 2017; Q. Wang and Rio 2018).
Other forms of RNA processing, such as RNA modifications, cannot be detected with short
reads without modification-specific protocols (Lovejoy, Riordan, and Brown 2014; Carlile et al.
2014; Dominissini et al. 2013). RNA editing, while detectable computationally as in the case
with A-to-l editing, can be challenging to detect in cases of hyper-editing (Porath, Carmi, and
Levanon 2014). As with RNA splicing, RNA modifications and RNA edits are tied to disease;

for example, the dysregulation of N6-methyladenine, the most common internal modification



on mRNA (N. Liu and Pan 2016), and has been linked to human diseases including obesity
and cancer (Sibbritt, Patel, and Preiss 2013). Taken together, proper study of aberrations in
co-transcriptional and post-transcriptional RNA processes individually and in combination with
each other motivates the exploration of short read RNA-Seq alternatives.

Studying cancer transcriptomes at the level of individual variants limits our complete
understanding of the functional consequences of these aberrations. Thus, the exploration of
the unique application of long-read nanopore RNA-Seq to cancer transcriptomes is imperative
for potentially overcoming lllumina length limitations. Long-read sequencing techniques offer
increased information on exon connectivity by sequencing full-length transcript molecules
(Bolisetty, Rajadinakaran, and Graveley 2015; Sharon et al. 2013; Bueno et al. 2016). We
focused on nanopore sequencing, which works by measuring the change in electrical current
caused by DNA or RNA threading through a nanopore and converting the signal into nucleotide
sequences (Deamer, Akeson, and Branton 2016; Garalde et al. 2018). Nanopore sequencing
yields long reads as long as 2 megabases (Payne et al. 2018) and has been used for
applications ranging from the sequencing of the centromere of the Y chromosome (Jain, Olsen,
et al. 2018), the human genome (Jain, Koren, et al. 2018) completely (Miga et al. 2020), and
single-cell transcriptome sequencing (Byrne et al. 2017; Volden et al. 2018). Likely owing to
the lower sequence accuracy of the reads (Deamer, Akeson, and Branton 2016), nanopore
technology had yet to be thoroughly explored as a tool for detecting subtle splicing variation,
nor had it been used to examine cancer-associated splicing factor mutations. In this dissertation,
| discuss the incremental development of computational methods to analyze alternative RNA
processing using nanopore reads, all in effort to improve our understanding of cancers built

upon short read information.



Chapter 1: Resolving full-length isoforms in CLL patients with SF3B1
mutation reveals changes in intron retention

1.1 Abstract

While splicing changes caused by somatic mutations in SF3B17 are known, identifying
full-length isoform changes may better elucidate the functional consequences of these
mutations. We report nanopore sequencing of full-length cDNA from CLL samples with and
without SF3B1 mutation, as well as normal B cell samples, giving a total of 149 million pass
reads. We present FLAIR (Full-Length Alternative Isoform analysis of RNA), a computational
workflow to identify high-confidence transcripts, perform differential splicing event analysis, and
differential isoform analysis. Using nanopore reads, we demonstrate differential 3’ splice site
changes associated with SF3B1 mutation, agreeing with previous studies. We also observe a
strong decrease in expression of intron retention events associated with SF3B7 mutation. Full-
length transcript analysis links multiple alternative splicing events together and allows for better
estimates of the abundance of productive versus unproductive isoforms. Our work

demonstrates the potential utility of nanopore sequencing for cancer and splicing research.
1.2 Introduction

In various cancers, mutations in the splicing factor SF3B1 have been associated with
characteristic alterations in splicing. In particular, recurrent somatic mutations in SF3B1 have
been linked to various diseases, including chronic lymphocytic leukemia (CLL) (L. Wang et al.
2011; Quesada et al. 2011; Rossi et al. 2011; Landau et al. 2015), uveal melanoma (Furney et
al. 2013; Harbour et al. 2013; Martin et al. 2013), breast cancer (Maguire et al. 2015; Pereira
et al. 2016; Fu et al. 2017), and myelodysplastic syndromes (Papaemmanuil et al. 2011;

Malcovati et al. 2011). SF3B1 is a core component of the U2 snRNP of the spliceosome and



associates with the U2 snRNA and branch point adenosine of the pre-mRNA (Gozani, Feld,
and Reed 1996; Gozani, Potashkin, and Reed 1998; Will et al. 2001). Mutations in the HEAT-
repeat domain of SF3B17, such as the K700E hotspot mutation, have been shown to be
associated with poor clinical outcome in CLL (L. Wang et al. 2011; Quesada et al. 2011; Rossi
et al. 2011; Landau et al. 2015).. B cell-restricted expression of SF3B71 mutation together with
Atm deletion leads to CLL-like disease at low penetrance in a mouse model, confirming a
contributory driving role of mutated SF3B1 (Yin et al. 2019). Additionally, mutations in SF3B1
induce aberrant splicing patterns that have been well-characterized using short-read
sequencing of the transcriptome. Most notably, mutant SF3B7 has been shown to generate
altered 3’ splicing (L. Wang et al. 2016; DeBoever et al. 2015; Darman et al. 2015). Mutant
SF3B1-associated changes in branch point recognition and usage (Carrocci et al. 2017;
Kesarwani et al. 2017; Alsafadi et al. 2016) form the model in which mutant SF3B1 affects
acceptor splice sites. Targeting an aberrant branch point recognized by mutant SF3B7 in the
tumor suppressor BRD9 has been shown to suppress tumor growth using antisense
oligonucleotides (Inoue et al. 2019), further revealing the therapeutic implications for treating

mutant SF3B17-induced mis-splicing.

To investigate SF3B1X79% AS at an isoform level with nanopore data, the
representative transcripts and their abundance in each condition must be determined from the
reads. Existing software for short-read RNA-Seq data that perform isoform assembly, splicing,
or quantification analyses are not designed to work properly with the length of and frequent
indels present in nanopore reads. The raw accuracy of nanopore 1D cDNA sequencing is
approximately 85-87% (Jain et al. 2017; Volden et al. 2018; Workman et al. 2018), although
accuracy can change depending on iterations of the technology and library preparation
methods (Volden et al. 2018). To assemble isoforms and perform splicing analysis from
nanopore reads, we have created a workflow called Full-Length Alternative Isoform analysis of

RNA, or FLAIR. FLAIR requires a reference genome to define isoforms from long reads. While



FLAIR does not require short reads, having matched short-read data can be used to identify
unannotated splice sites and improve the confidence of transcript splice junction boundaries.
Recognizing the benefit of highly-accurate short reads for detecting the splice junctions of a
mutated splicing factor, we used a hybrid-seq approach in this study. We combined the
accuracy of lllumina short reads for splice junction accuracy with the exon connectivity

information of long reads to overcome the higher error rates of long reads.

Of a large cohort of CLL patient tumor samples characterized using short-read RNA-
Seq (L. Wang et al. 2016), we present the resequencing of a subset of these transcriptomes,
globally, with nanopore technology: three with wild type SF3B1, three with the K700E mutation,
and three additional normal B cell samples, which are the normal lineage cellular complement
to CLL, to use as a normal tissue control (Wan and Wu 2013). Following the identification of
high-confidence isoforms from nanopore data, FLAIR provides a framework for performing
alternative splicing and differential isoform usage analyses. Upon splicing analysis of the
nanopore CLL data, we observe a bias toward increased alternative 3’ splice sites (3'SS) over
alternative 5’ splice sites (5'SS) in CLL SF3B1X79% samples, consistent with the known effects
of SF3B1 mutation. We also highlight a previously underappreciated finding of differential intron
retention in CLL SF3B1X79%F versus SF3B1"" with increased splicing relative to wild type
SF3B1samples. Using long reads, we can identify retained introns more confidently than with
short reads and are able to observe AS events across full-length isoforms. FLAIR analysis of
nanopore data reveals new biological insights into SF3B71 mutations and demonstrates the

potential for discovering new cancer biology with long-read sequencing.

1.3 Sequencing summary

We resequenced six primary CLL samples and three B cells, generating 257 million

total reads with large variability in read depth and percentage of pass reads for each flow cell

(Table 1). On average, 30.5% of the PromethlON reads were considered full-length (Methods).



1.4 Developing and benchmarking FLAIR

We developed FLAIR to generate a set of high-confidence isoforms that were
expressed in our samples. FLAIR summarizes nanopore reads into isoforms in three main
steps: alignment, correction, and collapse (Fig. 1.1). In the alignment step, we aligned raw read
sequences from all samples to the genome to identify the general transcript structure. We
compared the long-read spliced-aligners minimap2 (Li 2016) and GMAP (Wu and Watanabe
2005), the latter of which has been used in several other long-read studies (Byrne et al. 2017;
Weirather et al. 2017; Krizanovic et al. 2018). The aligners were evaluated on a subset of the
CLL data according to splice-site accuracy, comparing splice sites mapped by each aligner
with annotated splice sites. Minimap2 demonstrated marked improvement in splice-site

mapping over GMAP (not shown).

The next main step of FLAIR is to correct splice sites because the relatively high-
sequencing error rates, frequent base deletions, and difficulties of spliced alignment can result
in spurious alignments near splice sites. To address indels, small gaps in the read alignments
were artificially filled (Methods). FLAIR only considers a splice site as “correct” as long as it is
supported by orthogonal data, such as splice sites curated in annotations or observed in
matched short read sequencing. To correct splice sites, an incorrect splice site in a read
alignment is replaced with a correct one as long as the correct splice site is within a window
size of 10 bp. We initially identified many minimap2-aligned splice sites that aligned outside of
the window size from the nearest supported splice site, were unannotated, and had no short-
read support; we determined that these were of lower confidence based upon further manual
inspection. Many of these novel sites appeared to be driven by alignment errors. Thus, we did

not consider nanopore reads with novel splice sites that had no additional support.

The collapse step of FLAIR produces a set of expressed isoforms with high confidence

for further downstream analysis. Starting with only the fully splice-corrected reads, FLAIR



constructs a first-pass nanopore isoform transcriptome, collecting the reads with the same
unique splice junctions chain into distinct isoform groups (Fig. 1.1b). FLAIR determines one or
more representative isoform(s) within each group by calling confident transcription start and
end sites based on the density of read start and end positions (Methods). Next, FLAIR
reassigns all of the reads to a first-pass isoform, including reads with minimap2-aligned splice
sites that were not able to be fully splice corrected. This is done by aligning the reads to spliced
sequences from the first-pass isoform set (i.e., aligning reads to an isoform sequence without
a spliced alignment) and assigning the read to an isoform with the best alignment with
MAPQ = 1. This realignment of reads to the set of nanopore-specific isoforms accounted for
misalignments that manifested from spliced alignment by constraining reads to align only to
splice junction chains with additional support. The realignment was also crucial for better
distinguishing splice-site differences (L. Wang et al. 2016). Finally, FLAIR filters out first-pass
isoforms that have fewer than three supporting reads and the remaining isoforms with sufficient

coverage comprises the final high-confidence nanopore isoform set.

1.5 CLL isoforms detected from FLAIR

Using FLAIR, we identified a total of 326,699 high-confidence spliced isoforms. Of
these isoforms, 32,479 matched annotated isoforms and the majority (90.0%) were
unannotated. Most of the unannotated isoforms were a novel combination of already annotated
splice junctions (142,971), while others deviated from the annotation because they contained
a retained intron (21,700) or a novel exon (3594). The remainder of the unannotated isoforms
contain at least one novel splice site not present in annotations but supported through short
reads. We performed a saturation analysis of the reads, by condition, to assess the number of
FLAIR isoforms that could be detected at differing read depths. For all conditions, we found
that sequencing at greater depth would facilitate the discovery of even more isoforms.
Predictably, at comparable read depths, we were able to detect the greatest number of isoforms

in CLL SF3B1X70%E The read lengths of CLL SF3B71"T were noticeably shorter, resulting in

8



fewer isoforms able to be detected compared with B cell or CLL SF3B1X7%%, The saturation
analysis illustrates the diversity of isoforms resulting from mutant SF3B7 as well as the

importance of read length for isoform discovery.
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Figure 1.1 Long-read nanopore sequencing and FLAIR analysis to identify full-length transcripts
associated with SF3B1 mutation in chronic lymphocytic leukemia. a RNA from primary samples
across three conditions (chronic lymphocytic leukemia with and without SF3B1 mutation and normal B
cells) were obtained. The RNA was prepared into 1D cDNA libraries and each sample was sequenced
on a PromethlON flow cell. The basecalled data were processed using the FLAIR pipeline. b The FLAIR
pipeline constructs an isoform set from nanopore reads. First, reads are aligned to the genome with a
spliced aligner. The sequence errors are marked in red. Next, they are splice-corrected using splice sites
from either annotated introns, introns from short-read data, or both. The corrected reads are grouped by
their splice junction chains and are summarized into representative isoforms (first-pass set). All reads are
then reassigned to a first-pass isoform. The isoforms that surpass a supporting read threshold of 3

comprise the final high-confidence isoform set.

1.6 Comparison of short- and long- read alternative 3’ splicing analysis

Previous studies have demonstrated that SF3B7X7%°¢ promotes alternative 3' splice-
site (3'SS) usage (L. Wang et al. 2016), a pattern we sought to validate in our nanopore data.
From the cohort of 37 CLL samples (L. Wang et al. 2016) (24 SF3B71"" and 13 with SF3B1
mutation) sequenced with lllumina short reads, 65 significantly altered 3' splicing events
associated with SF3B71X7%F were identified using juncBASE (Brooks et al. 2011) For those
significant events, we measured the change in percent spliced-in (dPSI) values using the
corrected nanopore reads by subtracting the PSI of CLL SF3B1"" from the PSI of CLL
SF3B1X79% and compared them with the short-read dPSlIs (Fig. 1.2a). The long-read dPSls
were correlated with the CLL short-read dPSls, and dPSIs were more similar across the two
sequencing technologies with increasing long-read depth (Pearson correlation 0.952). Some
splice junctions had insufficient coverage in our nanopore data for adequate power to detect
the same splice-site usage observed with short reads. Additionally, we wanted to identify the
altered 3’ splicing events that would be significantly altered by mutant SF3B7 in the nanopore

data alone.
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We called alternative 3' and 5' splice sites observed in the FLAIR isoforms and
quantified the coverage of the alternative events in each of the CLL samples. We identified 35
alternative 3'SSs and 10 alternative 5'SSs that were significantly differentially spliced
(corrected p value <0.1 and dPSI absolute value >10) between SF3B1X7%% and SF3B1Y7.
More SF3B1K7%%_associated 3' alterations were upstream of SF3B7""-associated 3'SSs (20
out of 35) and only 2 of the 35 alternative 3'SSs had been previously identified with short-read

sequencing.

The distribution of distances between SF3B71<7%%-altered 3'SSs to canonical sites
peaks around -20 bp and is significantly different from a control distribution (two-sided Mann—
Whitney U p=6.77 x 10-2) (Fig. 1.2b), similar to what has been reported in CLL short-read
sequencing (L. Wang et al. 2016). We were unable to find any unifying sequence motif
associated with these altered 3'SS identified in the nanopore data. However, using the 65
alternative 3'SSs significantly associated with SF3B71 mutation identified in the CLL short-read
data, we found a tract of As 13—16 bp upstream of the canonical 3'SS. This motif is concordant
with other mutant SF3B17 studies using short reads (DeBoever et al. 2015; Darman et al.

2015).

One of the alternative 3'SS identified from both long and short reads was in the
ERGIC3 gene (Fig. 1.2c). There were two dominant isoforms: a novel isoform containing the
proximal splice site that was more abundant in SF3B1%7%%¢ and another annotated isoform
containing the distal splice that was expressed in both the mutant and wild type samples. Both
the proximal and distal 3'SS were associated with multiple isoforms with distinct AS patterns
up- and downstream of the alternative 3'SS. Long reads enabled us to not only identify mutant
SF3B1-altered splice sites, but also associate an event-level aberration with full-length

isoforms containing other alternative processing events.

11
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Figure 1.2 Evaluation of nanopore read alignment, correction, transcript assembly, and transcript

quantification. a Comparison of the delta PSI for significant alternative splicing events identified by

JuncBASE using short-read data and the median delta PSI of the same events using long-read data. The

colors correspond to the median coverage of the splice junctions, where blue is greater than 25 reads,

yellow is greater than 10, and gray is greater than 0. b Distribution of proximal splice sites found in

nanopore reads for 13 significant sites (corrected p value <0.10, delta PSI>10). The GENCODE

distribution is the distribution of distances from canonical 3' splice sites to the nearest non-GAG trimer. ¢

ERGICS3 splice-site usage (left) and full isoforms (right) for the proximal chr20:35,556,954 (green) and

distal chr20:35,556,972 (blue) sites from 5' to 3'. The dominant isoforms using either the proximal or distal

site are 1493d17c-6abc and ENST00000348547.6. The alternative acceptor event is boxed in yellow in

the isoform schematic.

1.7 Intron retention events have decreased expression in CLL SF3B1K790E
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Intron retentions (IR) have been observed to differentiate tumors from matched normal
tissue, as they are highly prevalent across a variety of cancers (Dvinge and Bradley 2015; Jung
et al. 2015). However, based on common approaches used by short-read AS analysis tools, it
is difficult to characterize IR event usage confidently using short reads (Jacob and Smith 2017).
Thus, unless stringent approaches are used, intron retention events are easily misclassified
particularly in regions with complex AS (Q. Wang and Rio 2018). With long reads, a single read
is capable of connecting multiple AS events in addition to spanning IR, enabling easier
identification and quantification of IR. To investigate changes in IR associated with SF3B71K700F,
we categorized each FLAIR isoform as IR-containing or not (spliced). Comparing the
expression fold-change between CLL samples revealed that IR isoforms were globally
downregulated in the SF3B1X79% sample compared with CLL SF3B1Y" (Fig. 1.3a). When
performing the same comparison between B cell and SF3B1X7%% we observed no significant
difference in the expression of IR-containing isoforms (two-sided Mann-Whitney U p=0.121).
Reanalysis of the CLL short-read data confirmed the observed increase in the inclusion of

retained introns in CLL SF3B71"T samples (Fig. 1.3b).

To further investigate the effect of SF3B1X7°% on increased intron splicing, we
reanalyzed Nalm-6 Pre-B isogenic cell lines (Darman et al. 2015) with either SF3B1"T or
SF3B1K70% sequenced using short reads. We used juncBASE (Brooks et al. 2011) to identify
and quantify AS between the two conditions. For the 16 significant (corrected p <0.1) IR events,
Nalm-6 SF3B1X79%€ PS| values appeared lower than SF3B1WT (Fig. 1.4a), supporting a
decrease in retained introns in SF3B1X7%%_containing samples; however, the difference was
not significant. We observed that for IRs that were more spliced with mutant SF3B1, they were
spliced with greater magnitude than the IRs more spliced in the wild type (Fig. 1.4b). In addition,
we reanalyzed TCGA breast cancer samples without common splicing factor mutations against
samples with SF3B1K79% ysing juncBASE and found the same trend of increased IR splicing

in SF3B1K70 (Fig. 1.4c).
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Fig 1.3 Intron retention events are expressed significantly less in CLL SF3B1X7°%€, a Expression
fold-change between SF3B1K700E and SF3B1WT of FLAIR isoforms with (IR) or without (spliced)
retained introns. Boxplot median difference = 0.395. b PSI values of intron retention events identified in
short read sequencing of CLL SF3B1 WT or CLL SF3B1 MT samples. Boxplot median difference = 1.69.
c The change in PSI in significant intron retention events (corrected p < 0.1) identified in nanopore data
that are more included in CLL SF3B1K700E (blue) or more included in CLL SF3B1WT (orange). Boxplot
median difference = 9.32. P values for a—c are using two-sided Mann—Whitney U tests. Box-plots show
median line, box limits are upper and lower quatrtile, and whiskers are 1.5x interquartile. d ADTRP gene
isoforms, plotted 5' to 3. The 632 bp intron that is differentially included is boxed in purple. A differentially
skipped exon is boxed in pink. e Percent usage of each isoform in each CLL sample, with colors

corresponding to isoforms in d. Gray bars represent all other isoforms not plotted in d. f Top: 3' splice-
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site motif of constitutively spliced introns. Bottom: 3' splice-site motif of significant intron retention events

identified from short-read sequencing (n = 67).
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Fig 1.4 IR analysis of short read RNA-Seq data of Nalm-6 and TCGA BRCA samples with

SF3B1K700E, a PSis for 16 significant (corrected p < 0.1) IR events in 6 Nalm-6 samples, 3 with wildtype

SF3B1 and 3 with SF3B1X79%, The P-value is calculated from a Kruskal-Wallis H test. b The change in

PSI in significant intron retention events (corrected p < 0.1) identified in the Nalm-6 data that are more

included in CLL SF3B1X79% (blue) or more included in CLL SF3B1"T (orange). Box-plots show median

line, box limits are upper and lower quartile, and whiskers are 1.5x interquartile. ¢ 5 significant IR events

were associated with SF3B1K7%%F mutation in TCGA BRCA samples. The violin plots are made from

individual PSls for these IR events from: (SF3B1 WT) 801 samples without common splicing factor

mutations and (SF3B1K79%) 13 samples with SF3B1X7°%F, Plots show median as white dot, box limits are

upper and lower quartile, and filled area represents the entire range of the kernel density estimation. P-
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value is from a two-sided Mann-Whitney U test. d 3’ splice site sequences for the 9 significant IRs from
the Nalm-6 analysis that were more included in the WT. Red: motifs that are similar to the branch point
motif in Corvelo et al. 2010; yellow: 3’ splice site AG dinucleotide. e 3’ splice site sequences for the 4

significant IR events that were more included in the WT identified in the TCGA BRCA samples.

Seeing that the trend of higher IR expression in SF3B1"T was observed transcriptome-
wide in the nanopore data, we narrowed our focus to only the introns that were significantly
differentially retained between SF3B1K7%% and SF3B1"7T. Using DRIMSeq (Nowicka and
Robinson 2016) for testing the IR events we identified from FLAIR isoforms, we found 70
introns were significantly different (corrected p<0.1 and abs(dPSI)>10) with no overlap
between these nanopore-identified events and the lllumina-identified events. Although there
were fewer significant introns found to be downregulated in the mutant (dPSI<-10), the
magnitude of downregulation was stronger for those introns (Fig. 1.3c). An example of a gene
with increased expression of an isoform with increased IR splicing in CLL SF3B1X79%% is ADTRP
(androgen dependent TFPI regulating protein), which is involved with blood coagulation (Lupu
et al. 2011). We identified coordinated splicing events in ADTRP, such as isoforms with a

differentially skipped exon coordinated with the differentially retained intron (Fig. 1.3d,e).

1.8 Strong branchpoint sequence identified associated with downregulated IR

We then looked at splice-site motifs for the differentially retained introns (Fig. 1.3f). In
the IR events identified from the CLL short reads where the IR was more spliced in the mutant
SF3B1 condition, we found a strong TGAC branch point motif (Corvelo et al. 2010) 15bp
upstream of the 3'SS (Fig. 1.3f). While this motif had not been reported before in this context,
it was consistent with the position of strong branch point sequences upstream of alternative
3'SSs that were associated with SF3B71 mutation (Alsafadi et al. 2016). Sequence analysis of
introns with increased inclusion in SF3B1"T identified from both the Nalm-6 and TCGA BRCA
short-read data also revealed a TGAC/TGAG motif ~15 bp upstream of the 3'SS (Fig. 1.4d,e),

although not at exactly the same position. This further supports an underlying mechanism of
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SF3B1X79% in which the mutant prefers splicing at a 3'SS ~15bp downstream of a strong
branch point (Alsafadi et al. 2016). We did not observe the same motifs for the IR events
identified from nanopore sequencing. To further investigate differences between IR events
identified from nanopore sequencing compared with short-read sequencing, we looked at the
intron length distributions. The median read lengths for nanopore reads were 712-948 bp,
suggesting a bias against detecting longer IR. Indeed, the majority of differential IR identified
in the nanopore data were under 1,000 bp, much shorter compared with those identified from
short reads (Fig. 1.5). Thus, while we were able to identify a strong branch point sequence
associated with IRs in several short-read datasets, we were unable to do so in the long reads

in part because of a length bias in nanopore reads.
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Fig 1.5 Nanopore and short-read differentially retained intron lengths. a Histogram of the lengths of
significant intron retention (IR) events between SF3B1WT and SF3B1X7°%F jdentified in the long-read data.
The ticks along the x-axis are the individual intron lengths. Orange, IR events more included in the
wildtype. Blue, IR events more included in the mutant. b Histogram of the lengths of significant IR events

between mutant and wildtype SF3B1 identified from short-read data. The coloring is the same as in a.

1.9 SF3B1X79% downregulates unproductive intron retention

Short-read studies have noted an association between mutant SF3B7 in CLL and an

increase in transcripts with computationally predicted premature termination codons (PTCs)
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(Darman et al. 2015). With full-length cDNA sequencing, we are given a more accurate
representation of the complete transcript and thus are better able to detect transcripts with
PTCs and estimate the proportion of unproductive transcripts. Unproductive isoforms are
defined as those that have a PTC 55 nucleotides or more upstream of the 3’ most splice junction
(Rivas et al. 2015; Lewis, Green, and Brenner 2003) (Figure 1.6a). Productive transcripts are
presumed to be protein-coding, whereas unproductive transcripts are either detained in the
nucleus or subject to nonsense-mediated decay (NMD) if exported to the cytoplasm (Lewis,
Green, and Brenner 2003; Sun et al. 2010; Filichkin and Mockler 2012; X.-D. Fu 2017). For
example, SRSF1 has several unproductive transcripts that are known to be either nuclear-
retained or NMD-triggering (Sun et al. 2010), two of which (ENST00000581979.5 and
unannotated Isoform V (Sun et al. 2010)) we were able to identify and accurately predict as
unproductive in our nanopore data. We also identified 5 additional unannotated SRSF1
isoforms with more than 100 supporting reads, 2 of which are productive and 3 are

unproductive.

1.10 GO analysis of IR genes with decreased expression

Although together productive and unproductive IR isoforms were expressed less in SF3B1K700E
(Fig. 1.3a), the reduction was more pronounced in the unproductive IR isoforms (Fig 1.6b,
productive-spliced and unproductive-IR two-sided Mann-Whitney U p=1.25% 10-6). To
further understand the decrease in unproductive IR observed in SF3B1X7%% we performed a
gene ontology (GO) analysis of the parent genes for the 94 isoforms in that category. No
category reached statistical significance (corrected p<0.05); however, the most enriched
terms included antigen processing and presentation, cell cycle, regulation of MAP kinase
activity, and positive regulation by protein kinase activity. The prevalence of cellular signaling

GO terms parallels a finding in glioblastoma, where genes with a decrease in detained introns
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regulated by PRMT5 are also associated with perturbed kinase signaling (Braun et al. 2017).
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Figure 1.6 Mutant SF3B1 downregulates unproductive, intron-retaining transcripts. a Schematic of
productive and unproductive isoforms. The region on an isoform where stop codons can occur is colored
red. Unproductive isoforms have premature stop codons present 55 nt or more from the last splice junction.
b Expression fold-change (FC) between SF3B1X7°F and SF3B1WT of FLAIR isoforms categorized as
containing (IR) or not containing (spliced) retained introns and by productivity. The difference between
the logz(FC) of the productive spliced and the unproductive-IR categories is 0.720. Violin plot show
median as white dot, box limits are upper and lower quartile, and filled area represents the entire range

of the kernel density estimation. *p value < 0.05, ***p value < 0.0005, two-sided Mann—Whitney U test.

1.11 Discussion

We report decreased intron retention in SF3B71X7%°€ in several instances: in our long-
read RNA-Seq of 6 CLL samples; in lllumina RNA-Seq of a cohort of 37 CLL samples; and in

6 NALM cells with SF3B1X79%F \We postulate that these downregulated IRs are detained introns,
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which could serve as a reserve of transcripts in the nucleus for cells to harness at a moment’s
notice. A GO analysis of these introns reveals many kinase signaling genes with connections
to cancer. RNA-Seq, however, merely captures a snapshot of the transcripts present in the cell
at a given time. It is unable to reflect the rates in which RNAs are transcribed, spliced, and
degraded. What may appear as increased splicing efficiency of SF3B1X7%F could be the result
of a combination of these processes being altered. Future studies to elucidate the splicing rate
of K700E or interrogate the nuclear transcripts associated with SF3B7X7%%€ would be necessary

to address these questions.

In this study, we identified splicing changes in the context of full-length isoforms in
primary CLL samples with and without a mutation in splicing factor SF3B71. We were able to
achieve high sequencing depths for long-read sequencing standards using the nanopore
PromethlON. Across the nine samples with great flow cell to flow cell variability in sequencing
depth, we were able to generate 149 million pass reads. The errors in nanopore reads pose a
challenge for many existing tools, e.g. alignment artifacts posing as novel splice sites. We
developed FLAIR, a tool for the identification of high-confidence full-length isoforms and
quantification of alternative splicing in noisy long read data. With FLAIR splice correction using
matched CLL short reads, we rescued reads with incorrect splice sites for further analysis.
FLAIR then defined a high-confidence isoform set for the nanopore CLL data as follows: (1)
the fully corrected reads were collapsed to define a first-pass isoform set with vetted splice
junctions, (2) all of the reads were reassigned to an isoform to assist with quantification of the
aforementioned isoform set, and (3) isoforms with insufficient support were removed from the
isoform set. FLAIR demonstrates improvements over the sparse space of nanopore analysis
tools and enabled the discovery of many novel, SF3B7 mutant-associated high-confidence

isoforms.

Using FLAIR-defined transcripts, we identified aberrant splice site and retained intron

usage associated with SF3B1X7%%_ The alternative 3'SS usage patterns were consistent with
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alterations identified in short-read data. In addition, long-read sequencing highlighted an
expression decrease of isoforms containing retained introns in SF3B1X7%F relative to SF3B1YT.
This decrease was corroborated by reanalyzing CLL, Nalm-6 cell lines, and TCGA BRCA short-
read datasets with mutant SF3B17. CLL has been shown to contain elevated levels of splicing
alterations, regardless of SF3B1 mutation status (Ten Hacken et al. 2018; Yin et al. 2019). The
subset of introns that exhibit increased splicing in the mutant point to a different intron retention
landscape in CLL SF3B1X79% Introns more significantly spliced out in SF3B7 mutated samples
contained a strong branch point TGAC sequence ~15 bp upstream of the 3'SS, consistent with
previously reported branch site motifs of altered 3'SSs associated with the mutation (Alsafadi

et al. 2016).

Full-length reads also allow for improved identification of intron retentions and
classification of transcript productivity, improving our understanding of SF3B17 biology in CLL.
Most notably, we observed a decrease in expression of intron-retaining isoforms categorized
as unproductive in mutant SF3B17. Previous publications with short-read sequencing have
shown that SF3B1 mutation causes lower expression of genes with unproductive isoforms
(Darman et al. 2015). As short-read sequencing has greater depth, it is easier to detect
unproductive transcripts, many of which can be lowly expressed due to NMD. We speculate
that the more highly expressed unproductive transcripts we detected with nanopore
sequencing are likely retained in the nucleus. Performing a gene ontology analyses revealed
kinase signaling associated with the unproductive IR events with decreased expression in
SF3B1K70%E  \We postulate that these unproductive retained introns are cases of detained
introns, as kinase signaling has been associated specifically with detained introns (Braun et al.
2017). The perceived downregulation of these unproductive detained introns may result in
increased production of kinase signaling genes to support tumor proliferation. Further

experimentation would be necessary to verify that the unproductive IR events are retained in
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the nucleus (detained introns) and if there is a functional relationship between kinase signaling

genes.

A subsampling analysis revealed that we have not saturated the number of
discoverable isoforms. Despite efforts to obtain nanopore sequencing data from a more high-
throughput sequencing platform (PromethlON) and account for the low accuracy of 1D
nanopore sequencing, we note that the read depth, cohort size, splicing complexity, and high
error rates in nanopore data are still limiting factors of this study. While we were able to detect
alternative 3'SSs recapitulating SF3B17 biology, nanopore sequencing was not able to detect
as many altered events as short-read sequencing potentially due to the smaller cohort and the
difficulty of detecting subtle splicing alterations. The small overlap between nanopore-identified
and short read-identified alternative 3'SSs could also be due to the stringent filtering applied in
an effort to determine alternative splicing more accurately. In addition, we did not find a strong
branch point motif near the 3'SS of nanopore-identified IR events. This may have been due to
a smaller cohort size and the bias toward shorter retained introns (<1,000 bp) sequenced in
long reads (Fig 1.5). Everything considered, studying splicing factor mutations in primary
patient samples using nanopore sequencing with fewer reads than the current study or without
short-read sequencing would be suboptimal. Short-read sequencing was necessary for
increasing confidence in splice sites, although future work with higher accuracy reads could
potentially obviate the need for short reads. Future studies of primary samples should also
include larger cohort sizes, with three replicates being the minimum (Schurch et al. 2016). Even
though short-read technology is able to sequence more deeply than long reads, the ability of
short reads to saturate splice junction detection depth-dependent (Nellore et al. 2016); thus,
splicing studies should aim to sequence as deeply as possible. Fortunately, the throughput and
accuracy of nanopore and PacBio technology has the potential to increase with subsequent
iterations of the technologies (Jain et al. 2016). For nanopore in particular, methods to achieve

higher sequence accuracy (Volden et al. 2018) or circumvent PCR bias and reverse
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transcription length restrictions (Garalde et al. 2018) have been developed. In line with the
rigorous pace of improvements in the field of long reads, PacBio has recently improved their
throughput 8X with the newest PacBio Sequel Il system, which has been shown to generate

~19 and 83 Gb of consensus reads (Vollger et al. 2019; Kingan et al. 2019).

This study of six primary CLL samples with nanopore sequencing demonstrates the
ability of the nanopore to identify and quantify cancer-specific transcript variants. Long reads
enabled us to better identify IR events, better estimate isoform productivity, and observe AS
complexity in full-length isoforms. Ultimately, nanopore sequencing facilitated the building of a
more complete picture of the transcriptome in primary cancer samples. With the impending
rapid growth of long-read sequencing, tools like FLAIR will be useful in identifying key disease-
associated variants that may serve as biomarkers of potential prognostic or therapeutic

relevance.

1.12 Methods

Data generation and handling

Peripheral blood mononuclear cells were obtained from patients with CLL and from
healthy adult volunteers, enrolled on sample collection protocols at Dana-Farber Cancer
Institute, approved by and conducted in accordance with the principles of the Declaration of
Helsinki and with the approval of the Institutional Review Board (IRB) of Dana-Farber Cancer
Institute. Samples were cryopreserved in 10% DMSO until the time of RNA extraction. RNA
was extracted from tumor samples using methods previously described (L. Wang et al. 2016)
The sample IDs of the CLL SF3B1Y" samples are CW67 (WT 1), CW95 (WT 3), and JGG0035
(WT 2) and the IDs of the SF3B1X79%€ samples are DFCI-5067 (MT 1), CLL043/CW109 (MT 2),
and CLL032/CW84 (MT 3) from Wang et al. (L. Wang et al. 2016) JGGO035 is the only sample
notincluded in that study. All samples had RIN scores above 7. The extracted RNA was reverse

transcribed using the SmartSeq protocol (Picelli et al. 2013) and cDNA was PCR-amplified as
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described in Byrne et al. (Byrne et al. 2017). 15 cycles of PCR were performed. Prior to library
preparation, the concentration of the cDNA for the samples ranged from 1.26-10.7 ng/ul. Oxford
MinION 2D amplicon libraries were generated according to the Nanopore community protocol
using library preparation kit SQK-LSK208 and sequenced on R9 flowcells. Basecalling was
performed with albacore v1.1.0 2D basecalling using the --flow cell FLO-MIN107 and --kit SQK-
LSK208 options. The same cDNA preparation protocol was used for PromethlON sequencing.
Library preparation for 1D sequencing was performed following Oxford Nanopore’s protocol,
with the exception of the last bead clean up using a 0.8x bead ratio. The PromethlON libraries
were prepared and sequenced in one batch of 3 and one batch of 6, with at least 1 sample of
each condition in each batch. Basecalling of 1D PromethlON reads was done with guppy v2.3.5
with the default options, and only reads that were designated “pass” reads in the summary file
were used for subsequent analyses. We identified reads with adapter sequences on both ends
following the approach employed in the MandalorlON pipeline (Byrne et al. 2017): (1) adapters
are aligned to all the reads using blat (Kent 2002), (2) if there are at least 10 bases at the left
and right ends of the reads that match the adapter sequence then the read is considered to
have adapters on both ends. We found that only a fraction of our reads that were called as
“pass” reads contained the adapter sequences on both ends (~35-55%). In the interest of being

able to use more of our data, we did not remove these reads from the analyses.

Nanopore sequencing statistics

The reads for each sample were aligned with minimap2 v2.7-r654 (Li 2016) to the
GENCODE v24 transcriptome and the read-isoform assignments were determined using the
primary alignments. Following read-isoform assignment, the percentage of full-length reads
was calculated as the number of reads covering 80% of nucleotides for the transcript they were
assigned to divided by the total number of reads that aligned. The number of genes observed
was computed by counting the genes represented by all the isoforms. Genes with multiple

isoforms identified were considered alternatively spliced.
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Spliced alignment and read correction

Reads were aligned to the hg38 genome downloaded from UCSC

(http://hgdownload.cse.ucsc.edu/goldenPath/hg38/bigZips/) using minimap2 v2.7-r654 (Li

2016) in spliced alignment mode with the command "minimap2 -ax splice’. GMAP 2017-10-30
(Wu and Watanabe 2005) was used for comparison against minimap2. Indels were removed
from the read alignments. FLAIR correct (v1.4) was used to correct the splice site boundaries
of reads. All splice sites were assessed for validity by checking for support in GENCODE v24
comprehensive annotations or short reads. Splice junctions were extracted from matched
short-read data and only the junctions supported by 3 uniquely mapping short reads were
considered valid. Incorrect splice sites were replaced with the nearest valid splice site within a

10-nt window. The set of corrected reads consists of reads that contain only valid splice sites.

Isoform identification methods

For running FLAIR on the PromethlON CLL/B cell data, the following FLAIR collapse
algorithm was followed: to assemble the first-pass assembly, transcription start sites and
transcription end sites are determined by the density of the read start and end coordinates. We
compared 100 nt windows of end sites and picked the most frequently represented site in each
window (-n best_only). The final nanopore-specific reference isoform assembly is made by
aligning raw reads to the first-pass assembly transcript sequence using minimap2, keeping
only the first-pass isoforms with a minimum number of 3 supporting reads with MAPQ>=1. All
pass reads, including reads that did not contain sequenced adapters on both ends, were used
when running FLAIR as FLAIR is equipped to deal with truncated reads; information can be
gleaned from truncated reads of sufficient length to be assigned to an isoform and the reads

that are too short for a unique assignment are excluded from the isoform quantification.

Saturation analysis
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We performed the saturation analysis on the 3 runs with the most coverage in each
sample (WT 3, MT 2, B Cell 1). The total reads from each run was used, in addition to
subsampled sets of reads. Reads were subsampled in increments of 10 million by random
selection using python random.sample(). We used FLAIR to identify isoforms within each
subset of reads using the "best_only" parameter to obtain only one transcription start and end

site per splice junction chain.
Isoform quantification and fold-change calculation

Isoforms were quantified using FLAIR quantify, only counting the alignments with
quality scores of 1 or greater. Isoform counts within each sample were normalized by dividing
each count by the upper quartile (75th percentile) of the read counts of protein-coding genes.
Only genes labeled as protein coding in GENCODE v24 annotation were considered protein-

coding.
Alternative splicing event calling and statistical testing

Custom scripts were written for FLAIR to identify alternative acceptor, alternative donor,
cassette exon skipping, and intron retention events (FLAIR diffSplice). Alternative 3'SS were
grouped by the 5'SS they were observed with and had to be present in overlapping exons and
vice versa for alternative 5’SS calling. Alternative 3’ and 5’ splice sites that were within 10 bp
of each other were exempt from statistical tests. For the analysis of the pilot data containing
one wild type and one mutant SF3B17, a Fisher's exact test was used to determine the
significance of alternative splicing events. For analysis of the PromethlON data with replicates,
we used DRIMSeq (Nowicka and Robinson 2016). DRIMSeq statistical testing accounted for
sequencing and RNA batch according to batch numbers for each sample. The expression filters
used for DRIMSeq were as follows: a minimum of 4 of the 6 samples should cover either the
inclusion or exclusion event with minimum coverage of 25 reads. Of the 4 samples with

sufficient coverage, 2 were required to be from either the CLL SF3B1"7 or SF3B1X7%°F condition.
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A pseudocount of 1 was used to prevent events with 1-2 dropout samples from being excluded
from testing. For differential isoform usage testing (FLAIR diffExp), isoforms were grouped by
gene and only genes with at least 25 reads in 4 of the 6 samples were tested. We did not
distinguish between intron retentions due to incomplete transcript processing and intron

retentions deliberately retained due to sample genotype.

Intron retention and productivity analysis

Fold-change was calculated using the median upper-quartile-normalized isoform count
for each condition and dividing the mutant expression by the wild type expression. Only the
transcripts with a median of 10 or more in one of the conditions were plotted. Intron retentions
were defined as any intron that is completely spanned by another isoform’s exon. For
identification of NMD-sensitive transcripts, we used annotated start codons from GENCODE
v24 and translated the full-length assembled isoforms. Isoforms with a PTC were called
unproductive, and isoforms without PTCs were called productive. A PTC was defined as a stop
codon detected before 55 nucleotides or more upstream of the last splice junction (Rivas et al.
2015). If a transcript overlapped more than one annotated start codon, the productivity was
assessed by using (1) the 5 most start codon or (2) the start codon yielding the longest
transcript; if both strategies yielded different productivity results, then the isoform was excluded

from analysis.

GO analysis

GO analysis was performed with the R package goseq v1.32.0 (Young et al. 2012),
setting the parameter method=hypergeometric to remove the correction for gene length bias
that affects short-read data. GO terms with only one term in the category were removed from

further analysis.
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Chapter 2: Direct RNA sequencing for the characterization of poly(A)

RNAs

1.1 Abstract

High-throughput complementary DNA sequencing technologies have advanced our
understanding of transcriptome complexity and regulation. However, these methods lose
information contained in biological RNA because the copied reads are often short and
modifications are not retained. We address these limitations using a native poly(A) RNA
sequencing strategy developed by Oxford Nanopore Technologies. Our study generated 9.9
million aligned sequence reads for the human cell line GM12878, using thirty MinlON flow cells
at six institutions. These native RNA reads had a median length of 771 bases, and a maximum
aligned length of over 21,000 bases. We combined these long nanopore reads with higher
accuracy short-reads and annotated GM12878 promoter regions to identify 33,984 plausible
RNA isoforms, updating FLAIR in the process to adequately deal with the challenges of direct
RNA data. We open up strategies for assessing 3' poly(A) tail length, base modifications and
transcript haplotypes, although the focus in this dissertation will be on haplotype-specific

transcripts.
2.2 Introduction

Sequencing by synthesis (SBS) strategies have dominated RNA sequencing since the
early 1990s (Adams et al. 1991). They involve generation of cDNA templates by reverse
transcription (Temin and Mizutani 1970; Baltimore 1970) coupled with PCR amplification (Saiki
et al. 1988). Nanopore RNA strand sequencing, or direct RNA sequencing, has emerged as an
alternative single molecule strategy (Garalde et al. 2018; Jenjaroenpun et al. 2018; A. M. Smith
et al. 2019). It differs from SBS-based platforms in that native RNA nucleotides, rather than
copied DNA nucleotides, are identified as they thread through and touch a nanoscale sensor.

Nanopore RNA strand sequencing shares the core features of nanopore DNA sequencing, i.e.
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a processive helicase motor regulates movement of a bound polynucleotide driven through a
protein pore by an applied voltage. As the polynucleotide advances through the nanopore in
single nucleotide steps, ionic current impedance reports on the structure and dynamics of
nucleotides in or proximal to the channel as a function of time. This continuous ionic current
series is converted into nucleotide sequence using an ONT neural network algorithm trained

with known RNA molecules.

Here we describe sequencing and analysis of a human poly(A) transcriptome from the
GM12878 cell line using the Oxford Nanopore (ONT) platform. We demonstrate that long native
RNA reads allow for the discovery and characterization of polyA RNA molecules that are

difficult to observe using short read cDNA methods (Steijger et al. 2013; Venturini et al. 2018).

Data and resources are posted online at: (https:/github.com/nanopore-wgs-

consortium/NA12878/blob/master/RNA.md).

2.3 Sequencing summary

Six laboratories each performed five nanopore sequencing runs. These thirty runs
produced 13.0 million poly(A) RNA strand reads, of which 10.3 million passed quality filters
(PHRED>7). Throughput varied between 50K and 831K pass reads per flow cell, with an N50
length of 1,334 bases, and a median of 771 bases. Of these, 9.9 million aligned using minimap2
(H. Li 2018) to the GRCh38 human genome reference. The 360,000 unaligned pass reads had

a median read length of 211 bases.

2.4 FLAIR for improved isoform detection in direct RNA data

Long nanopore reads could improve resolution of RNA exon-exon connectivity,
allowing for discovery of unannotated RNA isoforms. However, these reads averaged 14% per-
read basecall errors, confounding precise determination of splice sites. Also, biological RNA
processing and in vitro 5'-end truncations can make it difficult to define transcription start sites

(TSS).
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To overcome these limitations we employed FLAIR (Tang et al. 2020) (Full-Length
Alternative Isoform Analysis of RNA). We first replaced any nanopore-based splice sites
bearing apparent sequencing errors with splice sites supported by GENCODE v27 annotations
or by lllumina GM12878 cDNA data (Fig 2.1) (Tilgner et al. 2014; Cho et al. 2014). Second, to
overcome TSS uncertainty caused by truncated RNA reads, we considered only reads with 5
ends proximal to promoter regions as defined by ENCODE promoter chromatin states for
GM12878 (Bernstein et al. 2005; Ernst and Kellis 2010; Ernst et al. 2011). Third, we used

FLAIR to group reads into isoforms according to unique chains of splice junctions.
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Fig 2.1 Correcting minimap2 genomic read alignments improves splice site accuracy. Using FLAIR-

correct, misaligned splice sites were corrected to splice sites supported by short-read sequencing. The

x-axis is the distance from the aligned splice site to the closest annotated splice site in GENCODE v27.
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The y-axis is the number of aligned sites (log-scale) with raw alignment distance counts in blue and

corrected counts in yellow.

We compiled two FLAIR isoform sets using different supporting read criteria

(Methods):

i) A FLAIR-sensitive set that included isoforms with three or more uniquely mapped reads. This

large set could be useful for isoform discovery, at the risk of false positives.

ii) A FLAIR-stringent set that was compiled by filtering set (i) for isoforms having three or more
supporting reads that spanned 280% of the isoform with =25nt coverage into the first and last

exon (Fig 2.2).

Isoform 1 Isoform 2 (skipped exon 3)
. 1 2 3 4 1 2 4
a. FLAIR candidate mn———— ———— |
isoforms alignment
v

b. Aligned SeqUENCE  mm— wmm— — e——

reads e R
- —— [ ———
|
= 3 reads from (b) uniquely mapping
to a candidate isoform (MAPQ>0)
. 1 2 3 4 1 2 4
c. FLAIR-sensitive . —— [ |
isoform set |
= 3 reads in (b) with = 80% coverage, and
with = 25 bases within 3’ and 5’ exons
. 1 2 4
d. FLAIR-stringent ... ...... ) e E—
isoform set

Figure 2.2 Criteria for the FLAIR-sensitive and FLAIR-stringent isoform sets. a Two candidate
isoforms assembled using FLAIR. Each block represents either a complete or a partial exon (numbers 1-
4). b Reads that align to a candidate isoform. Light gray bars represent 25 nt coverage into first and last
exons. ¢ FLAIR-sensitive isoform set that passed criteria shown at arrow. d FLAIR-stringent isoform set
that passed criteria shown at arrow. Isoform 1 failed FLAIR-stringent isoform test (X); isoform 2 passed

FLAIR-stringent isoform test.
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We screened for unannotated isoforms within the FLAIR-stringent dataset. Of the
33,984 isoforms representing 10,793 genes, 52.6% had a splice junction chain that was
unannotated in GENCODE (13.0% of total assigned reads). Figure 2.3a shows an example set
of IncRNA isoforms arising from an unannotated transcription start site with multiple splice
variants. We observed that non-coding genes had more complex splicing patterns per gene
than did coding genes (Figure 2.3b), in agreement with prior studies demonstrating increased

alternative splicing in non-coding exons (Deveson et al. 2018; Gonzalez-Porta et al. 2013).

As a conservative alternative to FLAIR, we compiled two GENCODE-based isoform

sets:

i) A GENCODE-sensitive set that included isoforms with one or more reads that mapped
uniquely to GENCODE v27. We implemented a lower coverage threshold than we did for FLAIR

because GENCODE is curated.

i) A GENCODE-stringent set that was compiled by filtering set (iii) for isoforms having one or
more supporting reads that spanned 280% of the isoform with =225nt coverage into the first and

last exon.

To estimate the sequencing depth required to completely characterize the GM12878
transcriptome, we plotted the number of isoforms detected in the GENCODE-sensitive and
FLAIR-stringent isoform sets versus the number of subsampled reads in 10% increments. We
then fitted a hyperbolic function to the data (Figure 2.3c). It is evident that the curves did not
saturate and that additional reads would be required to capture a complete GM12878

transcriptome.

2.5 Assignment of transcripts to parental alleles

Allele-specific expression (ASE) is the preferential transcription of RNA from the
paternal or maternal copy of a gene. Although the importance of this phenomenon has been

characterized (Baralle and Giudice 2017), the consequences are not fully understood. This is
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partly due to technical limitations of haplotype identification using short read sequencing

technologies.
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Figure 2.3 Isoform-level analysis of GM12878 native poly(A) RNA sequence reads. a Genome

browser view of unannotated isoforms that aligned to SMURF2P1-LRRC37BP1. The tracks are: a subset
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of the aligned native RNA reads (blue); the FLAIR-defined isoform models (black); SMURF2P1-
LRRC37BP1 annotated isoforms from GENCODE v27 comprehensive set (green); transcription
regulatory histone methylation marks (red). b Shannon entropy of isoform expression for coding versus
noncoding genes detected by FLAIR. The p-value was calculated using a Mann-Whitney U test. ¢
Saturation plot showing the number of isoforms discovered (y-axis) versus the number of native RNA
reads (x-axis). d IGV view of allele-specific isoforms for IFIH1. Purple boxes (insets) indicate the location
of SNPs used to assign allele specificity (gray reference; red and blue SNPs). The alternatively spliced

exon is indicated by a green box.

We reasoned that the long nanopore RNA reads would be easier to assign to the
parental allele of origin due to the greater chance of encountering a heterozygous SNP. Reads
with at least two heterozygous SNPs were assigned to the parental allele of origin using
HapCUT2 (Edge, Bafna, and Bansal 2017). To discover the most possible genes, we used the
FLAIR-sensitive dataset. In it, we found 3,751 genes with at least 10 haplotype informative
reads. Among autosomal genes, 228 (6.1%) showed significant ASE (binomial test, p<0.001),
and among X-chromosome genes, 23 (95.7%) showed significant ASE (binomial test, p<0.001).
X-chromosome expression was biased, with 22/23 allele-specific X-linked genes originating
from the maternal allele, consistent with previous results for this cell line (Rozowsky et al. 2011).
The sole paternally expressed X-linked locus encoded the IncRNA XIST, which is transcribed
from the inactive X-chromosome and recruits epigenetic silencing machinery for X-inactivation
in females (Brown et al. 1991). The remaining genes were expressed equally from both

parental alleles.

We combined these allele-specific reads with isoforms from the FLAIR-sensitive set to
mine for allele-specificity (Methods). We identified 5 genes with one isoform expressed from
one allele and another isoform expressed from the other allele (binomial test, P<0.001). One
of these genes, IFIH1, had a paternal isoform with exon 8 retained, while the maternal isoform

did not retain exon 8 (Figure 2.3d). We note that the closest SNV used in allele-assignment
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was 886 nt away from the alternative splicing event in this transcript. This would be

undetectable using short read sequencing.

2.6 3'poly(A) analysis

Transcript poly(A) tails are thought to play a role in post-transcriptional regulation,
including mRNA stability and translational efficiency (Eckmann, Rammelt, and Wahle 2011).
However, these homopolymers can be several hundred nucleotides long making them difficult
to measure using short-read SBS data (Subtelny et al. 2014; Chang et al. 2014). Workman et
al. measured poly(A) tail lengths directly using a low variance ionic current signal associated
with the 3’ end of each poly(A) strand. Nanopolish-polya (https://github.com/jts/nanopolish) is
a computational method to segment this signal and estimate how many ionic current samples
were drawn from the poly(A) tail region. By correcting for the rate at which the RNA molecule

passes through the pore, nanopolish-polya estimates the length of the poly(A) tail.

We applied this poly(A) length estimator to the complete GM12878 native poly(A) RNA
sequence dataset. Nuclear transcripts showed a broader length distribution, with a peak at 58nt,
a mean of 112nt, and a large number of poly (A) tails greater than 200nt. We analyzed genes
in the GENCODE-sensitive dataset, exploring the relationship between poly(A) tail length and
RNA intron-retention. We classified each isoform in GENCODE-sensitive as either protein-
coding or intron-retaining with FLAIR. The subset of transcripts with retained introns tended to
have longer poly(A) tails (median 232nt) than did transcripts without introns (median 91nt) (t-

test p-value < 2.2e-16).

2.7 Noncanonical base detection

Nanopore sequencing has been used to identify base modifications in DNA (Simpson
et al. 2017; Rand et al. 2017) and RNA (Garalde et al. 2018; A. M. Smith et al. 2019). One
example of a modified base arises from adenosine-to-inosine RNA editing (Licht et al. 2016),

which plays a role in splicing and regulating innate immunity (Nishikura 2010; Tajaddod,
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Jantsch, and Licht 2016). lllumina sequencing detects A-to-l editing as an A-to-G nucleotide

variant in cDNA sequences.

Previous nanopore experiments documented the presence of systematic base miscalls
in regions of E. coli 16S rRNA bearing modified RNA bases (A. M. Smith et al. 2019). We found
systematic base miscalls at putative inosine bearing positions in the GM12878 aryl
hydrocarbon receptor (AHR) data. To cross-validate, we compared our cDNA sequence data
relative to the GM12878 reference and found that putative inosines were detected as an A-to-
G base change as expected (i.e. a single inosine for the CUACU 5-mer, and multiple inosines

for the AAAAA 5-mer).

The ionic current distribution for the putative single inosine 5-mer (CUACU) was
modestly different from the canonical 5-mer. The ionic current distribution for the inosine
containing AAAAA 5-mer was more complex, possibly reflecting the presence of multiple

inosines.

2.8 Discussion

Nanopore RNA sequencing has two useful features: 1) The sequence composition of
each strand is read as it existed in the cell. This permits direct detection of post-transcriptional
modifications including nucleotide alterations and polyadenylation; 2) reads can be continuous
over many thousands of nucleotides providing splice-variant and haplotype phasing. Although
each of these features is useful in itself, the combination is unique and likely to provide new
insights into RNA biology. The two principal drawbacks of the present ONT nanopore RNA
sequencing platform is the relatively high error rate (compared to lllumina cDNA sequencing),

and uncertainty about the 5’ end of the transcript.

We were concerned about read fragmentation due to RNA degradation during
sequencing. However, we found minimal (~5%) reduction in the full-length fraction of a 1.6 kb

mRNA (MT-COf1) over 36 hours. Preliminary analysis indicated that read truncations were
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more often caused by electronic signal noise due to current spikes of unknown origin. We
showed that meaningful biological signals can be recovered from bulk Fast5 files around these
truncations, suggesting that future improvements to the MinKNOW read segmentation pipeline

are needed.

When combined with more accurate short lllumina reads, long nanopore reads allowed
for end-to-end documentation of RNA transcripts bearing numerous splice junctions, which
would not be possible using either platform alone. We documented a high proportion (52.6%)
of unannotated isoforms, similar to other long-read transcriptome sequencing studies (e.g.,
35.6% and 49%) (Tardaguila et al. 2018; Anvar et al. 2018). While many of these unannotated
isoforms are low abundance and their protein coding potential unknown, it is important to
catalog them because subtle splicing changes can impact function (L. Wang et al. 2016;
Bradley et al. 2012). We also note that the number of detected isoforms did not saturate using
the nanopore poly(A) RNA dataset, indicating that greater sequence depth will be necessary

to give a comprehensive picture of the GM12878 poly(A) transcriptome.

A variety of techniques have been used to examine allele-specific expression
(Rozowsky et al. 2011; Tilgner et al. 2014). However, identification of ASE is limited using short
read platforms because heterozygous variants are rare within any given window of a few
hundred nucleotides. Nanopore sequencing has the advantage of long reads, albeit limited by
errors. We have shown that nanopore sequencing enables allele-specific isoform studies. With
further work on haplotype-calling in nanopore data, we expect to be able to detect haplotype-
specific transcripts, particularly for cases where the splicing variation does not have a

heterozygous variant within range of conventional short-read sequencing.

Polyadenylation of RNA 3' ends regulates RNA stability and translation efficiency by
modulating RNA-protein binding and RNA structure (Eckmann, Rammelt, and Wahle 2011).
However, transcriptome-wide poly(A) analysis has been difficult due to basecalling and
dephasing errors (Chang et al. 2014). Recently implemented modifications to the lllumina
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strategy address these limitations (Chang et al. 2014; Subtelny et al. 2014); but can not resolve
distal relationships, such as between splicing and poly(A) length. Nanopore poly(A) tail length
estimation using nanopolish-polya (Workman et al. 2018) offers the advantages of both direct
length assessment and maintenance of information about isoform and modification status per
transcript. Our preliminary studies revealed differences in poly(A) length distribution between
mitochondrial and nuclear genes, between different nuclear genes, and between different
isoforms of the same gene (Workman et al. 2018). We note an increase in poly(A) tail length
for some intron-retaining isoforms. This is consistent with previous work showing that hyper-
adenylation targets intron-retaining nuclear transcripts for degradation through recognition by
a poly(A)-binding protein (PABPN1) (Bresson et al. 2015). Additionally, deadenylation of
cytoplasmic transcripts is a core part of the RNA degradation pathway (Yi et al. 2018),
suggesting that time course experiments investigating RNA decay kinetics (Parker and Song

2004) could be possible with this technology.

Although other methods exist for high throughput analysis of RNA modifications (X. Li,
Xiong, and Yi 2016), they often require enrichment which limits quantification, and they are
usually short-read based. The latter precludes analysis of long-distance interactions between
modifications, and between modifications and other RNA features such as splicing and poly(A)
tail length. The capacity to detect these long-range interactions is likely to be important given
recent work suggesting links between RNA modifications, splicing regulation, and RNA
transport and lifetime (Roundtree et al. 2017; Lee, Kim, and Kim 2014). We argue that
nanopore native RNA sequencing could deliver this long-range information for entire
transcriptomes. However, this will require algorithms trained on large, cross-validated datasets
as has been accomplished for cytosine and adenine methylation in genomic DNA (Simpson et

al. 2017; Rand et al. 2017).

2.9 Methods
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Isoform detection and characterization

To define isoforms from the sets of native RNA and cDNA reads, we used FLAIR v1.4,
a version of FLAIR(Tang et al. 2018) with additional considerations for native RNA nanopore
data. For our analysis, we first removed reads generated by lab 6, because a disproportionate
number of those molecules appeared to be truncated prior to addition to the nanopore flow cell.
We also removed 71,276 aligned reads with deletions greater than 100 bases caused by
minimap2 version 2.1. We then selected reads that had TSSs within promoter regions that were
computationally derived from ENCODE ChIP-Seq data(Ernst and Kellis 2010; Ernst et al. 2011).
Using FLAIR-correct, we corrected primary genomic alignments for pass reads based on splice
junction evidence from GENCODE v27 annotations and lllumina short-read sequencing of
GM12878. This step also removes reads containing non-canonical splice junctions not present
in the annotation or short-read data. The filtered and corrected reads were then processed by
FLAIR-collapse which generates a first-pass isoform set by grouping reads on their splice
junctions chains. Next, pass reads were realigned to the first-pass isoform set, retaining
alignments with MAPQ>0. Isoforms with fewer than 3 supporting reads or those which were
subsets of a longer isoform were filtered out to compile the FLAIR-sensitive isoform set. A
FLAIR-stringent isoform set was also compiled by filtering the FLAIR-sensitive set for isoforms
which had 3 supporting reads that spanned 280% of the isoform and a minimum of 25nt into
the first and last exons. Unannotated isoforms were defined as those with a unique splice
junction chain not found in GENCODE v27. Isoforms were considered intron-retaining if they
contained an exon which completely spanned another isoform’s splice junction. Isoforms with
unannotated exons were defined as those with at least one exon that did not overlap any
existing annotated exons in GENCODE v27. Genes that did not contain an annotated start

codon were considered non-coding genes.

Defining promoter regions in GM12878 for isoform filtering
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Promoter chromatin states for GM12878 were downloaded from the UCSC Genome
Browser in BED format from the hg18 genome reference. Chromatin states were derived from
an HMM based on ENCODE ChIP-Seq data of nine factors (Ernst and Kellis 2010; Ernst et al.
2011). The liftover tool (Hinrichs et al. 2006) was used to convert hg18 coordinates to hg38.

The active, weak, and poised promoter states were used.
Calculating isoform entropy of genes

Productivity was assessed according to the NMD rule followed in the CLL study where
if a premature termination is located 55 nt or more upstream of the last exon-exon junction, the
transcript is considered unproductive (Rivas et al. 2015). Genes that did not contain an
annotated start codon were considered noncoding genes. Only genes with at least 50 reads as

well as more than two isoforms were considered for the entropy analysis.
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Chapter 3: Knockdown of ADAR to interrogate A-to-l editing in lung

adenocarcinoma progression

Abstract

RNA-Seq has brought forth significant discoveries regarding aberrations in RNA
processing, implicating these RNA variants in a variety of diseases. In particular, aberrant
splicing and single nucleotide variants in RNA have been demonstrated to alter transcript
stability, localization, and function. Despite the functional importance of studying splicing and
SNVs, short read RNA-Seq has limited the community’s ability to interrogate both forms of RNA
variation simultaneously. Thus, we have employed long-read technology to obtain full-length
transcript sequences, elucidating cis-effects of variants on splicing changes at a single
molecule level. We have developed a computational workflow that augments FLAIR, a tool that
calls isoform models expressed in long-read data, to integrate RNA variant calls with the
associated isoforms that bear them. Applying this pipeline to an F1 hybrid mouse embryonic
stem cell line (castaneus x S129/SvJae) sequenced from the Long-read RNA-Seq Genome
Annotation Assessment Project, we are able to identify allele-specific isoform expression
connected to each parent. Additionally, we have generated nanopore data of H1975 lung
adenocarcinoma cells with and without knockdown of ADAR. Upregulation of ADAR, an
enzyme which mediates adenosine-to-inosine editing, has been previously linked to an
increase in the invasiveness of lung ADC cells and has been linked to the regulation of splicing.
We applied our workflow to identify key inosine-isoform associations to help clarify the
prominence of ADAR in tumorigenesis. Ultimately, we find that a long-read approach provides
valuable insight toward characterizing the relationship between RNA variants and splicing

patterns.

Introduction

41



Adenosine-to-inosine (A-to-1) editing is one of the most common forms of RNA editing
in organisms with a developed central nervous system (Athanasiadis, Rich, and Maas 2004;
Levanon et al. 2004; Nishikura 2010; Kiran et al. 2013; Bazak et al. 2014). As inosines are
recognized by cellular machinery as a guanosine, one potential downstream effect of A-to-l
editing is the alteration of coding sequence. There are numerous cases of A-to-l recoding
identified as essential for normal brain function (Sommer et al. 1991; Burnashev et al. 1992;
Bajad et al. 2017) and yet other cases where recoding worsens disease prognosis (Han et al.
2015; Amin et al. 2017; Lazzari et al. 2017). In addition to recoding potential, inosines can
affect RNA splicing in a cis-regulatory manner through the disruption of splice sites or splicing
regulatory elements, leading to the creation of alternatively spliced mMRNAs (Rueter, Dawson,
and Emeson 1999; Hsiao et al. 2018; S. J. Tang et al. 2020). Considering that 95-100% of
multi-exon genes are alternatively spliced (Pan et al. 2008), the effects of ADARs on coding

changes, regulatory elements, and alternative splicing require further study to elucidate.

The expression of two ADAR family proteins, ADAR1 and ADAR?2, is ubiquitous and
the edits are widespread in mRNAs (C. X. Chen et al. 2000). Aberrant ADAR activity has been
linked to many diseases: 1) related to amyotrophic lateral sclerosis, a decrease in the efficiency
of A-to-I editing detrimentally increases Ca?* permeability in neurons (Sommer et al. 1991;
Burnashev et al. 1992; Kawahara et al. 2003); 2) mutations in ADAR1 have been shown to
cause Aicardi-Goutieres syndrome (Livingston et al. 2014; Rice et al. 2012); 3) in breast cancer,
A-to-1 editing of Gabra3 mRNA suppresses an invasive phenotype (Gumireddy et al. 2016); 4)
in hepatocellular carcinoma, ADAR recoding stabilizes the AZIN1 protein leading to increased
cell proliferation (L. Chen et al. 2013); and 5) in diseases of the lung and blood diseases, ADAR
overexpression is associated with increased malignancy (Amin et al. 2017; Lazzari et al. 2017).
Additionally, in H1975 lung adenocarcinoma (ADC) cell lines, ADAR is not only upregulated
but also has been shown to bind to and edit focal adhesion kinase (FAK), increasing both FAK

expression and mesenchymal properties of the cells (Amin et al. 2017). The connection of
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ADARs with diseases, in particular lung adenocarcinoma, in addition to the influence that
ADARs have on the transcriptome underscores the importance of characterizing the complete

RNA sequences that bear inosine edits.

Despite appreciable efforts to map A-to-1 editing sites (Ramaswami and Li 2014; Kiran
et al. 2013), there is an absence of studies examining the full transcriptional context of inosines.
Previous efforts to document A-to-l editing using short-read sequencing report only the
genomic position of edited sites (Ramaswami and Li 2014; Kiran et al. 2013; Picardi et al. 2015).
To investigate the transcriptome-wide impact of ADAR in lung ADC, we performed nanopore
long-read cDNA sequencing of lung ADC cells with ADAR knockdown. The relatively high error
rate of nanopore sequencing hinders work that relies on high sequence accuracy (Workman et
al. 2018); we overcome this setback by using the Rolling Circle Amplification to Concatemeric
Consensus (R2C2) nanopore cDNA sequencing method (Volden et al. 2018). R2C2 greatly
lowers the error rate of nanopore cDNA sequencing through the increase of single molecule
coverage, yielding a median 98.7% base accuracy (Byrne et al. 2019). Accurate, long reads
allow us to resolve full-length transcripts and RNA editing, equipping us to better understand

the role of ADAR editing in the cancer transcriptome.

Nanopore sequencing operates on the sensing of changes in current as genetic
material passes through a nanopore (Deamer, Akeson, and Branton 2016). The current signal
associated with modified RNA bases can cause modifications to be misbasecalled as the
incorrect canonical base, thus appearing as a mismatch to the reference genome once the
sequence is aligned (A. M. Smith et al. 2019b). In direct nanopore reads, there is ambiguity as
to whether mismatches to the reference correspond to somatic or germline variants, RNA edits,
or RNA modifications. While R2C2 is unable to preserve RNA modifications, we have devised
a tool to phase and associate mismatches to isoform models in long reads, agnostic to the kind
of alteration that generated the mismatch. We refer to these mismatch-aware isoforms

generally as haplotype-specific transcripts (HSTs). There is a lack of available computational
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software for identifying HSTs, necessitating the development of a tool to jointly identify isoform
structure and inosine positions in nanopore data. We built upon the isoform detection tool
FLAIR, which is one amongst many tools (Stringtie2, FLAMES, TALON, MandalorlON)
developed for this purpose. FLAIR was initially developed to identify subtle splice site changes
in long reads with higher error rates and increased truncation. Our variant-aware FLAIR, called

FLAIR2, differs from the LORALS (Glinos et al. 2021) and IDP-ASE (Deonovic et al. 2017)

tools in that FLAIR2 can incorporate mismatches in transcript models for an arbitrary number
of haplotypes.

Here, we sequenced three replicates with ADAR1 knocked down and three replicates
receiving a negative control using lllumina RNA-Seq as well as R2C2 nanopore sequencing.
With the development of the necessary computational framework for full-length isoform and
RNA editing analyses, we reveal new insights into longer-range A-to-1 edits and demonstrate
the power of nanopore sequencing as a tool for the transcriptome-wide identification of

inosines.

FLAIR2 is a variant-aware isoform detection pipeline

In an effort to build user-friendly computational workflows for nanopore data, we
previously had developed a computational tool called Full-Length Alternative Isoform analysis
of RNA (FLAIR). FLAIR calls isoform structures and performs various isoform-level analyses
of nanopore cDNA (A. D. Tang et al. 2018) and nvRNA (Workman et al. 2018; Soneson et al.,
n.d.) data. We have designed the FLAIR workflow to account for the increased error rate of
long reads. Previous work with FLAIR emphasized the discovery of isoform models and their
comparison between sample conditions. We have adjusted FLAIR to incorporate phased
variant calls to investigate haplotype-specific transcript expression in nanopore data. We have

also improved FLAIR'’s performance on SIRV isoform identification precision and sensitivity.

The modified FLAIR workflow now begins with an alignment of all reads to the
annotated transcriptome. The addition of this ungapped alignment step is for the cases where
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genomic alignment of the long, spliced read is difficult for aligners, such as microexons (B. Liu
et al. 2019). Reads are assigned to an annotated transcript if they have high sequence identity
with the transcript, with an emphasis of accuracy proximal to splice sites (see Methods). The
annotated transcripts that have sufficient long read support are included as part of the set of
FLAIR isoforms. The remaining reads that are not able to be assigned to an annotated
transcript are then used to detect novel transcript models (see Methods). The final, sample-
specific isoform assembly includes the supported, annotated isoform models combined with
the novel models. FLAIR is also capable of downstream analyses such as isoform
quantification and differential expression tests of nanopore data. FLAIR is on GitHub at

https://github.com/BrooksLabUCSC/flair.

Assessing FLAIRZ2 for haplotype-specific transcript detection

We compared the performance of FLAIR2’s updated isoform detection method with
Stringtie2 and FLAMES on SIRVs sequenced with nanopore R2C2 sequencing (see Methods).
Transcript detection with FLAIR2 is more precise than other tools (Table 1), indicating fewer
false positive transcripts detected with FLAIR2. The sensitivity between the tools are
comparable. We also investigated the transcript-level precision and sensitivity using nanopore
1D cDNA SIRV sequences (Table 2), where FLAIR2 again performed best comparatively in
precision and performed similarly to other tools in terms of sensitivity. On these SIRVs, FLAIR2
demonstrated marked improvement over the previously published FLAIR, which focused more

on base-level sensitivity and precision.

Transcript-level sensitivity | Transcript-level precision

FLAIR2 | 77.8 95.5
Stringtie2 | 72.8 90.8
FLAMES | 81.5 94.3

Table 1 Performance of transcript detection tools on R2C2 nanopore SIRVs.
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Transcript-level sensitivity | Transcript-level precision
FLAIR2 |63.8 89.8
Stringtie2 | 76.8 81.5
FLAMES | 66.7 78.0
FLAIR 65.1 51.9

Table 3 Performance of transcript detection tools on 1D nanopore SIRVs.

We tested both longshot (Edge and Bansal 2019) and PEPPER-Margin-DeepVariant
(Shafin et al. 2021) to call variants in long-read data. Both variant callers can perform diploid
variant calling and phasing. FLAIR has two modalities for variant-aware transcript detection.
One, FLAIR can incorporate phased variants, such as those provided by longshot, which have
information pertaining to the phase set a read is assigned to. Two, as we anticipated working
with RNA edits and potential cancer-related aneuploidies that may result in more than two
apparent haplotypes, FLAIR takes a more simplistic approach to phasing alignment
mismatches that is agnostic to ploidy: 1) given variant calls, FLAIR tabulates the most frequent
combinations of variants present in each isoform from the supporting read sequences; 2) from
the isoform-defining collapse step, FLAIR generates a set of reads assigned to each isoform;
so 3) isoforms that have sufficient read support for a collection of mismatches are determined
(Fig 3.1a). This accommodates for multiple haplotypes within a gene and within a transcript

model.

We tested the FLAIR2 isoform discovery pipeline on Castaneus x Mouse 129 hybrid
mouse embryonic stem cells where we expect evidence of HSTs partitioned by parental
haplotypes. Integrating longshot’s phased diploid variant calls, we identified 1,017 genes that
contained HSTs with FLAIR2. One example is shown in Fig 3.1b and e, in which the non-
reference haplotype that longshot reports, which corresponds to the castaneus parent
haplotype, is biased toward the expression of isoforms with a proximal 5’ splice site. With this,

we determined that FLAIR2 can be used to detect HSTs successfully.
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Figure 3.1 Variant-aware transcript detection by FLAIR2. a Our computational workflow for identifying
haplotype-specific transcripts in long reads. b FLAIR transcript models for MCM5 with the highest
expression are plotted using different colors for each transcript’s exons. The highlighted portion shows
alternative splicing and the smaller blocks within exons indicate variants. ¢ Stacked bar chart showing the
proportion of transcript expression of transcripts from b as matched by color for each of the replicates

sequenced.

Knockdown of ADAR1 is accompanied by global downregulation of inosines

To improve our understanding of A-to-l editing on the cancer transcriptome, we
knocked down ADAR1 followed by short- and long-read RNA sequencing (Fig 3.2a). ADAR1
was knocked down in H1975 cells using siRNAs to achieve 70-80% knockdown of ADAR1
protein levels (Fig 3.2b). We sequenced the three ADAR knockdown and three control
knockdown samples with lllumina and nanopore sequencing. We observed 55.1, 73.7, 78.8%
decrease in ADAR expression from our normalized lllumina RNA-Seq data, with ADAR being

the most downregulated gene (Fig 3.2c). We prepared R2C2 cDNA for each of our samples
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and sequenced them in matched ADAR and control knockdown pairs using three MinlONs. We
obtained an average of 11.7 gigabases with median read length 9,599 bp from each MinlION
(Table 3). We report a median accuracy of 99.3% and median read length of 1,287 bp from our
consensus-called reads. As the number of consensus-called and demultiplexed reads was less

than ideal, we decided to pool all of the samples in each condition together for further analyses.

Pool 1 Pool 2 Pool 3
Total GB basecalled reads 18.5 7.10 9.56
Number basecalled reads 1,423,603 | 713,990 | 778,145
Total GB consensus reads 0.999 0.600 1.03
Median length of consensus reads 1,046 1,192 1,816

Number aligned CTRL KD consensus reads 445,285 267,746 | 252,193

Number aligned ADAR KD consensus reads 379,472 184,312 | 169,506

Number aligned CTRL KD size-selected reads | - - 6,716

Number aligned CTRL KD size-selected reads | - - 141,754

Table 3 R2C2 nanopore sequencing numbers. For each ADAR KD and control KD sample pool that
was sequenced on a MinlON, we report the total number of reads obtained from sequencing after
basecalling, consensus calling, and minimapZ2 alignment to the hg38 genome. We also show the number
of gigabases of reads after basecalling and consensus calling, as well as the median length of the

consensus reads.

Inosine detection in short and long reads

We used reditools to catalog nucleotides at every position in the lllumina data and filtered for
the positions that conformed to A-to-1 expectations (i.e. positions with an A or T in the reference
and read support for G or C). We identified 334 A->G mismatches in the lllumina data that were

significantly changed upon ADAR knockdown (Methods), with the majority (324)
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Figure 3.2 Identification of downregulated inosines with short- and long-read RNA-Seq. a,
Experimental workflow of ADAR knockdown in H1975 cells. b, Western blot. ¢, Volcano plot of
differentially expressed genes identified from Illumina sequencing. Red: genes with increased expressed
after ADAR knockdown; blue: genes whose expression went down; black: no change in expression. d,
Venn diagram comparison of the significantly downregulated inosines identified with lllumina, R2C2
nanopore, or present in the REDIportal database (hg38 liftover). e, IGV browser view of a downregulated

inosine at chr14:52775760 in GNPNAT1 in the R2C2 data.

of these positions present in the REDIportal database (Mansi et al. 2021). Of these 334 A-to-I

events, 312 were downregulated in the knockdown conditions and 12 were upregulated.

We considered longshot and PEPPER-Margin-DeepVariant variant calls to identify an
initial set of A-to-G mismatches that we would then reclassify as A-to-l edits with REDIportal
and downregulation analyses. Both variant callers identified variants that could be categorized
as inosines that the other caller missed; as such, we combined all the variant calls from both
tools. Starting with the combined variant calls, we identified 63 significantly changed A-to-I
events (Fisher’'s exact p<0.1) with a greater than 10% difference in proportion of edited reads
that were also present in REDIportal (Fig 3.2d); as expected, most (62/63) were downregulated
in the ADAR knockdown samples. Of the significant nanopore-identified inosines, 27 were also
identified as significantly downregulated in the lllumina data (Fig 3.2d,e). Defining type |
hyperediting as positions with >40% of adenosine residues edited (Tavakoli et al. 2021) in our
control data, we find that approximately half (79/131) of the significantly downregulated
inosines were considered type | hyperedited. The inosines identified as significantly
differentially edited with nanopore but not in lllumina were generally those that received
insufficient coverage of the edited position in the short reads, such as the cases shown in Fig
3.3a and 3.3b. In conclusion, while the quantity of short read data will typically surpass that of
longs increasing the number of inosines detected, long reads are advantageous for detecting

certain novel A-to-l events.
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IGV shots of nanopore and Illlumina data aligned to hg38. a, Gray arrow indicates the differentially edited
position found in nanopore but not lllumina and is a known editing position in REDIportal. b, Potential A-
to-1 editing position found with nanopore but not present in REDIportal. There were no reads aligning to

UBE?2I in the second lllumina CTRL KD replicate.

Long reads clarify the transcriptional context of inosines
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With the Illlumina data, we were not able to find many convincing cases of alternative
splicing. We ran the differential splicing analyses tools MESA, juncBASE (Brooks et al. 2011),
and JUM (Q. Wang and Rio 2018). However, none of the identified splicing events were
significant after multiple testing correction. With our nanopore data, we sought to find edits
associated with other edits or splicing changes that could be overlooked in the lllumina data
due to mapping difficulties or length limitations. We performed a systematic analysis of all
inosine-inosine associations within single molecule reads. For each inosine, we looked at the
nearest 20 variants, checked all of the reads that overlapped both variants to count the
frequency they co-occured with each other, and performed a Fisher's test to discover
significantly associated positions. In MRPL30, we noted coordinated inosine editing occurring
more than 500 bp apart (p=2.35e-6) (Fig 3.4a). The predicted secondary structure of the 3’
UTR consists of a hairpin bringing the two sites in closer proximity. We also noticed a pattern
in the 3* UTR of melanoregulin (MREG) transcripts whereby splicing alterations appeared to
be coordinated with A-to-I edits. Our nanopore data show splicing within the 3' UTR of MREG,
there are several positions proximal to splice sites that are edited and unspliced in the CTRL
KD samples (Fig 3.4b). The STAR short-read aligner did not detect these splice junctions in
the short reads due to a lack of aligned reads. We then looked for other genes that
demonstrated the same mutually exclusive pattern of reads either containing an inosine or
having an intron spliced out. We found 145 type | hyperedited sites that resided within introns
of other reads assigned to that gene. Three of these sites can be found in the 3’'UTR of

CWF19L1 (Fig 3.4c).

Long reads can identify type Il hyperediting

ADAR tends to produce clusters of inosines on a transcript, which we define as type |l
hyperediting (Tavakoli et al. 2021). Type Il hyperedited transcripts have been associated with
nuclear retention or degradation (Prasanth et al. 2005; Scadden 2005, 2007; Hundley,

Krauchuk, and Bass 2008; L.-L. Chen and Carmichael 2009). First, we note a pattern of ADAR
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Figure 3.4 Long-range features of inosines observed with nanopore sequencing. |GV browser views
displaying a coordinated editing, b and ¢ disruption of splicing in the presence of editing, and d type Il
hyperediting. In a and b, the dataset on top displays the control nanopore reads and the bottom panel
displays the ADAR knockdown reads. In b and d, the top three coverage tracks are lllumina CTRL KD
samples and the bottom coverage track and reads are displaying the nanopore CTRL KD reads. In a,
orange marks correspond to A->G mismatches and in ¢, b, and d, positions marked with blue mismatches

are T->C mismatches (A->G on the negative strand).

editing in which transcripts that are edited tend to have multiple edits. The control knockdown
data in aggregate show that 38.7% of reads contain at least one edit, and of the reads that are
edited, 77.9% contain more than one edit. On detecting multiple edits in short-read RNA-Seq,

if the edits are too distant, or if a read contains many mismatches on account of A-to-l
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hyperediting (type Il), multiply edited reads may not align to the genome and evade detection
(Porath, Carmi, and Levanon 2014). With our R2C2 data we were able to identify hyperedited
regions with the additional connectivity information. Hyperedited regions were identified as any
window that contained at least three A-to-l edits distributed within every 150 bp. To expand our
search space, we used the larger set of all inosines found in our nanopore data and REDIportal
that were not necessarily significantly downregulated after knockdown as well as the novel
significantly downregulated inosines discovered with nanopore only. With this approach, we
identified 99 regions that overlapped with known type Il hyperediting (Porath, Carmi, and

Levanon 2014) as well as 17 novel hyperedited regions with examples in Fig 3.3a and 3,4d.

Discussion

The additive complexity of RNA editing and splicing on the transcriptome, in addition
to the disease implications of aberrations in these processes, necessitate methods for more
thorough profiling of RNA transcripts. We sought to bridge our understanding of A-to-I editing
using short- and long-read sequencing to identify edits more extensively as well as investigate
any events that require the full transcriptional context to decipher. We knocked down ADAR in
lung adenocarcinoma cells and sequenced the cDNA with the accurate R2C2 nanopore
sequencing method. We were able to discover novel type | and type Il hyperediting (Fig 3.2e
and 3.4d), sites that are coordinated with each other (Fig 3.4a), and sites that may disrupt
splicing (Fig 3.4b,c). In this study, we found cases where 3'UTRs were spliced or edited in a
mutually exclusive manner. From another study, ADAR-dependent editing of the 3’'UTR has
been observed to increase expression (Abukar et al. 2021). Elevated levels of editing present
in H1975 cells could result in the promoted expression of those transcripts receiving edits in

their 3’UTRs.

We were not able to achieve as high a throughput as we expected and thus needed to

combine our data from biological replicates. Further studies may benefit from increased
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sequencing depth for both short and long reads, since the lack of significant alternatively
spliced genes may be due to poor statistical power to detect significance or insufficient levels
of knockdown. Also, to capture more intronic A-to-l editing, selection of longer molecules may
be necessary to sequence incompletely spliced RNAs on nanopore. Nevertheless, we were
still able to build computational pipelines to leverage our accurate nanopore data in ways that
surpassed the limitations of short reads, continuing to pave a way for the adoption of long reads

for characterizing RNA splicing and editing in cancers.

Methods

Cell culture and siRNA knockdown

H1975 cells were cultured in T75 flasks with DMEM + 10% FBS media. Cells were split
1:4 every 3 days using a 0.25% trypsin 0.52 mM EDTA solution. Trypsin solution was

neutralized using an approximately equal volume of media.

For ADAR and control knockdowns, we used Silencer Select siRNAs s1007, s1008,
and s1009 for ADAR1 and Silencer Select Negative Control No. 1 at 15 nmol for 72 hours.
Cells that would be subject to RNA extraction were cultured in 10 cm dishes. In tandem, cells
were plated for western blotting in 6-well plates. Given the vessel, the appropriate amount of

siRNA was added to the media when the cells were 80% confluent.

Western blotting

We have uploaded the protocol to protocols.io (Robinson and Tang 2020). Briefly, after
siRNA treatment, the media were aspirated off and 200 ul of cold RIPA and proteinase K
solution were added to each well. Cells were scraped off, transferred to cold tubes, and
centrifuged at 15,000 x g for 7 minutes. Leaving the pellet, the supernatant lysate was then
retained and sonicated. Protein lysates were sonicated twice for 30 seconds, with 1 minute on

ice in between. Protein concentrations were measured with the Pierce BCA Protein Assay.
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Protein lysates were loaded into precast gels. We used ADAR1 primary antibody (ab88574)

and goat secondary (ab205719) and imaged on LI-COR C-digit blot scanner.

RNA extraction

Media was aspirated off and the dishes were washed 3x with ice cold dPBS. 1 ml of
tri-reagent was added to each dish and cells were scraped off. Cells suspended in tri-reagent
were used as input into the Zymo direct-zol kit. Following elution from the direct-zol kit, RNA

quality and concentration were evaluated with the nanodrop, qubit, and tapestation.

R2C2 and nanopore sequencing

We followed the R2C2 protocol from Vollmers et. al. (Vollmers et al. 2021). We also
have these steps written out on protocols.io. In summary, our steps were as follows: 200 ng of
RNA (1 ug for Pools 1 and 2) were reverse transcribed with SmartSeq and barcoded oligo-dTs.
RT product underwent lambda exonuclease and RNase A digestion, followed by 15 cycles of
PCR using KAPA Hifi HotStart ReadyMix. Next, cDNA was cleaned with 0.8:1 ampure bead
purification. Pool 2 was cleaned using Zymo Select-A-Size for fragments larger than 300 nt,
adding an extra empty spin step after the second wash. Pool 1 had 4 samples pooled together.
Two were size-selected for fragments larger than 3 kb using a low-melt agarose gel extraction.
The two samples to be size-selected were first pooled, then run on a 1% low-melt agarose gel
made with TAE. A gel slice containing cDNA above 3 kb was cut out and placed in twice the
volume of beta-agarase buffer, incubating on ice. The buffer was refreshed after 20 minutes.
After another 20 minutes, the buffer was removed and the gel was melted at 65 C for 10 minutes.
The gel was then incubated overnight with the addition of 2 ul of beta-agarase per 300 ul of gel.
A bead purification was performed on the DNA-containing digested gel. Final R2C2 cDNA
concentration was assessed on the nanodrop prior to nanopore sequencing preparation. 200
ng of nanopore library was loaded onto a flow cell at time. Excess library was stored at 4C.

After 24 hours, any remaining library was loaded after flushing the flow cell with buffer A (list
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components) and DNAse | according to ONT protocol. Reads were basecalled with guppy 4.4.1

and consensus called and demultiplexed using C3POa.

FLAIR splice site fidelity checking

After an ungapped alignment of reads to transcripts, the top transcript alignments for
each read as determined by minimap2 mapq score are examined using custom python scripts
in FLAIR. We ran FLAIR collapse with both the —stringent and —check_splice parameters to
ensure accuracy of read-isoform assignments. The --stringent parameter enforces that 80% of
bases match between the read and assigned isoform as well as that the read spans into 25 bp
of the first and last exons. The --check_splice parameter enforces that 4 out of 6 bases flanking
every splice site in the transcript are matched in a given read and that there are no indels larger

than 3 bp at a splice site.

FLAIR novel isoform detection (FLAIR-collapse)

To summarize the unassigned reads into the isoforms they represent with high-
confidence, FLAIR first uses minimap2 (H. Li 2016) to align long reads to the genome. The
high error rate of nanopore nvRNA or standard cDNA sequencing often results in spurious
alignments around splice sites; to combat this, FLAIR then corrects unsupported splice sites
with the closest splice site that contains more evidence i.e. splice sites found in annotations or
short-read sequencing. The full-length, corrected reads are then grouped by their splice
junction chains and FLAIR will call transcription start and end sites for each group, collapsing
each group into one or more representative first-pass isoform. Next, FLAIR assigns each read
to a first-pass isoform by realigning the reads to the isoforms and identifying the best alignment.
The novel FLAIR isoform set arises from filtering the first-pass set for the isoforms that pass a

minimum supporting read threshold.

SIRV analysis
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We analyzed SIRV reads that aligned with the SIRV1-SIRV7 references from the
LRGASP mouse embryonic stem cell R2C2 sequencing replicates. We ran FLAIR2 providing
the genome annotation and with the default minimum supporting read count of 3 (-s). We used
the -L parameter and supplied a genome annotation for the stringtie2 run. For FLAMES, we
used the SIRV config file with a minimum supporting read count of 3. We used gffcompare
(Pertea and Pertea 2020) to calculate transcript-level sensitivity and precision of each tool’s
transcript reference with the ground truth, using a wiggle room of 50 bp at the transcription start

sites and terminal ends for matching (-e 50 and -d 50).

FLAIR-variant

Criteria for high sequence identity with an isoform are based on the stringent criteria
from Workman et al. For multi-exonic isoform assignments, high sequence identity near the
bases that flank the splice sites is another requirement. If the read alignment contains deletions
near any of the splice sites or insertions Ties between assignments were broken using
alignments with fewer softclipped bases at the ends of the reads and minimizing the number

of unmapped bases on the transcript.

llumina A-to-I analysis

REDItools was used to tabulate the number of reads supporting each base at every
position. The REDItools output was filtered using custom python scripts for positions that
contained guanosine mismatches at positions where the reference base was an adenosine for
genes corresponding to the forward strand of the genome, and the reverse complement for
those on the reverse strand. Positions with less than 15% putative editing were filtered out. The
counts of the reference and alternate allele in each of the samples for the remaining positions
were supplied to DRIMSeq (Nowicka and Robinson 2016) for differential testing between two
conditions, with the settings that at least 5 reads contained editing (G mismatch) in a minimum

of two samples, as well as a coverage of 15 reads minimum in at least 3 samples.
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Inosine detection in long reads

We used the pysam python package’s pileup method to count A->G or T->C reads at
variant positions. Next, we combined our nanopore data by knockdown condition, followed by
filtering for positions that had a minimum coverage of 10 in either condition and a change in
percentage of edited reads after ADAR knockdown of 10% or more. We performed a Fisher's

exact test to assess the significance of the A-to-I differences.

Inosine coordination analysis for long reads

We filtered for sites that were type | hyperedited (i.e. more than 40% of residues were
edited) and had at least 10 reads that were edited. We also required that at least 10 reads had

the edited position spliced out.
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Discussion

Through the pairing of novel sequencing methods and development of compatible
computational methods, we have demonstrated a way to improve transcriptome analyses for
RNA splicing and editing. We have used nanopore cDNA and direct RNA sequencing for the
detection of splice variants with full-length molecules, further informing us on the nature of an
altered retained intron landscape in chronic lymphocytic leukemia and establishing a
relationship between retained introns and poly(A)+ tail length. With nanopore R2C2
sequencing, we were able to leverage the increased single molecule accuracy to detect the
long-range effects of A-to-l editing in lung adenocarcinoma tumorigenesis. Throughout these
research ventures, we incrementally improved FLAIR’s algorithms for long-read RNA analyses,

contributing to a tool space for other groups’ research use as well.

Finding these RNA processing patterns with long reads is an essential step toward a
more complete picture of these cancer transcriptomes, expanding upon the decades of
research that preceded long reads. As the technology continues to advance, the additional
information afforded by long reads for disentangling longer-range interactions, such as regions
with coordinated splicing that short reads cannot span or repetitive regions, becomes
increasingly clear. Based on the work that we have done, future studies looking to examine
RNA splicing, editing, or modifications could consider a long-read approach. Furthermore, the
field can benefit from long reads applied to single-cell or spatial transcriptomics to elucidate the
heterogeneity of cancers and lend new perspectives to cancer drug resistance and the tumor
microenvironment. While there are still many areas to be explored in depth with long-read RNA-
Seq, this higher resolution approach will inevitably bring forth the greater understanding we
need to progress the behemoth that is cancer prevention, diagnosis, treatment, and

management.
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