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Abstract

Identifying Splice Variants that Contribute to Disease: The Trials, Tribulations
and Triumphs of Finding a Needle in a Haystack

Megan Durham

While it's known that the dysregulation of splicing contributes to disease,
identifying specific splicing alterations is a bottleneck for current research. On an
individual scale, mutations in signaling cues disrupt canonical splicing and force the
production of an aberrant splicing event. On a global scale, splicing factor mutations
result in widespread splicing dysregulation and create a subset of isoforms that
contribute to disease progression. In both cases, identifying specific splicing
aberrations that drive disease is important in developing targeted therapies, and can
greatly improve the lives of patients bearing these mutations. To study novel
deleterious splicing events, scientists need the appropriate tools to identify and
functionally characterize these isoforms. In chapter 2 of this dissertation, | found that
using CRISPR/Cas9 to express aberrant exon skipping events from their endogenous
promoter did not produce enough aberrant isoform to confirm the oncogenic potential
in two functional assays. Because exon skipping events, alone, were not sufficient to
confer an oncogenic phenotype, | investigated the level of a known oncogenic isoform,
MET exon 14 skipping (META14), expressed in lung adenocarcinoma primary
samples in chapter 3. | found that META14 is overexpressed in an allele-specific
manner, and META14 overexpression is required to activate the receptor. In chapter
4, through a collaboration with Dr. Esther Obeng’s lab, | performed long read
sequencing in cell lines expressing mutant SF3B7, a common splicing factor mutation

in Myelodysplastic Syndrome (MDS). This collaboration uncovered previously

X



unannotated isoforms with potential implication in MDS. Overall, the work in this
dissertation outlines the trials and tribulations of using the correct tools to functionally
characterize aberrant splicing events, and describes triumphs of discovering how
META14 is expressed in lung cancer tumors and isoforms implicated in MDS-

associated anemia requiring further characterization.
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Chapter 1: Introduction
Pre-mRNA splicing is an essential step in gene expression

Every cell in our body contains the same genetic textbook providing the
instructions for life: DNA. While this genetic textbook is a fundamental ingredient
in each cell, how DNA is used differs in different cell types (Tung et al. 2020;
Uhlén et al. 2015). Several factors determine how genes are regulated from
DNA, and this regulation is necessary not only for cellular diversity, but also in
response to developmental and environmental cues, and cellular homeostasis.
While DNA is essential, it takes a passive role as a genetic blueprint to create
messenger RNA (mRNA) which will be used as a template for eventual protein
synthesis. Gene expression begins with transcription, where pre-mRNA is copied
from DNA, followed by translation, which generates protein. Between
transcription and translation, pre-mRNA splicing is an essential processing step
that prepares pre-mRNA for protein synthesis.

The long, unprocessed pre-mRNA sequence is a combination of introns,
or sequences not destined to code for protein, and exons, functionally relevant
sequences necessary for protein production. During pre-mRNA splicing, introns
are removed from the sequence and the exons are ligated together to make a
mature mRNA transcript. This process is carried out by the spliceosome, a
complex molecular machine composed of five small nuclear ribonucleoproteins
(snRNPs) and nearly 300 associated proteins (Rappsilber et al. 2002). This strict
coordination of splicing is tightly regulated in our cells, and thus it is no surprise
that its dysregulation is known to contribute to disease (Kelemen et al. 2013;

Singh and Cooper 2012).
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Trans-acting factors recognize cis-requlatory elements to coordinate splicing

The spliceosome is composed of trans-acting factors, which recognize
nucleic acid and bind sequences called cis-acting elements, or important
signaling cues which define exons during splicing. These cis-acting elements
define exons through splice sites, which are di-nucleotides pairs adjacent to each
exon. The 5’ splice site is the upstream splice site, containing a GU, while the 3’
splice site is downstream, containing an AG. The polypyrimidine tract and
branchpoint sequence (BPS) are key intronic motifs in 3’ splice site recognition
and are located upstream of the 3’ splice site. Recognition of these sequences by
different components of the spliceosome is essential for the first step of
pre-mRNA splicing (Will and Luhrmann 2011). In addition to these key cis-acting
elements, auxiliary sequences called enhancers and silencers are present in both
introns and exons which help promote or discourage recognition of certain splice
sites. In introns, these are intronic splicing enhancers and silencers (ISEs and
ISSs), and in exons, exonic splicing enhancers and silencers (ESEs and ESSs).
ESEs in particular are present in most exons and understood to play dominant
roles in constitutive splicing, while silencers are important in the selection of
weaker splice sites (Liu et al. 1998; Schaal and Maniatis 1999; Wang et al.
2015).

These cis-acting elements are recognized by trans-acting factors. The
core of the spliceosome is composed of five snRNPs, known as U1, U2, U4, U5
and U6. U1 snRNP binds the 5 splice site (Mount et al. 1983; Zhuang and
Weiner 1986), followed by 3’ splice site recognition which requires the BPS,

polypyrimidine tract, and the 3’ splice site. The U2 snRNP binds the branch point
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sequence The U2 snRNP binds the branch point sequence (Black et al. 1985;
Wu and Manley 1989), which is feasible through spliceosome factor 3b1
(SF3B1), the largest subunit in the SF3B complex and component of the U2
sNRNP (Gozani et al. 1996; Kramer 1996). U2AF2 binds the polypyrimidine tract
(Zamore et al. 1992), and U2AF1 binds the 3’ splice site (Wu et al. 1999). Finally,
U4/U5/U6 snRNPs form the tri-snRNP, which is recruited to assembled splicing
machinery and is responsible for spliceosome rearrangements necessary for
intron excision and exon ligation (Will and Lihrmann 2011). In addition to the
core spliceosome machinery, auxiliary silencer and enhancer sequences are
recognized by factors like heterogeneous nuclear ribonucleoproteins (hnRNPs)
and serine/arginine (SR) proteins, respectively (Wu and Maniatis 1993). In order
for splicing to function properly, all these cis-acting and trans-acting factors must
perfectly recognize each other (Figure 1.1). This is required to produce
necessary isoforms in different cell types, in response to different stimuli, or at
different developmental stages (Steward et al. 2022; Liu et al. 2022; Fiszbein et

al. 2016; Wang et al. 2008; Dillman et al. 2013; Buljan et al. 2012)

U1
nRNP
pre-mRNA 5§’ GU

5'SS BPS Py-tract 3'SS

Figure 1.1: Spliceosomal trans-acting factors binding corresponding
cis-acting elements in early spliceosomal assembly.

During exon definition, U1 snRNP binds the 5’ splice site (5’SS), U2 snRNP binds
the branchpoint sequence (BPS) via SF3B1, U2AF2 binds the polypyrimidine
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tract (Py-tract), and U2AF1 binds the 3’ splice site (3'SS) dinucleotide. Auxiliary
proteins bind Exonic Splicing Enhancers (ESE) and Exonic Splicing Silencers
(ESS) within the exon to promote or discourage splice site usage. Not shown:
Intronic Splicing Enhancers (ISE) and Intronic Splicing Silencers (ISS). Figure
from Anczukéw and Krainer 2016 © The RNA Society

Alternative splicing increases protein diversity

While constitutive splicing removes introns and ligates exons in the order
in which they appear in a gene, alternative splicing deviates from this preferred
sequence and uses different, weaker splice sites to create different isoforms from
one genetic location. The resulting isoforms are determined by the additive ability
of trans-acting factors binding cis-acting elements in the pre-mRNA (Goldammer
et al. 2018; Wang et al. 2015). Genome wide studies suggest 92-95% of human
genes undergo alternative splicing (Wang et al. 2008; Pan et al. 2008), and
increasing evidence throughout the years has shown alternative splicing vastly
increases the diversity of the proteome by creating multiple proteins from one
genomic origin (Black 2003; Nilsen and Graveley 2010).

This is illustrated through the comparison of Ensembl genes and
transcripts between the simple eukaryotic organism, C. elegans, and the complex
organism of humans. This analysis revealed a relatively similar gene count
between eukaryotes, but a vastly different number of total transcripts as the
complexity of organisms increased. This suggests that an increasing number of
mMRNA transcripts are associated with organismal complexity (Figure 1.2). This
evidence is further supported through an analysis of transcripts in human tissues

(GTEXx) which identified ~7 transcripts per protein coding gene (Tung et al. 2020)
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Figure 1.2: Organismal complexity correlates with the number of
transcripts, not the number of genes.

The number of genes and transcripts from Ensembl for humans, fish, flies and C.
elegans. Figure created by Angela Brooks, using data from Ensembl in Dec
2021.

Alternative splicing patterns can be classified into five different classes:
exon skipping, intron retention, mutually exclusive exons, alternative 5’ splice site
choice, and alternative 3’ splice site choice (Figure 1.3). Exon skipping removes
an entire exon from an mRNA transcript, and is the most common alternative
splicing event in humans totaling about 42% compared to other splicing events
(Barbosa-Morais et al. 2012; Kim et al. 2007) (Figure 1.4 - far right column).
These events will create isoforms lacking that exon, referred to as “A” followed by
the exon number, along with the wild type isoform (ex: META14). Alternative 5§’
and 3’ splice site choice is the second most abundant splicing decision in

humans, occurring about 25% of the time for both alternative 5" and 3’ splice
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sites, while intron retention events occur less than 10% of the time (Figure 1.4).
These splicing events are key in gene regulation, however, mutations in splicing
factors or exon-defining cues may disrupt alternative splicing into something

sinister (Kong-Beltran et al. 2006; Lu et al. 2017; Turpin et al. 2016; Smith et al.

2020).
S— ~ [ )
Intron Romnﬂon/ . ’ [ [ ]
[ K ) ~ | — )
Mutually Exclusive Exons —
~ ] [ J
Alternative 5'splice Hh/,\\ ’ [ I I ]
N ) ~N | )
Alternative 3'spilf: site ’ [ I I ]
( —{_1 J
e ~ [ )

Figure 1.3: Five major classes of Alternative Splicing events.

Exon skipping skips the entire exon, and intron retention leads to the inclusion of
the entire intron in the mature mRNA. In mutually exclusive splicing events, the
spliceosome decides to differentially include one exon over the other, but never
both. For alternative 5’ or 3’ splice site choice, weaker splice sites within the
intron are used increasing the length of the exon. Figure created by Zhang et al.
2021 © Springer Nature Limited.


https://paperpile.com/c/YOsYbf/CPPx+BUf3+6Cd0+Y5NZ
https://paperpile.com/c/YOsYbf/CPPx+BUf3+6Cd0+Y5NZ
https://paperpile.com/c/BH8jHP/aReC
https://paperpile.com/c/BH8jHP/aReC

100% B — — — — — — —
90% |
80% |
70% - Eady 2299 o) Ol
g S W e
50% || i

40% - — 0 %5'ss

30% =i =3 == — @ %Retaining

20% |

10% |
002. -.-----

Organisms

Figure 1.4: Quantification of alternative Splicing in Eukaryotes.

Distributions of four classes of alternative splicing events in a variety of
eukaryotes determined from the gene-oriented clusters of mMRNAs from the
UniGene database. Human distributions of splicing events shown at the
right-most column. Figure taken from Kim et al. 2007 © 2006 Eddo Kim, Alon
Magen, and Gil Ast.

Aberrant splicing: The dysrequlation of splicing contributes to disease

While alternative splicing is an elegant dance of splicing factors binding
sequences in the pre-mRNA to dictate splicing fate, aberrant splicing twists
destiny to create deleterious isoforms with grave consequences. Mutations in
splicing machinery or nucleic acid sequence prevent trans-acting factors from
recognizing their cis-acting elements. This can dysregulate splicing globally or
generate specific deleterious isoforms which are a common occurrence in
neurological disease, myelodysplastic syndromes, and many types of cancer
(Jiang et al. 2023; Anczukéw and Krainer 2016; Sveen et al. 2015; Feng and Xie

2013; Malcovati et al. 2011; Papaemmanuil et al. 2011)


https://paperpile.com/c/YOsYbf/rBkD
https://paperpile.com/c/YOsYbf/v52g+M2Qt+BNsP+Edo4+SoTQ+lvU0
https://paperpile.com/c/YOsYbf/v52g+M2Qt+BNsP+Edo4+SoTQ+lvU0

These splicing aberrations result in two consequences: overall transcript
degradation via premature stop codons and subsequent Nonsense Mediated
Decay (NMD), or creation of a functional aberrant protein. While the generation of
premature termination codons by alternative splicing and NMD is a known
mechanism for gene regulation (Weischenfeldt et al. 2012), dysregulated protein
degradation due to splicing mutations can lead to aberrant down regulation of
canonical genes and isoforms (Darman et al. 2015; Alsafadi et al. 2016; Obeng
et al. 2016). If these splicing changes do not disrupt the reading frame, this can
create a functional protein. The consequences of these truncated proteins
include heightened transformation ability, atypical cell development, and other
deleterious effects (Kong-Beltran et al. 2006; Turpin et al. 2016; Clough et al.

2022; Tam et al. bioRxiv ).

Aberrant splicing: Mutations in trans-acting splicing factors

The dysregulation of splicing factors can result in global splicing
alterations, as this affects many pre-mRNAs that require splicing. Typically, this
dysregulation occurs through two different mechanisms: aberrant splicing factor
expression and splicing factor mutations. Aberrant expression of proteins
associated with core spliceosomal machinery or splicing enhancers and silencers
are known to contribute to human disease like cancer (Li et al. 2023; Sveen et al.
2015). For example, overexpression of U2 spliceosomal component SF3B1,
which ultimately contributes to 3’ splice site recognition, is overexpressed and
implicated in the aggressiveness of hepatocellular carcinoma (Lopez-Canovas et
al. 2021). Overexpression of SRSF3, a positive regulator of splice site choice,
favored exon 9 inclusion in pyruvate kinase, taking a positive role in

8


https://paperpile.com/c/YOsYbf/oGNy
https://paperpile.com/c/YOsYbf/xgSD+2qLI+4QN1
https://paperpile.com/c/YOsYbf/xgSD+2qLI+4QN1
https://paperpile.com/c/YOsYbf/CPPx+6Cd0+vxwN+yCKD
https://paperpile.com/c/YOsYbf/CPPx+6Cd0+vxwN+yCKD
https://paperpile.com/c/YOsYbf/Ski8+BNsP
https://paperpile.com/c/YOsYbf/Ski8+BNsP
https://paperpile.com/c/YOsYbf/zQLf
https://paperpile.com/c/YOsYbf/zQLf

cancer-specific energy metabolism (Kuranaga et al. 2018). Additionally, hnRNPH,
a suppressor of splice site choice, is upregulated in malignant gliomas and is
known to contribute to their progression by promoting splicing of a malignant,
ligand-independent tyrosine kinase receptor isoform (Lefave et al. 2011).

While expression changes disrupt splicing through tipping the scale of
splicing factor concentrations, mutations in splicing factors are also known to
disrupt splicing through their ability to interact with their respective pre-mRNA
binding sites. Several high-throughput sequencing studies and reviews highlight
that splicing factor mutations are frequent in a variety of cancers and
hematological disorders (Kandoth et al. 2013; Watson et al. 2013; Yoshida et al.
2011; Chen et al. 2021). For example, U2AF1, which directly recognizes the 3’
splice site AG (Wu et al. 1999), is frequently mutated in its zinc finger domain at
position 34 (Brooks et al. 2014; Yoshida et al. 2011), impairing its ability to
interact with the 3’ splice site (Yoshida et al. 2015). Overall U2AF1 mutations
force global aberrant 3’ splice site selection and impact the splicing of several
known cancer genes (Brooks et al. 2014; Esfahani et al. 2019). Another example
are hotspot mutations in SF3B71, which are frequent in chronic lymphocytic
leukemia, uveal melanoma, breast cancer, and myelodysplastic syndromes
(MDS) (Wang et al. 2011; Quesada et al. 2011; Rossi et al. 2011; Landau et al.
2015; Martin et al. 2013; Harbour et al. 2013; Furney et al. 2013; Maguire et al.
2015; Pereira et al. 2016; Fu et al. 2017; Garcia-Manero et al. 2020;
Papaemmanuil et al. 2011). SF3B1 is a component of the U2 snRNP and plays a
critical role in recognizing the branch point sequence prior to 3’ splice site

selection (Kramer 1996). However, mutations in SF3B7 are known to promote
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cryptic 3 splice site selection through the selection of a non-canonical
Adenosine-rich branch point sequence (Darman et al. 2015; Alsafadi et al. 2016)
(Figure 1.5). For MDS, this cryptic splice site choice has resulted in several
known splicing consequences in genes related to red blood cell maturation,
which have been implicated in MDS-associated anemia (Clough et al. 2022; Tam
et al. ; Lieu et al. 2022; Dolatshad et al. 2016). As splicing factor dysregulation
compels splicing alterations on a global scale, many specific isoform
consequences as they relate to disease remain unknown. As a result, a more
thorough investigation of aberrantly produced isoforms is necessary, with the

goal of finding targetable proteins with existing therapies.
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Figure 1.5: Mutant SF3B1 leads to cryptic 3’ splice site choice through
alternate branch point selection.

In wild type SF3B1, U2AF binds the canonical 3’ splice site (AG(G)) and the U2
snRNP recognizes the canonical branch point (BP) through SF3B1. In mutant
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SF3B1, this mutation is anticipated to induce a conformational change that
causes U2 snRNP to recognize a different branch point (BP’) ultimately leading to
an aberrant upstream 3’ splice site choice (AG’(Y)). Figure from Alsafadi et al.
2016 © Springer Nature Limited.

Aberrant splicing: Mutations in cis-acting sequence elements

Mutations in cis-acting elements disrupt exon recognition in pre-mRNA,
which forces the production of an aberrantly spliced transcript. Nearly one third of
all disease-causing mutations are estimated to occur in these cis-acting
sequence cues, and therefore have the potential to disrupt splicing (Singh and
Cooper 2012). These mutations can occur in either introns or exons, and may
disrupt existing splice sites, create new splice sites, or activate cryptic splice
sites. They can also influence binding of splicing enhancers and repressors, and
dysregulate the inclusion of certain splicing events (Anna and Monika 2018).

Commonly, these mutations disrupt canonical splice sites, which often
result in exon skipping events (Anna and Monika 2018; Kong-Beltran et al. 2006;
Smith et al. 2020; Lu et al. 2017; Frampton et al. 2015). One of the most well
characterized aberrant splicing events from cis-acting mutations is MET exon 14
skipping (META14). MET is a receptor in the Ras-MAPK pathway and plays an
essential role in a number of critical cellular processes such as cell proliferation,
survival, motility, and morphogenesis (Birchmeier et al. 2003; Organ and Tsao
2011). This receptor is activated through binding of its ligand, HGF, and this
signal is terminated through MET’s degradation. The negative regulatory region
of MET is encoded by exon 14, and contains a binding site for the E3-ubiquitin
ligase, Cbl, at position Y1003 (Peschard et al. 2001). While the inclusion of exon

14 is critical for MET’s regulation typically exon 14 mutations force its exclusion
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from the mature mRNA (META14) (Figure 1.6), resulting in a protein with an
extended life span in the membrane and prolonged proliferative signaling that
drives cancer (Kong-Beltran et al. 2006; Lu et al. 2017; Ma et al. 2005; Ma et al.
2003). META14 mutations are observed in 2.8% of cases of lung
adenocarcinomas (Lu et al. 2017), at a relatively high frequency considering MET
is estimated to be mutated in 4-6% of lung adenocarcinomas (Caso et al. 2020).
While META14 is most common in lung adenocarcinomas, it has also been
identified in other lung neoplasms and brain gliomas (Frampton et al. 2015).
Interestingly, a recently identified mutation MET Y1003* replaces a tyrosine with
a premature termination codon. While anticipated to reduce overall MET levels
through NMD, this mutation produces META14. Through computational modeling
it is anticipated that this mutation disrupts the binding sequences of several
splicing enhancers, disrupting recognition of exon 14 and forcing its exclusion
(Cancer Genome Atlas Research Network ...).

Another well characterized aberrantly spliced oncogene created through
splice site mutations is ERBBZ2 exon 16 skipping (ERBB2A16) (Turpin et al. 2016;
Smith et al. 2020; Shi et al. 2020). ERBB2 is a receptor in the Ras-MAPK
pathway, and activating mutations in this receptor are found in several different
cancer types (Oh and Bang 2020). For ERBB2A16, splice site mutations force
exon 16 exclusion, which generates an uneven number of cysteines in each
monomer. This forces monomers to form disulfide bonds between two
monomers, stabilizing the ERBB2A16 tyrosine kinase signaling through
constitutive dimerization (Siegel et al. 1999). Like META14, this constitutively

active variant is implicated in different cancer types, such as breast cancer,
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non-small cell lung cancer, rectal cancer, and ovarian cancer (Turpin et al. 2016;
Smith et al. 2020; Shi et al. 2020). Additionally, while META14 is a relatively
common splicing aberration, ERBB2A16 is rare, present 0.046% of some cohorts
(Shi et al. 2020). Being able to identify these aberrant splicing events is important
because this can lead to better therapies that will expand treatment options for

patients.

A Representative TCGA_LUAD sample Exon 14 Skipping | Number of samples B

TCGA-99-7468-01 M i
2.0 LS 4 )

1.5+ ¢.3007C>G
10+ None 555 0 (Y1003%)
ot ® T>C
] del e G>T
TCGA-78-7143-01 del o G>A
e ® G>A

20
15
10
0.5
0.0+

oG>T ® G>C

60%-90% 2 3 - AG Exon14 GT n

-

ek

TCGA-55-6982-01

Normalized log2 RNA-seq read count

1.5

19 >90% 0 1 - J

05
0.0
-05

-
!
g

Exon13  Exon14  Exon1S

Figure 1.6: MET exon 14 skipping due to somatic mutations at splicing
cues.

A) Lung Adenocarcinoma (LUAD) samples with varied MET exon 14 skipping
and number of samples with wild type and mutant MET in each group. B) Indels
seen near exon 14 in LUAD samples with mRNA evidence of exon 14 skipping.
Figure from Lu et al. 2017 © American Association for Cancer Research.

CRISPR/Cas9 as a tool to study aberrant exon skipping events

Typically, single aberrantly spliced variants are studied through their
overexpression (Smith et al. 2020; Alajati et al. 2013; Suzawa et al. 2019).
However, researchers express these splicing variants on the longest coding

sequence, and the longest coding sequence may not be the appropriate context
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for these splicing events. In fact, about 50% of transcripts found to be dominantly
expressed in tissues are not the longest coding sequence, and therefore are not
the ‘canonical’ transcript as denoted by UniProt (Gonzalez-Porta et al. 2013).
Additionally, modest doses of oncogenes can drive clonal outgrowth and
modulate drug response (Bielski et al. 2018), suggesting overexpression is not
necessary to induce a phenotype.

Because of this, CRISPR-based expression is gaining traction to study
these aberrant splicing events. Ever since the application of clustered regularly
interspaced short palindromic repeats, or CRISPR, in eukaryotic cells, this tool
has revolutionized genomic editing for eukaryotic model systems (Mali et al.
2013; Cong et al. 2013). This system works by programming a single guide RNA
(sgRNA) to target a specific region in the genome, which guides a protein called
Cas9 to induce a double stranded break at that location (Jinek et al. 2012). If no
homology repair template is added, the DNA is restored through the indel-forming
repair process of non-homologous end joining (NHEJ) (Mali et al. 2013; Cong et
al. 2013). While this is commonly used for gene knock-out through targeting the
N-terminal coding exons (Wang et al. 2014; Wang et al. 2015) this system can
also be applied to force aberrant exon skipping events. Aberrant exon skipping
events remove entire regulatory regions and functional domains, and in-frame
exon skipping events can create gain-of-function oncogenic drivers (Kong-Beltran
et al. 2006; Lu et al. 2017; Turpin et al. 2016; Smith et al. 2020). To force an exon
skipping event using CRISPR, an sgRNA is programmed to target either the 5’ or
3’ splice site, and Cas9 induces a double stranded break at this location. The

error-prone repair process of NHEJ introduces indels at splice sites, rendering
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them unrecognizable to the spliceosome and forcing an aberrant exon skipping
event (Figure 1.7). This has been used in several studies of META14 (Lu et al.
2017; Togashi et al. 2015; Wang et al. 2022), which uncouples the transforming
ability of MET overexpression with the catalytic ability of META14 (Lu et al.
2017). Because CRISPR-based expression disrupts splice site signals which
commonly produce exon skipping events (Anna and Monika 2018; Kong-Beltran
et al. 2006; Smith et al. 2020; Lu et al. 2017; Frampton et al. 2015), and uses the
endogenous promoter to express the variant, this method is ideal to study exon

skipping in model systems.

Cas9

sgRNA

pre-mRNA

skipped exon

Figure 1.7: Using CRISPR/Cas9 to force exon skipping events

A splice site targeting sgRNA guides Cas9 to create indels at splice sites. This
renders splicing signals unrecognizable to the spliceosome, which forces an exon
skipping event in the mature mRNA.

Necessity of identifying new splicing events

Due to the dedication of scientists and medical doctors whose mission is
to tackle splicing-induced disease, there are several treatment options available

which greatly improve the lives of those afflicted by these conditions. One
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approach to correct aberrant splicing events is gene therapy approaches, such
as Antisense Oligonucleotides (ASOs). ASOs are short synthetic DNA molecules
complementary to the pre-mRNA sequence to alter splicing. This can occur
through binding to splice sites or enhancer and silencer elements in order to
prevent spliceosome interaction with these sites, and produce the desired
splicing outcome (Sufé-Pou et al. 2020). In December 2016, FDA approved
Spinraza™ (nusinersen) for treatment of Spinal Muscular Atrophy (SMA) (Lorson
et al. 1999; Monani et al. 1999). Affecting 1 in 10,000 infants (Pearn 1978), SMA
is marked by motor neuron depletion in the spinal cord, leading to early death
without aggressive intervention. This disease is caused by inefficient SMA levels,
which can be bolstered through selective splicing in of exon 7 of SMN2
(Porensky and Burghes 2013). Expanding from this use case, ASOs have
promise for fast personalized treatments of rare diseases. As an example, a 6
year old girl presenting with progressed cerebral and cerebellar atrophy exhibited
missplicing of MFSD8 due to a cryptic splice site in intron 6. Scientists were able
to develop an ASO and obtain FDA approval in less than a year to give this
patient a chance at life (Kim et al. 2019). This example highlights how versatile
and customizable these therapies can be to target splicing aberrations.

In addition to splicing modulators, small molecule inhibitors target and
prevent disease progression in patients expressing the protein products of
aberrant splicing events. For instance, META14 has several treatments currently
used in clinical practice to target cancer. Crizotinib, a general receptor tyrosine
kinase inhibitor, has been shown to shrink tumor volume in META14 driven

tumors (Lu et al. 2017). Additionally, several drugs are currently FDA approved to

16


https://paperpile.com/c/YOsYbf/mf7A
https://paperpile.com/c/YOsYbf/yN3Y+Ts1v
https://paperpile.com/c/YOsYbf/yN3Y+Ts1v
https://paperpile.com/c/YOsYbf/gnY5
https://paperpile.com/c/YOsYbf/z1LI
https://paperpile.com/c/YOsYbf/EznJ
https://paperpile.com/c/YOsYbf/BUf3

target tumors expressing META14, including capmatinib which was approved by
the FDA in 2020, and tepotinib, approved in 2021 (Mathieu et al. 2022).

These cases illustrate the importance of identifying splicing mutations to
expand treatment for patients with no other options. With the advent of next
generation sequencing we can determine gene expression and subtle mutations
due to its depth and breadth. Expanding on this tool kit, long read sequencing
provides isoform-level information, giving researchers power to identify
deleterious splicing events and isoforms not afforded by short read sequencing.
Due to this increased power and understanding of aberrant splicing in disease,
can greatly improve the lives of patients and their loved ones afflicted with these

diseases.
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Chapter 2: Using ssCRISPR to identify and validate novel
aberrant exon skipping events driving LUAD

Abstract

While it's known that aberrant splicing contributes to cancer, the
identification of specific oncogenic splicing events is a bottleneck for cancer
research. To this end we developed splice site CRISPR (ssCRISPR) which
combines a computational pipeline to identify aberrant exon skipping events in
cancer sequencing data, and CRISPR/Cas9 to force the production of those exon
skipping events in a lung cell line model. Through a computational analysis of
whole-exome and matched RNA sequencing data from lung adenocarcinomas
(LUAD), we identified 994 exon skipping events with the potential to contribute to
oncogenesis. Among these candidates, we identified five high-interest in-frame
skipped exons from genes within the Ras-MAPK pathway, a pathway frequently
mutated in cancer. | hypothesize that a subset of the 994 exon skipping events
contribute to the initiation and maintenance of LUAD tumors. To answer this
question | used ssCRISPR in a high-throughput format coupled with low
attachment growth to enrich for transformed cells. For the high-interest
Ras-MAPK candidates, | performed ssCRISPR on an individual scale to create
lung cell lines expressing each candidate isoform. | found that likely due to the
low expression of these variants from their endogenous promoter,
CRISPR-based expression is not sufficient to functionally validate these

potentially oncogenic isoforms.

28



Introduction:

A complex mutational landscape is a hallmark of cancer. These
cancer-associated alterations are composed of driver mutations, which drive
carcinogenesis, and passenger mutations, which are generally considered not to
contribute to disease (Vogelstein et al. 2013; Tomasetti et al. 2013). In the case
of lung adenocarcinoma (LUAD), the average sample from The Cancer Genome
Atlas (TCGA) has about 280 mutations per tumor (TCGA) However, it is
estimated that there are three driver mutations per LUAD tumor (Tomasetti et al.
2015). These oncogenic driver mutations make for attractive drug targets,
enabling better targeted cancer therapies for LUAD patients who would otherwise
rely on chemotherapy (Herbst et al. 2018). A recently appreciated class of
oncogenic drivers are the result of aberrant splicing. Typically, mutations at splice
sites disrupt the spliceosome’s ability to identify the exon, forcing an aberrant
exon skipping event (Kong-Beltran et al. 2006; Lu et al. 2017; Turpin et al. 2016;
Smith et al. 2020). Two well characterized lung adenocarcinoma cancer drivers
are created this way: MET exon 14 skipping (META14) and ERBB2 exon 16
skipping (ERBB2A16) (Smith et al. 2020; Kong-Beltran et al. 2006; Lu et al.
2017). Furthermore, patients with META14 mutations are known to respond
favorably to drugs targeting the protein product of the META14 oncogene

(Mathieu et al. 2022; Lu et al. 2017).

While individual events are well characterized, a systematic interrogation
of the contribution of aberrant splicing events driving cancer needs to be

explored. Due to the high somatic mutation frequency in the exomes of lung
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cancer tumors (Lawrence et al. 2013), LUAD is an excellent model system to
identify novel aberrant exon skipping events resulting from somatic mutations at
splice sites and within splicing machinery. We focused on exon skipping as this is
the most common splicing event in humans (Kim et al. 2007). Furthermore, exon
skipping can drastically impact isoforms, as in frame exon skipping can remove
entire functional domains or regulatory binding sites which alter canonical protein
function (Kong-Beltran et al. 2006; Lu et al. 2017; Turpin et al. 2016; Smith et al.
2020). While recent work computationally predicts the consequences of skipped
exons in cancer (Kim et al. 2020), these isoforms are not biologically validated to

confirm their oncogenic potential.

To identify and validate oncogenic drivers of LUAD resulting from aberrant
exon splicing events, we developed ssCRISPR: a high-throughput screening
method using CRISPR/Cas9 to force the production of exon skipping events.
Using a computational analysis of whole exome and matched RNA-seq data from
LUADs, we identified 994 potentially oncogenic exon skipping events. The
oncogenic potential of these candidates were measured using a Growth in Low
Attachment Assay (GILA), which enriches for cells expressing oncogenes (Rotem
et al. 2015; Izar and Rotem 2016). Of these skipping events, we identified five
candidates in the Ras-MAPK pathway, which is commonly altered in LUAD
(Herbst et al. 2018). Among these Ras-MAPK candidates, we identified META 14
and ERBB2A16, confirming our computational analysis can detect oncogenic
exon skipping events. The remaining candidates were three novel in-frame exon
skipping events: MTORA12, BRAFA13, and NF1A46 (Table 2.1). Because these

candidates were in a pathway of interest, they were interrogated more rigorously
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using a single-guide ssCRISPR approach to cause exon skipping. | hypothesized
that a subset of these exon skipping events drive tumorigenesis. While the
original intention was to reveal the extent to which aberrant splicing contributes to
cancer development, | found instead that low dosage of these exon skipping
events produced by CRISPR-based expression was not sufficient to confer an
oncogenic phenotype in the GILA assay. | suggest overexpression of these
variants coupled with a GILA assay is the optimal way to characterize the

oncogenic potential of these exon skipping events.

Table 2.1: Five aberrantly spliced RAS hg19
candidates identified from computational analysis

Gene AExon | Exon Coordinates

BRAF 13 chr7:140476712-140476888

ERBB?2 16 chr17:37876040-37876550
MET 14 chr7:116411903-116412043

MTOR 12 chr1:11298459-11298674
NF1 46 chr17:29665722-29665823

Results:

SSCRISPR sgRNA library design

ssCRISPR combines a computational analysis to identify candidates from
TCGA data and a CRISPR/Cas9 high-throughput screen to force the production
of exon skipping events across a population of immortalized tracheobronchial
epithelial cells (AALE) (Lundberg et al. 2002). This computational analysis
yielded 994 candidate exon skipping events with the potential to contribute to
LUAD tumorigenesis. These candidates were identified from four different
criteria: 1) somatic mutations at splice sites, 2) U2AF1 S34F and RBM10

loss-of-function (LOF) mutations (common alterations in LUAD (Imielinski et al.
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2012)), 3) driver-negative tumors, and 4) a cohort of exon skipping events

identified with Guardant Health using proprietary methods.

We designed the single guide (sgRNA) library with the CRISPOR tool,
which maximizes targeting efficiency while minimizing off-target effects (Figure
2.1) (Haeussler et al. 2016). A maximum of three sgRNAs targeted each splice
site. To distinguish between exon skipping events that create loss of function
(LOF) proteins, we designed control sgRNAs targeting the first exon of each
candidate gene. We also designed negative control sgRNAs targeting the center
of the candidate exon because this would be less likely to result in exon skipping.
Finally, we included 150 negative control sgRNAs which do not have targets in
the human genome. As these sgRNAs would not selectively enrich in low
attachment, these would behave as passenger mutations and control for exon

skipping events with no bearing on oncogenesis.

Target exon: 3 sgRNA targeting each splice site
(6 sgRNAs per target exon)

Control: sgRNA targeting the midpoint

Exon 1

Control: 3 sgRNA targeting
the first exon

Controls for skipping events that Negative controls: 150 non-targeting guides
would lead to degradation via
Nonsense Mediated Decay Positive controls: META14, ERBB2A16

Total guide RNAs: ~10,000

Figure 2.1: ssCRISPR sgRNA Library Design.

32


https://paperpile.com/c/YOsYbf/ez7P
https://paperpile.com/c/YOsYbf/gQiN

A maximum of three single guide RNAs (sgRNAs) target each splice site of a
candidate exon. sgRNAs targeting the first exon control for exon skipping events
that would lead to overall decreased gene expression through nonsense
mediated decay. 150 non-targeting sgRNAs control for exon skipping events that
do not confer a selective advantage in low attachment. sgRNAs targeting
candidate exons of META14 and ERBB2A16 serve as positive controls in the
screen.

Validations of sSSCRISPR screen

I cloned the ssCRISPR sgRNA library using the Agilent SureVector
CRISPR Library Cloning System, which uses recombination cloning to insert
each sgRNA into a lentiviral backbone. Because cloning imposes a risk of sSgRNA
dropout, | assessed sgRNA distribution with next-generation sequencing (NGS). |
PCR-amplified the sgRNAs using primers flanking the sgRNA sequence. This
added NGS-compatible sequences (regions to hybridize with the flow cell and
unique barcoding sequences) flanking the sgRNA amplicons. After sequencing
this pool with a MiSeq, | used a custom Python script to quantify sgRNAs in the
cloned pool. This program revealed a tight distribution of sgRNAs in this cloned
library, even better distributed than two other sgRNA libraries used in successful

CRISPR screens (Figure 2.2A).

| validated Cas9 activity in AALEs constitutively expressing Cas9
(AALE-Cas9) using an sgRNA targeting the first exon of the non-essential gene
CD44. Cells that integrated both this CD44 sgRNA and retained functional Cas9
would result in knockdown of total CD44 levels. Using a CD44-GFP conjugated
antibody and subsequent FACS analysis, | measured a near 50% knockdown of
GFP compared to the non-targeting sgRNA control, indicating functional Cas9 is

present in AALE-Cas9 (Figure 2.2B-D).
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Figure 2.2: Validations of ssCRISPR sgRNA library, Cas9 functionality, and
assay feasibility.

A) Normalized read counts of cloned ssCRISPR sgRNA library compared with
two successful sgRNA CRISPR libraries. B) GFP+ cells (boxed region) of
CD44-GFP stained cells infected with the non-targeting (nt) sgRNA. C) GFP+
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cells (boxed region) of CD44-GFP stained cells infected with the CD44-targeting
sgRNA (sgRNA CD44) D) Overlay of cell populations for GFP+ cells in the nt
sgRNA cells and sgRNA CD44 cells E) RT-PCR using exon 14 spanning primers
showing predominant META14 isoform in MET 1F10 clone. F) Mixing experiment
combining 10% MET1F10 or 50% 1F10 clone with the parental line. Day O
represents the initial META14 ratio at the day of plating. Day 8 normal is the
amount of META14 at day 8 grown in a tissue treated plate. Day 8 GILA is the
amount of META14 at day 8 grown in a low attachment plate.

To ensure the GILA assay can enrich for cells expressing aberrant exon
skipping events created with ssCRISPR, | tested the ability of META 14 to enrich
from a mixed population of cells grown in low attachment using an AALE clone
expressing only META14 (MET 1F10) (Figure 2.2E). | mixed MET 1F10 in ratios
of 10% and 50% with the parental AALE line. After growth in low attachment for 8
days, | extracted RNA from these mixed populations, generated cDNA, and used
exon spanning primers across exon 14 to PCR amplify both wild type MET (MET
WT - from the parental AALE population) and the META14 isoform (from MET
1F10). After calculating the percent META14 in each sample, | identified an
enrichment of META14 from both the 10% and 50% population (Figure 2.2F).
This enrichment was not recapitulated in the normal tissue treated plate,
confirming low attachment specifically enriches for aberrantly spliced cancer
drivers created with ssCRISPR. Furthermore, META14 enrichment is not
dependent on the initial population of MET 1F10, indicating that small populations
of oncogenes can enrich in the ssCRIPSR screen. Thus, three criteria suggest
that the ssCRISPR screen can generate and enrich for aberrantly spliced
oncogenes: 1) the ideal sgRNA distribution in our ssCRISPR library, 2) validation
of functional Cas9 in our AALE-Cas9 line, and 3) confirmation of META14

enrichment in the GILA assay.
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SSCRISPR screen unable to enrich for aberrant exon skipping events
| introduced the ssCRISPR sgRNA library in AALE-Cas9 cells using

lentivirus, allowing for constitutive sgRNA expression. To ensure a ratio of one
sgRNA per cell, | infected at the low multiplicity of infection (MOI) of 0.3, meaning
around ~30% of the cells received an sgRNA. This is with the goal of assessing
one exon skipping event at a time, as opposed to the combined effects of
multiple exon skipping events in one cell. After selection with puromycin for four
days, | expanded this infection to establish a 1000x coverage across each
condition. Because the ssCRISPR library contained close to 10,000 sgRNAs, |
required 10 million cells per time point. Because low attachment growth
specifically enriches for oncogenic cells while simultaneously killing normal cells
(Rotem et al. 2015 and Figure 2.1 F), | compared the enrichment of
ssCRISPR-expressed exon skipping events in a GILA plate (low attachment)
relative to their growth in a tissue treated plate (normal growth). In addition to
these growth conditions, | obtained a Day 0, Day 3, Day 8 and Day 15 timepoint
to measure enrichment of these exon skipping events over time. | obtained the
Day 0 timepoint at the day of plating the Day 3, 8, and 15 timepoints, ensuring
Day 0 represents the sgRNA population before selection. This resulted in one
Day 0 timepoint, Day 3, 8 and 15 “tissue culture plate” timepoints and Day 3, 8
and 15 “low attachment plate” timepoints. | quantified sgRNAs as a metric for
exon skipping event enrichment. This is with the assumption that the sgRNA
produced an exon skipping event that provided a proliferative advantage in low
attachment. Because every sgRNA lentivirally integrated into the cell’'s genome

with a universal lentiviral backbone, | isolated genomic DNA at the end of each
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Figure 2.3: Expected non-targeting sgRNA enrichment in ssCRISPR screen.

Non-targeting (nt) sgRNA enrichment determined by dual normalization of raw
sgRNA counts to 1) the timepoint median then 2) to the Day 0 timepoint.
Normalized sgRNA counts were plotted against each other in Prism compared
using a Pearson correlation.
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timepoint to prepare sgRNAs for next generation sequencing via PCR

amplification.

PCR-induced overamplification can produce false positives by creating
biases in sgRNA enrichment. Therefore, | compared sgRNA enrichment of nt
sgRNAs between both the tissue treated plate and low attachment plate for each
timepoint. Since low attachment compels non-oncogenic cells to perish through
time, | hypothesized that these nt sgRNAs would enrich in the tissue treated
plate, or remain evenly distributed between both growth conditions. Using a
custom Python script to count sgRNAs from lllumina sequencing data, | found
these nt sgRNAs were evenly enriched in both conditions, as evidenced by a
high correlation score, with slight enrichment in the tissue treated plate (Figure
2.3). These results imply the sequencing strategy is appropriate for amplifying
and sequencing sgRNAs from the genome. Additionally, this confirms the low

attachment screen does not enrich sgRNAs with no bearing on oncogenesis.

Next | examined sgRNA enrichment of our positive control producing
META14. Because disruption of different splice sites may be more impactful due
to their sequence features, sgRNAs targeting each splice site are colored
accordingly (Figure 2.4A). When taking into account sgRNAs targeting both
splice sites, there is no significant difference in sgRNA enrichment at any time
point (Figure 2.4B). Separating this data per splice site target, the sgRNAs
targeting the 5’ splice site did not enrich in any low attachment condition (Figure
2.4C). However, the sgRNAs targeting the 3’ splice site are significantly enriched

at Day 15 in low attachment (Figure 2.4D). While | anticipated sgRNA enrichment
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for META14, it is surprising to only see enrichment in the latest timepoint, while
typically enrichment is seen after 8 days (Izar and Rotem 2016; Rotem et al.
2015). This suggests the amount of META14 produced with CRISPR-based
expression may be too subtle to detect with sgRNA enrichment. Additionally, due
to the unequal enrichment of sgRNAs targeting each splice site (Figure 2.4 C-D),
this suggests that to identify novel skipped exons that contribute to LUAD | am
unable to increase statistical power by combining all sgRNAs targeting each

candidate exon.
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Figure 2.4: Low sgRNA enrichment for META14.

A) Diagram of sgRNAs targeting each exon. Cool-colored dots target the 5’ splice
site, and warm-colored dots target the 3’ splice site. B) Comparison of both 3’
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and 5’ sgRNA enrichment in low attachment compared to ‘normal’ tissue treated
plates. Comparison of sgRNA enrichment for C) 5’ splice site-targeting guides
and D) 3’ splice site-targeting guides.

In contrast to META14, no sgRNA targeting ERBB2A16, the other positive
control in the screen, enriched at any timepoint in low attachment for any splice
site (Figure 2.5). Additionally, no sgRNAs targeting the high-interest Ras-MAPK
candidates, MTORA12, BRAFA13, and NF1A46, enriched in the ssCRISPR
screen (Figure 2.6). While taken at face value this suggests these exon skipping
events do not drive oncogenesis, ERBB2A16 is a well-known aberrantly spliced

oncogene driving LUAD among other cancers (Smith et al 2020; Turpin et al.

2016). It's possible that CRISPR-based expression of these
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Figure 2.5: No sgRNA enrichment for ERBB2A16.

A) Diagram of sgRNAs targeting each exon. Cool-colored dots target the 5’ splice
site, and warm-colored dots target the 3’ splice site. B) Comparison of both 3’
and 5’ sgRNA enrichment in low attachment compared to ‘normal’ tissue treated
plates. Comparison of sgRNA enrichment for C) 5’ splice site-targeting guides
and D) 3’ splice site-targeting guides.
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Figure 2.6: No sgRNA enrichment for MTORA12, BRAFA13, or NF1A46.

A) Diagram of sgRNAs targeting each exon. Comparison of both 3’ and 5 sgRNA
enrichment in low attachment compared to ‘normal’ tissue treated plates for
MTORA12 (B), BRAFA13 (C) and NF1A46 (D). An sgRNA quantity lower than 6
indicates less than 3 guides targeting the corresponding splice site.
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exon skipping events creates subtle differences in the cell’s ability to survive in
low attachment, and using sgRNA enrichment as a binary metric does not
capture more complex expression changes of these exon skipping events in
cells. This is supported by Figure 2.2F, where | determined the META14
transcript enriches in low attachment after 8 days using RT-PCR, as opposed to
quantifying by sgRNA enrichment. Unfortunately, due to the nature of the screen
it is impossible to use transcript-level quantification to measure abundance of the

pooled exon skipping events.

Another drawback with the screen stems from the variability in the
effectiveness of splice site targeting sgRNAs. While typically 3 sgRNAs target
each splice site totalling 6 per exon, not all sgRNAs will edit the splice site. We
constructed these sgRNAs in a high-throughput format with limited targetable
genetic real estate, determined by proximity to the splice site and the Cas9 PAM
sequence. This means that based on intrinsic factors of the sgRNA sequence
(Concordet and Haeussler 2018), some sgRNAs will consequently perform better
than others leading many of these sgRNAs to function like nt sgRNAs (Figure
2.7). This makes it difficult to confidently detect GOF exon skipping events which
may confer a selective advantage in low attachment, as we rely on the statistical
power of the enrichment of multiple sgRNAs targeting the same exon. Due to the
inability to confidently enrich the positive control sgRNAs, inaccuracy of using
sgRNA enrichment, and variability of sgRNAs, a natural conclusion is the
ssCRISPR screen in combination with the GILA assay may not be an appropriate
method to identify novel exon skipping events driving LUAD. However, as our

computational analysis identified the in-frame candidates MTORA12, BRAFA13,
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and NF1A46, it calls for more stringent analysis using a single guide approach to
cause exon skipping. This would allow us to control for sgRNA variability and use

assays that permit more sensitive detection of a transformative phenotype.

100bp
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NF1 NF1 NF1
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300bp s . e @ NF1WT
200bp e 4 NF1A46
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Figure 2.7: Different sgRNAs have different editing efficiencies.

Three sgRNAs targeted exon 46 of NF1 (NF1 g1, NF1 g2 and NF1 g3) to force
the production of NF1A46. | determined ratios of wild type (NF1 WT) and exon 46
skipped isoforms (NF1A46) using PCR and primers spanning exon 46.

AALE ssCRISPR single targets: heterogeneous lines

| used lentivirus to introduce sgRNAs targeting candidate exons of MET,
ERBB2, MTOR, BRAF and NF1 into AALE-Cas9 cells (ex. “MET sg8”). After
puromycin selection, each resulting “heterogeneous” cell line expressed varying
degrees of candidate exon skipping. Due to the error-prone repair process of
non-homologous end joining (NHEJ), the resulting indels at splice sites vary
depending on the cell. Therefore, in this heterogeneous cell line | anticipate cells

with no splice site editing, resulting in 0% exon skipping, impactful splice site

43



editing, resulting in near 100% exon skipping, and all values in between.
Quantifying the amount of exon skipping across this heterogeneous population
reflects the average expression of exon skipping events in these cell lines. Using
RT-PCR and primers spanning the candidate exons, | identified exon skipping in
each candidate (Figure 2.8A-D), and quantified the relative percent of the
skipped isoform (Figure 2.8E). | found the sgRNAs had variable success in
forcing exon skipping across these heterogeneous populations, resulting in as
little as 8% candidate isoform for META 14 to as much as 45% ERBB2A16.

| measured the oncogenic potential of these heterogeneous cell lines
using a GILA assay coupled with a cell viability assay. Overall, these experiments
revealed inconsistent cell viability in all heterogeneous ssCRIPSR lines, including
the positive controls for targeting exons of MET and ERBB2 (Figure 2.8F).
However, all ssCRISPR lines resulted in significantly higher viability in low
attachment compared to either the parental line or nt sgRNA negative control.
Furthermore, both the Ras-MAPK candidates and META14 and ERBB2A16
positive controls exhibited a similar pattern of variability, with some replicates
associated with high viability, and some replicates associated with viability similar
to the negative controls. Overall, this suggests that the Ras-MAPK candidates
confer a selective advantage in low attachment, however, this proliferative
advantage is likely correlated with the amount of candidate exon skipping, which.
Because the majority of replicates function as negative controls, this prevents me
from saying with confidence that these exon skipping events allow AALEs to

proliferate in low attachment.
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Figure 2.8: Heterogeneous ssCRISPR-based expression in AALE cells
leads to variable oncogenic readout in low attachment assay.

ssCRISPR generated AALE heterogeneous lines for A) META14, B) ERBB2A16,
and C) MTORA12. D) Multiple ssCRISPR sgRNAs result in variable exon
skipping when targeting NF1 exon 46 and BRAF exon 13. | chose NF1 sg3 and
BRAF sg3 for further analysis. E) Percent of exon skipped isoform in each cell
line quantified from A-D using Image Studio Lite. F) GILA cell viability assay from
a combination of 4-5 experiments. Cell viability at day 8 is normalized to values at
day 0. Statistics calculated using a Mann-Whitney test. nt sgRNA = non-targeting
sgRNA, and sg indicates “single guide” approach.

P RISPR single tar . heterogen lin

To assess the candidate’s oncogenic potential from another angle, | used
an erlotinib-rescue assay developed for the PC9 lung adenocarcinoma line,
which assays for activators of the Ras-MAPK pathway. PC9 cells harbor an
activating mutation in EGFR, and thus are sensitive to EGFR inhibitors like
erlotinib (Sharifnia et al. 2014; Berger et al. 2016). Expression of strong
oncogenes like mutant KRAS re-activate downstream signaling, rescuing these
cells from otherwise succumbing to the inhibitor (Figure 2.9).

We contracted Synthego to generate ssCRISPR PC9s using transient
splice site-targeting sgRNAs and Cas9, which | refer to as “ssKO” for splice site
knockout. Like the AALE ssCRISPR lines, these cell lines are heterogeneous.
Due to technical errors, Synthego did not generate a PC9 BRAFA13 ssKO line. |
validated the amount of exon skipping in the Synthego-generated PC9 cell lines
using RT-PCR and exon spanning primers, as done previously (Figure 2.10A).
Overall each sskKO cell line expressed higher collective exon skipping than the
AALE heterogeneous lines, ranging from 34% NF1A46 for NF1 sskKO up to 76%
ERBB2A16 for ERBB2 ssKO (Figure 2.10B). Using these ssKO lines in the
erlotinib-rescue | found CRISPR-based expression of META14, ERBB2A16,

46


https://paperpile.com/c/YOsYbf/gzir+HNuc

Erlotinib Titration of PC9 KRAS G12V

—— parental

=
3 104 - KRAS G12V
>
3
B 0.5-
N
)
E
o
P
0.0 T T T T ] 1
0.0001  0.001 0.01 0.1 1 10

Erlotinib pM

parental | KRAS G12V
IC50 | 0.03138 | 0.3357

Figure 2.9: KRAS G12V overexpression rescues PC9 cells after erlotinib
treatment.

Increasing concentrations of erlotinib decreased cell viability of the parental PC9
cell line in a dose-dependent manner. PC9 KRAS G12V cells retained high cell
viability through increasing concentrations of erlotinib. Raw cell viability
measurements normalized to the lowest erlotinib concentration. IC50 represents
the concentration of erlotinib required to inhibit viability by 50%.
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Figure 2.10: RNA validation of exon skipping in PC9 ssKO cells.

A) RNA validation using RT-PCR and exon spanning primers for each candidate
exon. “WT” represents the wild type isoform including the candidate exon, and
“A” exon delinates the skipped isoform. B) Percent candidate exon skipped from
A calculated using Image Studio Lite.

MTORA12 and NF1A46 did not rescue the PC9 ssKO cells after erlotinib
treatment (Figure 2.11). Because CRISPR-based expression of our positive
controls, META14 and ERBB2A16, was not sufficient to rescue these cells, |
conclude that this assay requires higher expression of oncogenes in order to

activate the Ras-MAPK pathway in lieu of EGFR inhibition.
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Figure 2.11: CRISPR-based expression from PC9 ssKO cells unable to
rescue cells after erlotinib treatment.

Increasing concentrations of erlotinib decreased cell viability of both the PC9
parental line and PC9 ssKkO A) MET B) ERBB2 C) MTOR D) NF1 in a
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dose-dependent manner. Raw cell viability measurements normalized to the
lowest erlotinib concentration. IC50 represents the concentration of erlotinib
required to inhibit viability by 50%.

The combined results from both the heterogeneous AALE ssCRISPR
lines and PC9 ssKO lines suggest that the level of CRISPR-induced expression
of the candidate exon skipping events is not sufficient for these assays. This

suggests isolating clonal cell lines with near 100% candidate exon skipping is

necessary to observe consistent phenotypic differences in these assays.

AALE ssCRISPR and Synthego-generated PC9 clones

To alleviate variability and maximize the amount of isoform expressed, |
isolated clonal cell lines from our heterogeneous cell lines. Beginning with the
positive controls to serve as a benchmark for transformative phenotype, | isolated
clonal META14 from the heterogeneous line (Fig 2.8A) using FACS single cell
sorting followed by clonal expansion. | measured the expression of META14 in
each cell line using RT-PCR (Figure 2.12A), with META14 quantified in figure
2.12B. Overall, | isolated a range of clonal cell lines with CRISPR-based
expression of 8% META14 to 97% META14. If success in low attachment growth
is correlated with the amount of candidate exon skipping, | would anticipate
increased cell viability through increasing amounts of META14 expression. |
performed a GILA cell viability assay on these clonal AALE META14 cells (Figure
2.11C). Overall, across these AALE META14 clones there is an increase in cell
viability as the amount of META14 expression increases. However, the cell
viability from the nt sgRNA negative control is similar to METsg8 1, expressing

21% META14. Additionally, METsg8 5 expressing 97% META14 produced similar
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Figure 2.12: Increasing levels of META14 expression from AALE clones
leads to a subtle increase in low attachment growth.

A) four META14 clones (METsg10 3, METsg8 1, METsg8 2, and METsg8 3) with
increased amounts of exon 14 skipping created with ssCRISPR. B) Quantification
of percent skipped isoform from RT-PCR using Image Studio Lite. C)
Quantification of cell viability from the AALE ssCRISPR META14 clones.

cell viability to a clone expressing 39% META14 (METsg8 2), whereas if success
in low attachment was directly correlated with META 14 expression | would expect

much higher cell viability from METsg8 5. This highlights the background cell
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viability from our negative control, and suggests META14 may not be the sole
reason these cells survived in low attachment.

| also obtained clonal PC9 MET Y1003X cell lines from Synthego, which
express META14. This mutation at position Y1003 is predicted to disrupt several
splicing enhancer sequences within exon 14, forcing its exclusion from the
mature mMRNA (Cancer Genome Atlas Research Network ...). | have two MET
Y1003X clones with varying amounts of exon 14 skipping (Figure 2.13A), ranging
from 61% META14 (Y1003X 1) to 95% META14 (Y1003X 2) (Figure 2.13B). An
erlotinib-rescue assay with these clones revealed that despite near 100%
META14 from MET Y1003X 2, the CRISPR-based expression of META14 was

not sufficient to rescue these cells (Figure 2.13C). | conclude that CRISPR-based
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Figure 2.13: CRISPR-based expression of clonal META14 is not sufficient to
rescue PC9 MET Y1003X cells after erlotinib treatment.

A) Two MET Y1003X clones with varying amounts of exon 14 skipping created
with Synthego. B) Quantification of META14 from RT-PCR. C) Erlotinib-rescue
assay using MET Y1003X clones.

expression of META14 is not sufficient for the PC9 erlotinib rescue assay, and
future assays would require overexpression of META14.

Next | isolated clonal AALE ERBB2A16 cells from the heterogenous pool
in figure 2.8B. RT-PCR and primers spanning exon 16 of ERBB2 identified
ERBB2 clones with variable ERBB2A16 expression (Figure 2.14A). | selected
clones ranging from 15% to 100% ERBBZ2A16 expression for further analysis
(Figure 2.14B). A GILA cell viability assay with these clones revealed a

correlation between ERBB2A 16 expression and proliferation in low attachment
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Figure 2.14: Variable levels of ERBB2A16 from ssCRISPR based expression
in AALE clones leads to subtle differences in low attachment growth.

A) RT-PCR of ERBB2A16 clones with varying amounts of exon 16 skipping
created with ssCRISPR. B) Quantification of percent skipped isoform from
RT-PCR for 4 clones with varying amounts of exon skipping. C) Quantification of
cell viability from the ssCRISPR ERBB2A16 clones.

as expected (Figure 2.14C). However, | also identified high variability in cell
viability in replicates of clones expressing 61% ERBB2A16 (ERBB2sg1 5) and
100% ERBB2A16 (ERBB2sg1 1) (Fig. 2.14C), with some replicates correlating
with the nt sgRNA values. This high variability in cell viability mirrors the
variability in replicates from our AALE heterogeneous lines (Fig. 2.8F), and
indicates that ERBB2A16 expression is not solely responsible for the ability of
these replicates to survive in low attachment.

| repeated the AALE clonal pipeline of isolation and analysis for all
Ras-MAPK candidates. RT-PCR with exon spanning primers identified several
clones with varied candidate exon skipping for MTORA12 (Figure S2.1),
BRAFA13 (Figure S2.2), and NF1A46 (Figure S2.3). Selecting clones that range
from the lowest to highest candidate exon skipping, | performed a GILA cell
viability assay (Figure 2.15). Overall, the amount of candidate isoform expression
did not correlate with success in low attachment. As an example, MTORsg1 14
(10 % MTORA12) retained the highest cell viability out of the MTORA12 clones
(Figure 2.15A). In the BRAFA13 clones, the nt sgRNA had the highest cell
viability, highlighting the high background of the negative controls in this assay
(Figure 2.15B). Two NF1A46 clones expressed similar levels of NF1A46,

NF1sg3 13 (71% NF1A46) and NF1sg3 18 (73% NF1A46), however they
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Figure 2.15: RAS Candidate AALE clones’ ability to survive in low
attachment not correlated with amount of isoform present.

GILA Cell Viability assays of AALE clones for A) MTORA12 ) BRAFA13 and C)
NF1A46. Amount of candidate isoform on increases from 0% (nt sgRNA) to clone
with maximum amount of candidate exon skipping.

displayed opposite viability phenotypes in the assay (Figure 2.15C). Based on
these results, it is unlikely that the Ras-MAPK candidates contribute to oncogenic
transformation. However, due to the high background of our negative controls

masking the transformative phenotype of the positive controls (Figure 2.12C), our
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results on the Ras-MAPK candidates are inconclusive. | suggest that
CRISPR-based expression of these aberrant splicing events combined with the
GILA and erlotinib-rescue assay are not appropriate methods to measure the
oncogenic potential of these splicing variants.

Discussion

Overall, CRISPR-based expression of isoforms was not sufficient to
observe a consistent and obvious phenotypic effect in these assays, even with
the positive controls META14 and ERBB2A16. As touched on previously,
ssCRISPR itself as a tool has variable success. One source of variability from
CRISPR is based on intrinsic factors of the sgRNA sequence (Concordet and
Haeussler 2018), which consequently cause different sgRNAs targeting the same
exon to have variable success in forcing exon skipping. | observed this effect in
the screen using 5' and 3’ splice site-targeting sgRNAs of META 14, where the 3
sgRNAs moderately enriched in low attachment while the 5’ sgRNAs did not (Fig.
2.4D). Interestingly, while the 5" sgRNAs failed to enrich in the screen, | used one
of these 5’ sgRNA in the single target analysis to produce clonal 97% META14
(Figure 2.12 - METsg8 5). This further highlights the variability of ssCRISPR, as
the same sgRNA resulted in different phenotypes in low attachment. This sgRNA
variability is further exemplified by Figure 2.7 revealing 2/3 sgRNAs targeting
NF1A46 did not produce exon skipping. This evidence suggests that several
sgRNAs in the ssCRISPR screen were likely non-functional, and therefore exist
as nt sgRNAs with no bearing on transformation. In a published screen using
splice site targeting guide RNAs to force exon skipping, a pair of guide RNAs

(pgRNA) were used to effectively cut out the splice site and surrounding regions
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providing more confidence in the ability to skip exons in a screen format (Thomas
et al. 2020). These pgRNAs also accounted for variable success in the ability of
CRISPR to edit a location, as there is the opportunity for the other guide RNA
within the pair to edit the second locus surrounding the splice site. For future
screens focused on the functions of skipped exons, | recommend using pgRNAs
to limit the on-targeting variability of a single guide RNA approach.

For the single target studies of META14, ERBB2A16, MTORA12,
NF1A46, and BRAFA13, | accounted for the variability in CRISPR editing
efficiency, as | individually assessed the ability of these sgRNAs to force exon
skipping events. In the example referenced in Figure 2.7 showing most sgRNAs
failed to produce NF1A46, with the single target pipeline | chose the single
functioning sgRNA, NF1 sg3, for future experiments. However, while | could
control for the binary functionality of Cas9 to force exon skipping, | could not
control for the indels generated at splice sites that would dictate the impact on
exon skipping. | observed the consequences of this by assessing AALE
heterogeneous cell lines in low attachment, and found a striking difference in
replicate performance in each ssCRISPR lines (Fig. 2.8F). This variability was
specific to cell lines expressing sgRNAs that target the genome; the
non-targeting sgRNA reflected a similar viability to the parental line. Given that
ssCRISPR-based expression of oncogenes is not sufficient to measure
oncogenicity in these assays, it is impossible to draw a conclusion on the
oncogenic potential of the Ras-MAPK candidates. Assuming the Ras-MAPK

candidates do not confer a proliferative advantage, the high viability in some of
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these replicates could be the result of the catalytic activity of Cas9 on the
mammalian genome, as opposed to the genotype resulting from splice site edit.
This variability in the heterogenous lines inspired us to generate clonal
cell lines, as | hypothesized this would ameliorate the fickle behavior of the
heterogeneous cells in low attachment. While clonal selection successfully
isolated cell lines with near 100% candidate exon skipping for both META14 and
ERBB2A16, these clones resulted in positive yet inconsistent success in these
assays. For the META14 clones, the nt sgRNA resulted in similar cell viability to
METsg8 1 (21% META14), highlighting the background high viability of the
negative controls. Additionally, despite obvious differences in META14
expression, METsg8 5 (97% META14) and METsg8 2 (39% META14) resulted in
similar cell viability, suggesting that METsg8 2 did not solely rely on META14
expression to survive in low attachment (Fig. 2.12C). For the ERBB2A16 clones,
| observed a general association of ERBB2A16 expression and cell viability as
expected. However, | found a striking inconsistency of replicate viability with
clones expressing 61% ERBB2A16 and 100% ERBB2A16 (Fig. 2.14C), with
some replicates correlating with the nt sgRNA values. This is reminiscent of the
replicate variability within the heterogeneous cell lines (Fig. 2.8F). There was no
correlation with the amount of Ras-MAPK candidate exon skipping and ability to
survive in low attachment (Fig. 2.15). If | assume that MTORA12, BRAFA13 and
NF1A46 are not functionally impactful skipping events, then Fig 2.15 is an
illustration of the variation of the AALE parental line itself. In hindsight, it would
have been ideal to clonally isolate the AALE parent line before performing

ssCRISPR. In conclusion, our AALE model combined with the GILA assay was
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not an ideal method to study the subtle effects of ssCRISPR-induced splicing
events.

The variability that afflicted these assays would be ameliorated if the
amount of isoform produced with CRISPR-based expression was sufficient. This
is also exemplified by the PC9 studies, which revealed no ssCRISPR-expressed
isoforms rescued PC9 cells after EGFR inhibition. As opposed to the AALE low
attachment assay which is more adept at detecting small changes in viability, the
PC9 assay requires a certain threshold of oncogene expression to see rescue.
Because | did not see rescue after expression of 95% META14 from PC9 MET
Y1003X clone 2 (Fig. 2.13C), | determined that CRISPR-based expression of this
isoform was not sufficient for this assay. For the META14 example, there are two
possible solutions to this problem. First, MET activation is dependent on its
ligand, HGF, which was used in previous studies generating META14 with
CRISPR to activate the receptor (Wang et al. 2022; Togashi et al. 2015; Lu et al.
2017). Because | could not preferentially activate MET in our ssCRISPR screen
format, | avoided HGF for our experiments. | also avoided HGF in our single
target studies to ensure the results between META14, ERBB2A16, and the
Ras-MAPK candidates were equal. Second, previous research demonstrated that
META14 overexpression successfully rescued PC9s after EGFR inhibition
(Suzawa et al. 2019). Additionally, previous research on ERBB2A16 also used
ERBB2A16 overexpression to study this oncogene in both breast and lung
cancer models (Smith et al. 2020; Turpin et al. 2016). In the published CRISPR
screen using pgRNAs to force exon skipping, the readout was poison exon

inclusion and subsequent pgRNA dropout (Thomas et al. 2020), suggesting a
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strong phenotype like LOF instead of subtle GOF is an ideal use for
CRISPR-based expression. Furthermore, previous work with the GILA assay in
a screen format measured success in low attachment from overexpressed
oncogenes, suggesting that overexpression may be necessary to see enrichment
in this assay (Rotem et al. 2015)

Because overexpression experiments typically express the longest coding
sequence, we were drawn to using CRISPR-based expression. We determined
that the exon skipping events may not be impactful when expressed on the
longest coding isoform, because about 50% of transcripts dominantly expressed
in tissues are not the longest coding sequence (Gonzalez-Porta et al. 2013).
CRISPR-based expression capitalizes on the cell’'s inherent gene regulation to
produce the exact isoforms in which these exons skipping events would be
functionally impactful. However, given the variability and subtle changes in
isoforms generated from using CRISPR-based expression in these assays, |
conclude that overexpression is required to functionally characterize these exon
skipping events. Due to the variability of this work, | could not confirm the
tumorigenic potential of MTORA12, BRAFA13 and NF1A46, although based on
the AALE clonal analysis it seems unlikely. | believe | could achieve a binary
answer if | repeated this screen overexpressing these variants instead. Based on
previous research overexpressing META14 and ERBB2A16 (Suzawa et al. 2019;
Turpin et al. 2016; Smith et al. 2020) it appears overexpression of these isoforms

is the best way to tease out their oncogenic potential.
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Chapter 2 Material and Methods

Identification of candidate aberrant splicing events

Whole exome (DNA) and matched RNA-seq data was used from a cohort of 495
LUAD patients from The Cancer Genome Atlas (TCGA). Splice site alterations in
whole exome data were defined as mutations 3bp in the exon or 30bp in the
adjacent exon around the splice site (33bp window). JuncBase (Brooks et al.
2011) was used to identify skipped exons in the RNA associated with splice site
alterations due to its ability to detect novel splice variants. JuncBase outputs a
percent spliced in (PSI) value, which corresponds to how often a single splicing
event occurred relative to other mutually exclusive splicing events. An ‘aberrant
exon skipping event' in this analysis indicated the PSI value was 3 standard
deviations below the mean. Using JuncBase and custom python scripts this
analysis resulted in 635 candidate exon skipping events.

In addition to these splice site mutations, exon skipping events from
splicing factor mutations (U2AF1 S45F and RMB10 loss of function (LOF)) and
samples with no previously identified oncogenic driver were incorporated into this
pool of candidate exons. For splicing factor mutations, alternative splicing
variants quantified by JuncBase were compared between patients with the
mutations against the patients without the mutations. For U2AF1 S34F, 11
patients containing this hotspot mutation were compared to 451 completely
lacking any splicing factor mutations. For RMB10 LOF, 28 patients containing this
mutation were compared to the 451 patients with no splicing factor alterations.
These significantly different splicing events from this analysis were compared
with the Wilcoxon rank sum test, corrected for false discovery rate (FDR <5%)
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using the Benjamini-Hochberg method, and splicing events filtered using a dPSI
> 10%. This resulted in 94 exon skipping events associated with U2AF1 S34F
and 15 associated with RMB10 LOF. To identify exon skipping events in
oncogene driver negative tumors, 106 samples with no identified driver were
compared to the 389 patients with oncogenic drivers using the Wilcoxon rank
sum test and Benjamini-Hochberg correction method. This resulted in 50 exon
skipping events from driver negative tumors. In addition to these candidates
identified from our analysis, we also obtained 200 candidate exon skipping
events from Guardant Health via their proprietary parameters to bolster the
candidate exons in our pool.

An sgRNA library was created to target these candidate exons in a pooled
format. This was done using the CRISPOR guide RNA design tool to design
sgRNAs most likely to disrupt exon splice sites while minimizing off target effects
(Haeussler et al. 2016). Three sgRNAs were designed to target both the 5’ and 3’
splice site for each candidate exon. In cases where sgRNAs did not fit required
criteria (no sgRNAs available in close proximity to splice site and high off target
cutting prediction), less than three sgRNAs were chosen. Three different types of
negative controls were used in this assay: sgRNAs targeting the first exon of
each candidate gene, one sgRNA targeting the middle of the exon, and 150
non-targeting (nt) sgRNAs. The sgRNAs targeting the first exon were obtained
from a previously designed CRISPR knockout screen targeting genes in the
human genome. The sgRNA targeting the center of the exon was not predicted to
result in skipping, and thus was used as a negative control in this assay. As for

the nt sgRNAs, these were not anticipated to target the human genome, so they
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were anticipated to reflect background enrichment in the assay. Positive controls
were sgRNAs targeting the splice sites of MET exon 14 and ERBBZ2 exon 16, as
these are previously identified events that drive lung cancer.

Cell lines

AALE cells and MET 1F10 clone were obtained from Eric Collison (UC San
Francisco), and PC9 cells were obtained from Alice Berger (Fred Hutchinson
Cancer Center). To get stable Cas9 expression in AALEs, cells were infected with
a Cas9 expressing lentiviral vector (gift from Susan Carpenter, UC Santa Cruz).
Cells were selected with Blasticidin for 2 weeks. AALE cells were cultured in
SAGM Small Airway Epithelial Cell Growth Medium BulletKit (CC-3118, Lonza)
using the ReagentPack Subculture Reagents (CC-5034, Lonza). PC9 cells were
cultured in RPMI 1640 medium (11875093, ThermoFisher Scientific) with 10%
FCS (26140079, ThermoFisher Scientific). Tells where grown under constant
37°C and 5% CO.,.

Cloning sgRNA library

The sgRNA library was cloned using the Agilent SureVector System.

Validation of cloned ssCRISPR sqgRNA library distribution

Guides were prepared for sequencing by PCR amplification using Titanium Taq
(639210, Takara):

i5_Forward_1:
5-AATGATACGGCGACCACCGAGATCTACACAGCGCTAACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTtcttgtggaaaggacgaaaca -3’

i7_Reverse 1:

5-CAAGCAGAAGACGGCATACGAGATACCGCGGGTGACTGGAGTTCAGACG
TGTGCTCTTCCGAT CTactttttcaagttgataacggactagc -3’
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Using these primers which partially anneal to the lentivirally-integrated region
surrounding the sgRNA, these amplicons contain all indexes and annealing sites
for short read sequencing. These amplicons were run on a 1% agarose gel, and
gel isolated using the NucleoSpin Gel and PCR Clean-up kit (740609.50,
Macherey-Nagel). These isolated amplicons were spiked into a MiSeq run and
sequenced at a coverage of 100 reads per sgRNA. The sgRNAs were quantified
using a custom python script.

Validation of Cas9 via CD44 knockdown

Lentivirus containing an sgRNA targeting the first exon of CD44, as well as a
negative control sgRNA which does not target the genome, was gifted to the
project by Susan Carpenter. These sgRNAs were infected into AALE-Cas9 cells
(stably expressing Cas9), and after a 24-hour infection and 24-hour recovery,
1ug/ml of puromycin was used to select the cells for 4 days. After selection, 1ml
of these cells were collected (~250-500k cells) and cells were washed in FACS
buffer (PBS + 2% FCS). After supernatant was removed via aspiration, the cell
pellet was resuspended in 1ml FACS buffer and 10ul of suspension was removed
for counting and volume adjusted to 100ul. Antibodies were diluted to 1:100
(MHCD4401 human CD44 FITC conjugate (Life Tech) or Ms IgG2b Isotype
Control (PAS-3901F, ThermoFisher Scientific) by adding 1ul antibody in the 100ul
cell dilution, then incubated on ice for 1 hour. After incubation, cells were washed
with 1ml FACS buffer 2x and pelleted by centrifugation at 650xg for 3 minutes.
Final volume was adjusted 500ul in FACS buffer in a FACS tube, then FACSed

for GFP.

Mixing Experiment
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AALE MET 1F10 cells and AALE parental lines were grown to 70% confluency,
trypsinized, then mixed in the following proportions: 100% MET 1F10 and 0%
parent line, 50% MET 1F10 and 50% parent line, 10% MET 1F10 and 90%
parent line, and 0% MET 1F10 and 100% parent line. These mixed populations
were plated in both a tissue-treated 6 well plate (*high attachment”) and a
matched low-attachment 6 well plate. Cells were grown undisturbed for 8 days,
then RNA was isolated via TriReagent (T9424-200ML, Sigma Aldrich) and the
Direct-zol RNA Miniprep Kit (R2050, Zymo Research). cDNA was generated
using the High-capacity cDNA Reverse Transcription kit (4368814, Thermo
Fisher Scientific), and a MET splice PCR was performed using HotStart
ReadyMix PCR kit (Kapa Biosystems, KK2602) and primers spanning exon 14:

MET _splice_Forward: 5 — TGGGTTTTTCCTGTGGCTGA - &
MET_splice_Reverse: 5 — GGGCCCAATCACTACATGCT- 3

Resulting amplicons were run on a 2% agarose gel and visualized with Licor
D-DiGit scanner. Band intensities were quantified using Image Studio Lite, and
Percent skipped was calculated as:
Percent skipped = (skipped exon 14 amplicon/ (skipped exon 14 amplicon +
included exon 14 amplicon)) x 100

SSCRISPR screen in low attachment

Screen virus was obtained from the UCSC CRISPR Core. AALE cells were
thawed and expanded in a 15 cm tissue culture plate (Corning - 430599). The
screen virus was added at an MOI of 0.3 and allowed to transfect for 24 hours.
Virus was removed, cells were washed with DPBS, and fresh media was added
for cells to recover for 24 hours. AALE cells were selected with 1ug/mL
puromycin for 4 days, then puromycin was removed and cells were allowed to
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recover in fresh media for 24 hours. This infection was expanded to roughly 100
million cells across multiple 15 cm dishes. After trypsinization, the cell
suspension was counted to add 600,000 cells in each T75 flask - a value
determined to be an optimal plating density for this cell line. Per each growth
condition, cells were plated into 18 tissue treated T75 flasks (Corning - 430641U)
or 18 Ultra Low Attachment T75 flasks (Corning - 3814). This was to ensure a
representation of 1000x coverage of each guide in each growth condition. This
plating was repeated for each time point (Day 3, Day 8 and Day 15). The
remaining 20 million cells were washed with DBPS and pelleted for future use as
the early Day 0 time point (store -20°C). For each timepoint, cells were pelleted,
washe, and stored at -20°C.

Genomic DNA pellets were extracted using the DNEasy kit. sgRNAs were
amplified using a nested PCR strategy. Round 1 PCR to amplifies guides from
the genome. The entirety of the isolated genomic DNA was used in excess in
each PCR reaction in a max volume of 100ul using Titanium Taq for 15 cycles
and below primers:

Sure_vector_Forward: 5- AGGGCCTATTTCCCATGATTCC -3’
Sure_vector Reverse: 5’- CACATGCATGGCGGTAATACG -3

This resulting PCR reaction was used as input for the Round 2 PCR to add the
sequences necessary for next generation sequencing. The entirety of the round 1
PCR reaction was used in excess in each Round 2 PCR reaction for a max
volume of 100ul using Titanium Taq and 15 cycles. The above primers
(i5_Forward_1 and i7_Reverse_1) were used, in addition to below primers to
index all seven screen timepoints:

i5 Forward 2:
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5-AATGATACGGCGACCACCGAGATCTACACGATATCGACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTtcttgtggaaaggacgaaaca -3’

i7_Reverse_2:
5-CAAGCAGAAGACGGCATACGAGATGTTATAAGTGACTGGAGTTCAGACGT
GTGCTCTTCCGATCTactttttcaagttgataacggactagc -3’

i5_Forward_3:
5-AATGATACGGCGACCACCGAGATCTACACCGCAGACACACTCTTTCCCTA
CACGACGCTCTTCCGATCTtcttgtggaaaggacgaaaca -3’

i7_Reverse 3:
5-CAAGCAGAAGACGGCATACGAGATCAAGTCCGTGACTGGAGTTCAGACG
TGTGCTCTTCCGAT CTactttttcaagttgataacggactagce -3’

Different combinations of these primers were used to uniquely dual index each
timepoint. Resulting amplicons were run on a 1% agarose gel, and gel isolated
using the NucleoSpin Gel and PCR Clean-up kit (740609.50, Macherey-Nagel).
Isolated amplicon concentrations were quantified via Qubit 3.0 Fluorometer and
validated for purity using the Agilent TapeStation 4150 system. Amplicons were
sequence validated via Sanger sequencing to ensure all indexes and primer
binding sites were correct. All samples were pooled and sequenced using the UC

Davis sequencing core at a coverage of 1000 reads per sgRNA.

SSCRISPR screen in analysis

sgRNAs were quantified using a custom python script. For the 150 non-targeting
sgRNAs, raw sgRNAs counts were normalized to the library median for
comparison across samples. To determine sgRNA enrichment over time, these
median-normalized values at each time point were normalized to the
median-normalized sgRNA counts at Day 0:

non-targeting sgRNA value = (raw sgRNA count at time point/median sgRNA
count at time point)/(raw sgRNA count at day 0O/median sgRNA count at day 0)
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For the positive control sgRNAs, raw sgRNAs counts were normalized to the
non-targeting median at that time point. This was to determine enrichment in
comparison to negative control. To determine sgRNA enrichment over time,
these normalized values at each time point were normalized to the normalized
sgRNA counts at Day 0 (see below). These values were plotted in Prism.
positive control sgRNA value = (raw sgRNA count at time point/non-targeting

sgRNA median at time point)/(raw sgRNA count at day 0/non-targeting sgRNA
median at day 0)

SSCRISPR single target cell line generation

The UCSC CRISPR core both cloned the sgRNAs and generated lentivirus.
Splice site targeting sgRNA sequences are below:

METsg8: 5'- TACCGAGCTACTTTTCCAGA -3’

METsg10: 5- TACCTTCTGGAAAAGTAGCT -3

ERBB2sg1: 5- TGTGTGGACCTGGATGACAA -3’

MTORsg1: 5- TGGGATAACAGATCCTGGTA -3’

BRAFsg3: 5- ATTGCACGACAGACTGCAC -3

NF1sg3: 5- AAAAATTCTGTTTTCCTAAA -3

200ul of sgRNA lentivirus was added to a 24 well plate of AALEs at a confluency
of 40-50%. Cells were incubated with virus for 24 hours. After transfection, the
virus was removed, cells were washed with DPBS, and fresh media was added
for cells to recover for 24 hours. AALE were selected with 1ug/mL puromycin for
4 days, then puromycin was removed and cells were allowed to recover in fresh

media for 24 hours.

SSCRISPR single target RNA Validation

67



RNA was isolated via TriReagent (Sigma-Aldrich, T9424) and the Zymo Direct
Zol RNA Miniprep kit (Zymo Research Corporation, R2050). Subsequent cDNA
prep was performed using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, 4368814), and resulting cDNA was used as a PCR
template using the HotStart ReadyMix PCR Kit (Kapa Biosystems, KK6202).
Exon spanning primers were ordered from IDT:

MET _splice_F: 5- TGGGTTTTTCCTGTGGCTGA -3’
MET _splice_R: 5'- GGGCCCAATCACTACATGCT -3’

ERBB2_splice_F: 5- GATGAGGATCCCAAAGACCA -3’
ERBDb2_splice_R: 5- CGGTGTGAAACCTGACCTCT -3’

MTOR_splice_F: 5- ATCACTCTTGCCCTCCGAAC-3’
MTOR_splice_R: 5- GGCCAGGTGTGCATCAAAG-3’

BRAF_splice_F: 5-CCAGCTTGTATCACCATCTCC -3’
BRAF_splice_R: 5-CTGTTCAAACTGATGGGACCC -3’

NF1_splice_F: 5- CTCTTGTTGTCTTTGGGTGTATTAG-3’

NF1_splice_R: 5- GGAGACTATCTAAAGTATGCAGGTT-3

Resulting amplicons were run on a 1.2-2% agarose gel until wild type and
exon-skipped isoforms were resolved. Relative isoform abundance ratios were
quantified using Image Studio Lite.

AALE - GILA Cell Titer Glo assay

AALE ssCRISPR lines (both heterogeneous and clonal lines) were grown to
~80%. Plates were trypsinized and 2,500 cells in a volume of 100ul were seeded
per well into a 96 well low attachment plate (Corning, 3474). Four replicates
were used per cell line. Additionally seed 2,500 cells per well (100ul) using 4
replicates of each cell line in a white, flat bottom 96 well assay plate (Thomas

Scientific, 290-8027-W1F). It's important that there is one well of space in
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between each replicate, as to avoid fluorescence bleed over during
measurement. Low attachment plate left in a 37°C incubator for 8 days.

For the cells in the white plate, the ‘Day 0’ measurement, we assessed
cell viability in order to normalize Day 8 to the initial plating concentration. First,
Cell Titer Glo was allowed to come to room temperature (Promega, G7572).
Then, 1:1 ratio of Cell Titer Glo to the cells was added using a multichannel
pipette, so the total volume was 200ul. Plates shaken 2 minutes by hand to lyse
the cells, then mixed with single channel pipette by pipetting 4 -5 times. Plate left
undisturbed and sheltered from light for 20 minutes, then emitted fluorescence
was measured using the Varioskan LUX microplate reader (Thermo Fisher,
VL0O00ODO). This provided raw values of fluorescence proportional to the amount
of ATP produced, and served as a normalization value for Day 0 per cell line.

After 8 days, both Cell Titer Glo and the GILA plate were allowed to come
to room temperature, and lysis protocol repeated as above. Then the lysed cells
were transferred to the white assay plate, and during this transfer cells were
mixed via pipetting 4-5 times. As done with Day O, all replicates were spaced in a
checker-board pattern leaving a one blank well in between each replicate. Like
with Day 0, cells incubated for 20 minutes undisturbed and covered from light,
then fluorescence measurement was taken. These raw values were normalized
to the average of the four Day 0 replicates to compare cell viability between cell
lines.

PC9 - EGER inhibitor titration assay
PC9s were grown to 70% confluency, then cells were trypsinized and added at

9,000 (100ul) cells per well in 48/96 wells of a 96 well tissue treated plate
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(Corning, 3598). This number of wells accounts for four replicates of each
inhibitor concentration. Cells were allowed to adhere to the plate in a 37°C
incubator for 24 hours. The next day, varying concentrations of erlotinib (Selleck
Chemicals, S1023) were diluted in PC9 growth medium: OuM (1:1000 DMSO),
0.0001uM, 0.0005uM, 0.001uM, 0.005pM, 0.01pM, 0.05uM, 0.1uM, 0.3uM,
0.4uM, 1uM, and 10uM. 200ul of the diluted inhibitor or DMSO was added to
their corresponding wells, and cells were incubated for 4 days at 37degC. After
four days cell viability was measured using Cell Titer Glo as done previously.
Briefly, a multichannel pipette was used to add a 1:1 ratio of Cell Titer Glo
reagent to cells, plate was shaken for 2 minutes to lyse cells, and the plate was
allowed to incubate at room temperature undisturbed and protected from light.
Then the fluorescence was measured using the Varioskan to get raw cell viability
values for each replicate. Before importing this data into Prism, each replicate
was normalized to the lowest possible inhibitor value, 0.0001uM. Once in prism
plotting values in an XY format, log-transform inhibitor concentrations then
perform a nonlinear regression using log(inhibitor) vs response (three

parameters) to visualize data.
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Chapter 2 Supplementary Figures
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Figure 2.81: RNA validation of MTORA12 in AALE MTOR clones.
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A) RT-PCR and exon-spanning primers were used to validate and quantify the
isoform ratios of MTORA12 in the AALE MTOR clones. B) MTORsg1 clones 12,
14, 6, 5 and 4 were selected for further analysis.

71



A () nt‘ sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3, sg3 sg3 sg3 sg3 sg3 rsg3 g3
SgRNA ~ d ?) 3 4 5 6 7 8 9 T0 T T 1D S T 4 1 5 1 6
NEB
100 bp
ladder '

bp!

400 b, - — -— e - e

300bg — ) - SN s @ +exonl3
¢ . . 4= - exon 13

B Percent exon
13 skipped
BRAF sg3 8 17%
BRAF sg3 6 19%
BRAF sg3 9 48%
BRAF sg3 4 55%
BRAF sg3 14 100%

Figure 2.S2: RNA validation of BRAFA13 in AALE BRAF clones.

A) RT-PCR and exon-spanning primers were used to validate and quantify the
isoform ratios of BRAFA13 in the AALE BRAF clones. B) BRAFsg3 clones 8, 6,
9, 4 and 14 were selected for further analysis.

72



A

100bp nt sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3
ladder sgRNA 1 2 3 4 5 6 7 8 9 e bl

(L (0

400bp we—
300bp e -— e — s @ NFIWT
200bp s 4 NF1A46
100bp -
100bp . sg3 sg3 sg3 sg3 sg3 sg3 sg3 sg3° (9
ladder 28T SR AT 5 ST 6 781 8 B1O
400bp
300bp - - -5 - —_— 4 NF1WT
200bp - &= — 4= NF1A46
100bp M-
B Percent exon
46 skipped
NF1sg35 2%
NF1sg37 22%
NF1sg31 47%
NF1sg313 71%
NF1sg318 75%

Figure 2.S3: RNA validation of NF1446 in AALE NF1 clones.

A) RT-PCR and exon-spanning primers were used to validate and quantify the
isoform ratios of NF1A46 in the AALE NF1 clones. B) NF1sg3 clones 5,7, 1, 13
and 18 were selected for further analysis.
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Chapter 3: Overexpression of META14 better models
META14-driven lung adenocarcinomas.

Abstract:

The application of CRISPR/Cas9 to mammalian cells expanded the
possibilities for genetic editing in human research. Commonly, CRISPR/Cas9 is
used to create indels (point mutations, insertions or deletions) at specific regions
in the genome. This tool was used to study META14, an oncogene driving lung
adenocarcinoma (LUAD) by creating indels at the splice sites of exon 14 and
forcing its exclusion from the mRNA. This CRISPR-based expression of META14
has recently competed with overexpression experiments, which flood the cell with
the mutant isoform. CRISPR-based expression is attractive to researchers with
the idea that it could accurately reflect the tumor transcriptome through
expression of META14 from its endogenous promoter. However, | found that
META14 is specifically overexpressed in LUAD primary samples. Furthermore, |
found that overexpression of META14 consistently outperformed CRISPR-based
expression of META14 in a growth in low attachment (GILA) assay. This work
suggests that overexpression of META14 is the most biologically relevant way to
replicate the biology of META14 driven cancers, and that the expression of
aberrantly spliced oncogenes should be considered before using CRISPR-based

expression or overexpression models.
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Introduction

Oncogenic drivers are generated through a variety of different
mechanisms, but a recently appreciated class of oncogenic drivers are created
through aberrant mRNA splicing (Goldstein et al. 2016; Kong-Beltran et al. 2006;
Kwong and Hung 1998; Siegel et al. 1999). Often mutations or deletions in the
vicinity of splice sites in the DNA lead to exon-skipping events where canonical
exons are excluded from the mature mRNA (Kong-Beltran et al. 2006; Lu et al.
2017; Smith et al. 2020). This change can have huge implications on protein
function, such as removing critical regulatory regions (Kong-Beltran et al. 2006),
or stabilizing dimerization to promote proliferative signaling (Siegel et al. 1999).
As aberrantly spliced oncogenes attract the interest of researchers, different
ways of studying these splicing events have arisen. Commonly, overexpression is
used to overwhelm the model system with the aberrant isoform (Kwong and
Hung 1998; Siegel et al. 1999; Smith et al. 2020). More recently, CRISPR/Cas9
has been used to target to splice sites to force the production of aberrant exon
skipping events (Lu et al. 2017; Togashi et al. 2015; Wang et al. 2022). This
method allows expression of the aberrantly spliced oncogene from the
endogenous promoter. While the goal of both methods is to study these
oncogenic splicing events in a laboratory setting, the question remains which
method is a more accurate model to study cancer.

META14 is a well-characterized aberrantly spliced oncogene that drives
the initiation and maintenance of LUAD (Kong-Beltran et al. 2006). MET is a
receptor tyrosine kinase in the Ras-MAPK pathway whose unchecked signaling

leads to cancer development. With META14, skipped exon 14 encodes a key
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regulatory region that targets MET for lysosomal degradation (Kong-Beltran et al.
2006). Without this regulatory region, the half-life of META14 is prolonged in the
plasma membrane (Lu et al. 2017). META14 has been studied using both
overexpression vectors (Suzawa et al. 2019) and CRISPR-based methods (Lu et
al. 2017; Togashi et al. 2015; Wang et al. 2022). However, these studies did not
consider the level of META14 expression in LUAD samples. Because of the
well-characterized nature of this aberrant splicing event, it is an ideal paradigm
system to use for the comparison of aberrantly spliced variants generated by
overexpression versus CRISPR-based expression.

In this chapter | show that LUAD primary samples expressing META14
exhibit an allele-specific overexpression of the mutant allele. The phenomenon of
allele-biased, splice variant overexpression may be more widespread within
tumor samples. Indeed, our finding corroborates previous studies in primary
samples of LUAD revealing the predominant expression of META14 despite
heterozygous backgrounds for exon 14 deletions (Kong-Beltran et al. 2006;
Onozato et al. 2009). As META14 tends to be overexpressed in primary samples,
applying this to functional assays | show that overexpressing META14 leads to
more consistent results and limits false negatives in a growth in low attachment
(GILA) assay (Rotem et al. 2015) as opposed to CRISPR-based expression.
Furthermore, overexpression of META14 activates signaling independent of
ligand (Suzawa et al. 2019), facilitating research focused on aberrantly spliced
receptors. Our results suggest that the expression of aberrantly spliced
oncogenes within their cancer type should also be considered when choosing an

overexpression or CRISPR-based expression model.
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Results

META14 is overexpressed in an allele specific manner in LUAD primary samples

Two separate studies investigating META14 revealed that although both
primary samples and cell lines were heterozygous for exon 14 deletions,
predominantly, the META14 isoform was produced (Kong-Beltran et al. 2006;
Onozato et al. 2009). Furthermore, Lu et al. identified somatic mutations at exon
14 of MET in a larger cohort of LUAD samples from The Cancer Genome Atlas
(TCGA) and found that the majority of these samples overexpress MET and
predominantly express the mutant isoform (Lu et al. 2017). These three studies
suggest an allele-specific expression bias of META14. Allele-specific expression
occurs when one allele exhibits a higher level of expression compared to the
other and is implicated in cancer (PCAWG Transcriptome Core Group et al....;
Mayba et al. 2014; Ongen et al. 2014; Castel et al. 2018; Bielski et al. 2018).
Notably, this bias in allele expression can directly influence the expression of
cancer driver genes through specific expression of the oncogenic allele (Mayba
et al. 2014; Bielski et al. 2018). | hypothesized that META14 undergoes
allele-specific expression which may be critical to its transformative abilities. The
Lu et al. study did not further investigate the zygosity of the LUAD samples nor
any associated copy number changes, which may contribute to allelic imbalance.
Additionally, the matched DNA and RNA sequencing data associated with these
samples permit tracking of allele usage. Therefore, | further investigated the
underlying mechanism driving the predominant expression of META14 in these

LUAD samples.
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While typically allele-expression bias is due to copy number alteration
(PCAWG Transcriptome Core Group et al....), | found no sample with a META14
mutation and an associated copy number amplification of the MET gene (Figure
3.1). This is consistent with previous findings revealing that META14 and MET
copy number alterations are mutually exclusive (Onozato et al. 2009; Baldacci et
al. 2020; Guo et al. 2019). However, the majority of META14 samples also have
co-occurring MET mRNA overexpression (Figure 3.1). This indicates these
META14 samples employ a different mechanism to drive MET overexpression

independent of MET copy number alterations.

vvvvv
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Genetic Alteration Splice Mutation (putative driver) Splice Mutation (unknown significance) mRNA High
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B Truncating Mutation (unknown significance) B Truncating Mutation (putative driver) I Amplification I Deep Deletion

Figure 3.1: Primary Samples with META14 alterations co-occur with MET
overexpression.

Oncoprint adapted from cBioPortal reveals genetic mutations in MET per LUAD
TCGA primary sample. Arrows correspond to TCGA IDs in C from Lu et al 2017 -
described in Table 3.1. Note not all splice mutations in MET are captured using
the analysis from cBioPortal.

To determine if META14 mutation zygosity could explain META14
allele-specific expression, | compared whole exome and matched RNA-seq data
from these TCGA samples (Figure 3.2 and Table 3.1). Additionally, | confirmed
the strong bias of META 14 mutant allele expression from the quantification of the

percentage of META14 isoform usage in the LUAD tumor samples
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Figure 3.2: Allelic imbalance identified using germline SNV ratios.

Diagram describing how allelic imbalance was identified in TCGA DNA and
matched RNA sequencing data. At the DNA level, lung adenocarcinoma tumors
heterozygous for SNVs within the MET gene were identified and chosen for
further analysis. These SNV locations were identified in matched RNA-seq data,
and ratios of SNV to WT nucleotide will determine if there is an allele-based

expression of META14.

Table 3.1: TCGA sample, SNV zygosity from DNA-seq data, allelic
imbalance from RNA-seq data, and percent META14 expression
calculated with JuncBase results from Soulette et al. 2023

SNV Zygosity % META14  Allelic Imbalance

Label

Sample

© 0 N O O h WOWN =

—_
o

*

*

TCGA-75-6205
TCGA-44-A47G
TCGA-49-6745
TCGA-50-6597
TCGA-55-6982
TCGA-75-5122
TCGA-93-7348
TCGA-J2-A4AE
TCGA-44-6775
TCGA-93-A4)Q
TCGA-50-5055
TCGA-95-8039

Homozygous
Heterozygous
Homozygous
Homozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous

65
93
94
N/A
95
98
91
88
97
95
68
82

Likely

Confirmed
Likely
Likely
Likely
Likely
Likely
Likely

82

* META14 mutations identified from Lu. et al 2014 only



(Soulette et al. 2023) (Figure 1C). | used germline single nucleotide variants
(SNVs) to determine both zygosity and to track which allele was used to express
MET. | manually scanned the entire length of the MET gene for evidence of
SNVs. For heterozygous samples, | identified the ratio of RNA expression at the
SNVs to determine the allelic imbalance in these samples. (Figure 3.2). To
confirm this allele-specific expression of META14 is unique to cancer, it is
necessary to analyze both the tumor and matched normal samples; however, |
identified only one META14 sample that was heterozygous and had a matched
normal sample (Figure 3.3A). As predicted, while the matched normal sample
equally expressed both the wild type and non-reference SNVs, there is a clear
allele-specific expression in the tumor. While the remaining heterozygous
samples lacked matched normal RNA-seq data, all samples exhibited an allelic
imbalance in the tumor (Figure 3.3B-H). This suggests the allele-specific
expression of META14 is a widespread phenomenon among these LUAD
tumors. Furthermore, given that 8/12 of META14 samples also overexpress total
MET compared to normal samples (Figure 3.1), this suggests that META14 is

overexpressed in an allele-specific manner in these samples.
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Figure 3.3: Allelic imbalance in TCGA LUAD tumors.

Graphs representing the percentage of non-reference allele for germline SNVs in
the heterozygous TCGA primary samples from Table 3.1.
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AALE META14 QOverexpression leads to consistent survival in GILA assay

This allele-specific overexpression of META14 in LUAD primary samples
suggests that overexpression of META14 is required for transformation. |
hypothesize introducing the splice site mutation alone by CRISPR is not sufficient
to drive oncogenesis because of likely low levels of META14 expression. To
directly compare these two methods, | lentivirally introduced META14 via an
overexpression plasmid into immortalized tracheobronchial epithelial cells (AALE)
(Lundberg et al. 2002). | also generated an AALE line with 97%
CRISPR-expressed META14 as described in chapter 2. Briefly, | lentivirally
introduced an sgRNA targeting the splice sites of exon 14 into AALE cells
constitutively expressing Cas9. Then, | clonally isolated AALE cells expressing
97% META14. Using RT-PCR and primers spanning exon 14, | confirmed
META14 in both the overexpressed line (over. META14) and CRISPR-expressed
line (METsg8 5). (Figure 3.4A). Because ssCRISPR edits the genome, very little
wild type MET is produced in METsg8 5, insinuating CRISPR-editing occurred on
both alleles.

| used a western blot to quantify MET protein in these AALE cells (Figure
3.4B). These findings demonstrated that only overexpression of META14 led to
activated MET, despite both overexpressed META14 and METsg8 5 producing
META14 mRNA. Additionally, the observed down-shift in molecular weight with
total MET in the overexpressed META14 and METsg8 5 lines provided strong
evidence for the presence of the META14 protein, confirming successful

translation of this truncated oncogenic protein.

85


https://paperpile.com/c/YOsYbf/xLIF

| used a GILA cell viability assay to determine the dose of META14
required to support the growth of AALE cells in low attachment (Figure 3.4C).
While overexpression of META14 did not result in cell viability equivalent to
KRAS G12V overexpression, it did enable AALE cells to consistently survive in
low attachment. In contrast, CRISPR-based expression of META14 resulted in
cell viability measurements similar to those of the parental negative control.
These findings demonstrate the pivotal role of META14 overexpression in
transformation, and demonstrate that CRISPR-based expression of META14

alone does not give cells a proliferative advantage in low attachment.
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Figure 3.4: Overexpression of META14 permits AALE cells to survive in low
attachment.

A) RT-PCR of parental AALE cell, overexpressed META14 (over. META14) and
ssCRISPR-expressed META14 (MET sg8 5 clone with 97% skipping). B)
Western blot of over. META14, MET sg8 5, and an AALE line with KRAS G12V
overexpression. C) Low attachment growth assay of 3 biological replicates of
over. META14, MET sg8 5 and KRAS G12V compared to the negative control in
three experiments. Comparisons performed with a Mann Whitney test. Error bars
represent standard deviation of the mean.
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Low PC9 META14 QOverexpression does not rescue cells.

Next, | used the PC9 osimertinib-rescue assay to determine the amount
of META14 required to activate the Ras-MAPK pathway in lieu of EGFR. This
lung adenocarcinoma line is dependent on an activating mutation in EGFR,
however expression of strong oncogenes can “rescue” PC9 cells despite EGFR
inhibition with inhibitors like osimertinib (Sharifnia et al. 2014; Berger et al. 2016).
In chapter 2 of this dissertation | confirmed that CRISPR-based expression of
near complete META14 isoform did not rescue PC9 cells after EGFR inhibition
(Figure 2.13C). Therefore, | hypothesized that overexpression of META14 is
required for the PC9 osimertinib-rescue assay.

| created two PC9 cell lines containing lentivirally-integrated
overexpression plasmids for META14 (over. META14_1 and over. META14_2). |
validated the presence of META14 at the RNA level in these cell lines (Figure
3.5A), and quantified MET protein using a western blot (Figure 3.5B).
Additionally, | compared this RNA and protein expression with
CRISPR-expressed META14 PC9 cells generated as described in Chapter 2.
Briefly, both lines were generated by Synthego using CRISPR targeting splice
regions. MET Y1003X 2 is a clonal cell line with 95% META14 expression, and
MET sskKO is a heterogeneous cell line producing 42% META14. While |
identified META14 mRNA in both overexpression lines, META14_2 produced
similar levels of META14 as MET Y1003X 2. This suggests that the META14_2
overexpression cell line expresses low levels of META14. This low expression in
META14_2 is corroborated by the western data, revealing that META14_2

produced very little total MET protein, similar to the GFP negative control.
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Additionally, there is no activated MET (pMET) in META14_2, confirming this
overexpression line failed to overexpress META14. Interestingly, there was no
MET protein produced in Y1003X 2, which is likely due to degradation. However,
the absence of pMET in MET ssKO demonstrates that CRISPR-based
expression of META14 is not sufficient for receptor activation. While META14_1
produced pMET, this level was not comparable to pMET produced from AALE
over. META14, which provided AALE cells with a proliferative advantage in the
GILA assay (Figure 3.4C). This indicates that overexpression of META14 in
PC9s was not as successful as AALEs.

Using these cells in an osimertinib-rescue assay, | found that META14
expression from neither META14 1 or META14_2 rescued PC9s after EGFR
inhibition (Figure 3.5C-D). Given the low pMET produced by these cells, these
results are not surprising. Because of the low amount of pMET quantified by the
western, | concluded that META14 was never overexpressed in these cell lines.
However, similar to the CRISPR-expressed cell lines from chapter 2, a higher
threshold of META14 expression is required to rescue PC9 cells than produced
by these cell lines.

Discussion

Overall, this work revealed that META714 is overexpressed in an
allele-specific manner in LUAD primary samples, and this overexpression
contributes to this oncogene’s transformative capabilities. In a study of cancer
genomes examining the positive selection of oncogenic driver mutant alleles
through ploidy changes, alleles expressing activating mutations in MET were

found to experience strong positive selection (Bielski et al. 2018). This study
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Figure 3.5: Overexpression of META14 in PC9 cells not successful.

A) RT-PCR wusing primers spanning MET exon 14 of two cell lines of
overexpressed META14 (over. META14_1 and over. META14_2) and MET
Y1003X (95% CRISPR-expressed META14). B) Western blot comparing
activated MET (pMET) in overexpressed META14 (META14_1 and META14_2)
and CRISPR-expressed META14 PC9 cells (MET Y1003X and MET ssKO).
Osimertinib titration using overexpressed (over.) C) META14_1 (C) and D)
META14_2.

examined all MET oncogenic driver mutations at DNA-level copy number
selection, which does not capture RNA-level changes in expression. However,
the work presented in this chapter uses both DNA and RNA sequencing data to
show that ploidy changes are not required for allele-specific expression of

META14 (Figure 3.1). Given the consistency of META14 overexpression in the
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majority of samples examined, our data suggest the overexpression of the
oncogenic allele is required for META14-driven cancer progression. Further
studies are necessary to understand the molecular mechanism of the
allele-specific overexpression which could involve cis-acting genetic or epigenetic
factors, or allele-specific transcript stability.

This allele-based overexpression of META14 in LUAD primary samples
suggests that overexpressing META14 in functional assays is the most accurate
method to reflect its expression in a tumor cell. Building upon previous work in
this dissertation revealing that CRISPR-based expression of META14 is not
sufficient for proliferation in the AALE GILA assay, | found that overexpression of
META14 is critical to provide AALE cells with a proliferative advantage in low
attachment (Figure 3.4C). This activation occurs independent of HGF, the ligand
activating MET, revealing the oncogenic potential of META14 overexpression
alone. Furthermore, because LUAD tumors are associated with high HGF
expression (Lu et al. 2017), it's possible that both META14 overexpression and
high HGF expression may be required for oncogenic progression in
META14-driven cancers. This is in direct comparison to CRISPR-based
expression of META14, which resulted in cell viability measurements similar to
the negative control. These experiments provide further evidence that MET exon
14 skipping, alone, is not sufficient for oncogene activation. They also support
our model whereby additional increased dosage of the META74 allele is
necessary for oncogene activation; consistent with the characterization in primary

samples.
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While the AALE experiments demonstrated the dosage of META14
contributes to the transformative ability of this oncogene, | was unable to
determine if META14 overexpression in PC9s can rescue cells after EGFR
inhibition. Unlike the AALE GILA assay which can detect subtle differences in
proliferation in low attachment, the PC9 osimertinib-rescue assay requires a
higher threshold of oncogene activation to ultimately rescue cells in the presence
of the inhibitor. As opposed to the strong pMET activation in the AALE META14
overexpression cell line, the western blot revealed both PC9 META14
overexpression cell lines resulted in no activation or low activation of pMET
(Figure 3.5B, META14 2 and META14_1 respectively). Because the PC9
osimertinib-rescue assay requires a higher threshold of oncogene activation, the
resulting low amount of pMET activation from the PC9 META14_1 cell line was
not sufficient to rescue PC9s after osimertinib treatment (Figure 3.5C). Because
of the low pMET levels in these cell lines, | conclude that the PC9 results from
this chapter were due to unsuccessful integration of META 14 plasmids. However,
this further supports our hypothesis that high levels of META14 are required to
observe an oncogenic phenotype. This is further supported by a study which
found that META14 overexpression can rescue PC9 cells after osimertinib
inhibition, supporting a role of META14 arising from a secondary mutation in a
LUAD case initially driven by mutant EGFR (Suzawa et al. 2019). This study
insinuates that META14 overexpression, when introduced successfully, can
rescue PC9s after EGFR inhibition and therefore can be used in these assays.

| believe that two factors drive META74 as an oncogene in LUAD: 1)

META14 allele-specific overexpression, and 2) the abundance of MET ligand,
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HGF (Lu et al. 2017). These factors have implications for how META14 is
studied. A body of work aims to decouple the META14 mutation from
overexpression due to MET amplification by using CRISPR-based methods (Lu
et al. 2017; Togashi et al. 2015; Wang et al. 2022). However this CRISPR-based
expression does not lead to overexpression of the META14 mRNA. Thus, |
suggest future studies on META14 will more accurately recapitulate tumor cells if
META14 is overexpressed and assays performed with and without the presence
of ligand. Expanding this work beyond META 14, before choosing CRISPR-based
expression or overexpression as a model system | suggest examining how these
splice variants are expressed in primary samples. Furthermore, when using
CRISPR-based expression | suggest coupling this method with subsequent
functional assays which require less oncogenic activation to limit potential false

negative results.

92


https://paperpile.com/c/q9NJod/oqhg
https://paperpile.com/c/q9NJod/oqhg+4jKA+7pb0
https://paperpile.com/c/q9NJod/oqhg+4jKA+7pb0

Chapter 3 Material and Methods

Data Acquisition

For each TCGA sample from the Lung Adenocarcinoma TCGA PanCancer Atlas
cohort labeled in Figure 1C, previously-aligned whole exome (DNA-seq) and
RNA-seq samples were securely downloaded from the NCI Genomic Data
Commons. The OncoPrint was generated in cBioPortal (Cerami et al. 2012; Gao
et al. 2013)

SNV Characterization

All TCGA samples were associated with files: tumor and matched normal
DNA-seq data, as well as tumor RNA-seq data. Two files had matched normal
RNA-seq data, which could be used to confirm cancer-specific expression. To
visualize allele-specific expression within this data, all files per sample were
imported into Interactive Genomics Viewer (IGV) (Robinson et al. 2011). As
SNVs provide a track record of allele abundance, we scanned the entire MET
gene and determined relative percentages of SNVs at those loci between the
DNA and RNA-seq data, which can be calculated in IGV. For the DNA-seq, a
near 1:1 ratio of SNV to wild type allele indicates heterozygosity. For the matched
RNA-seq data, a proportion of SNV to wild type allele close to 0% or 100% of
heterozygous SNV loci indicates allelic imbalance.

Cell lines

AALE cells and PC9 cells were obtained and cultured as described in Chapter 2.
Clonal METsg8 5 was generated as described in Chapter 2. The MET Y1003X
clone and MET ssKO cell line were generated by Synthego as described in

Chapter 2.
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Lentiviral Plasmids

The overexpression META14 virus (pIx317 META14) and overexpression KRAS
G12V virus (pIx301 KRAS G12V) was a gift from Alice Berger.

Lentiviral Generation

The Lentivirus was created using the UC San Francisco Viracore facility.

AALE and PC9 overexpression lines

Cells were grown to 70% confluency, trypsinized, then plated into a 24 well plate
so cells were ~50% confluent the following day. 200pl of lentivirus was mixed
with 200ul cell media + 8ug/mL polybrene (Millipore Sigma, TR1003). Cells were
incubated 24 hours in the lentivirus/polybrene media, then cells were left to
recover in normal media for 24 hours. Cells were selected with 1ug/ml of
puromycin (Millipore Sigma, P8833) for 4-7 days. Successful lentiviral integration
was measured at the RNA level using RT-PCR.

RT-PCR META14 mRNA Validation

RNA was isolated via TriReagent (Sigma-Aldrich, T9424) and the Zymo Direct
Zol RNA Miniprep kit (Zymo Research Corporation, R2050). Subsequent cDNA
prep was performed using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, 4368814), and resulting cDNA was used as a PCR
template using the HotStart ReadyMix PCR Kit (Kapa Biosystems, KK6202).
Exon spanning primers were ordered from IDT:
MET_splice_F: 5- TGGGTTTTTCCTGTGGCTGA -3’
MET_splice_R: 5- GGGCCCAATCACTACATGCT -3’
and run using these cycling conditions: initial denaturation of 95°C 3min, 30

cycles of 98°C 20sec, 61°C 15sec and 72°C 30sec, a final extension of 72°C
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2min. Resulting amplicons were run on a 1.2-2% agarose gel until wild type and
exon-skipped isoforms were resolved. Relative isoform abundance ratios were

quantified using Image Studio Lite.

Western Blot

One tablet of Protease Inhibitor cocktail (Roche, 04693124001) was
added to a 10mL aliquot of RIPA lysis buffer (Thermo Fisher Scientific, 89900)
and dissolved completely. Cells were grown to 80% confluency in 10cm tissue
treated dishes (Santa Cruz Biotechnology, Inc., sc-200286). Plates washed 2x
with ice cold DPBS (Life Technologies Corp., 14190144). 1mL ice cold RIPA with
Protease Inhibitor was added to the cells and scraped into 2mL tube. Tubes were
incubated on ice and vortexed periodically. Lysed cells were pelleted at max
speed in a chilled centrifuge for 10min, then supernatant aliquoted in volumes of
200ul. Lysates were stored at -80°C.

Lysate was sonicated at the maximum setting for increments of 30
seconds 2x. Lysate was left to recover on ice for 1 minute between sonications.
The protein content in the sonicated samples was quantified using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, 23225).

30ug protein was added to 11.7ul MLB (1:10 dilution of
2-mercaptoethanol (Bio-Rad, 1610710) and 4x Laemmli sample buffer (Bio-Rad,
1610747)), and volume was brought to 46.7ul total using RIPA buffer in a 2mL
tube. Samples were denatured at 95°C for 5 minutes. Samples and Precision
Plus protein standards (Bio-Rad, 1610374) were loaded into a 4-15%

Mini-PROTEAN TGX Precast Gel (Bio-Rad, 4561083EDU). Gel was run at 70V
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using 1x TGX Buffer (Bio-Rad, 1610772) until adequate separation of ladder was
obtained.

The Trans-Blot Turbo RTA Transfer PVDF kit (Bio-Rad, 1704272) protocol
with 1x Bio-Rad Transfer Buffer (Bio-Rad, 10026938) was used with the High
Molecular Weight setting. After the transfer the membrane was blocked with 4%
BSA (Millipore Sigma, A3059) for 1 hour. Then 1:2000 primary antibody (pMET
(Cell Signaling Technology, 3077), total MET (Cell Signaling Technology, 8198)
was incubated at 4°C overnight.

The next day, the membrane was washed 3x 10min with 1x TBST (1x
TBS with 1mL Tween-20 (Fisher Scientific, BP337)). Blots were incubated with
1:1000 HRP-conjugated secondary antibody (Li-Cor, 92601000) in 4% BSA for 1
hour. Blots were washed 3x 5min in 1x TBST. Luminol pen (Li-Cor, 926-91000)
was used to mark ladder, then blots incubated with ECL (WesternSure
PREMIUM Chemiluminescent Substrate (Li-Cor, 926-95000) for 5 minutes. Blots
were visualized with C-Digit Imager (Li-Cor) according to equipment instructions.

To blot for actin, blots were washed with 1x TBST 3x 10min, then
incubated in 1:1000 actin-HRP antibody (Cell Signaling Technology, 7074S) in
4% BSA. Blots were washed 3x 5min in 1x TBST, ladder marked with Luminol
pen, incubated with ECL for 5 minutes, and imaged as above.

AALE - GILA Cell Titer Glo assay

As performed in Chapter 2.

PC9 - EGER inhibitor titration assay
As performed in Chapter 2, but with osimertinib (Selleck Chemicals, S7297-5MG)

instead of erlotinib.
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Chapter 4: Interrogation of Isoform-level Aberrant Splicing in
mutant SF3B1 in collaboration with Dr. Esther Obeng.

Abstract:

Mutations in the spliceosomal component SF3B1 is the most common
aberration in Myelodysplastic Syndromes (MDS). The consequential
dysregulated splicing changes work in insidious ways to contribute to overall
disease, disrupting erythroid maturation and leading to MDS-associated anemia.
The current treatments for MDS-associated anemia aren’t curative, and the
greatest barrier in developing better therapies is the lack of understanding of the
molecular basis of erythroid maturation. While previous studies have used short
read sequencing to tease apart splicing changes created by SF3B71 mutations,
this lacks the isoform-context of the splicing events which can limit our ability to
design treatment. Therefore, to identify isoform-level splicing events related to
MDS-associated anemia, | used Nanopore long read sequencing on K562 cells
expressing mutant SF3B17. This analysis identified isoforms with cryptic 3’ splice
site selection anticipated from SF3B71 mutations, and an unexpectedly high
number of exon skipping events in unannotated isoforms. Additionally, |
discovered isoforms with aberrant splice changes in genes commonly associated
with MDS, and a novel isoform of TNNI3 which otherwise would not have been
identified with short reads. Overall, this work expands the context of misspliced
genes from SF3B1 mutations to identify variants for future characterization in

MDS-associated anemia.
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Introduction

Myelodysplastic syndromes (MDS) are a group of blood disorders
characterized by abnormal blood cell development and function in the bone
marrow. One of the most common features of early MDS is erythroid dysplasia,
or the abnormal development of erythroid cells, the precursors to red blood cells.
In fact, 82% of MDS patients present with anemia at baseline, and the majority
indicate this has a substantial impact on their health and quality of life (Sekeres
et al. 2011; Oliva et al. 2012). However, only about 30% of patients treated with
erythropoiesis-stimulating agents (ESAs) achieve an erythroid response, and this
response tends to be transient (Fenaux et al. 2018). As current treatments aren’t
curative, this forces a reliance on blood transfusions, with consequences of fluid
and iron overload and risk of alloimmunization (Cassanello et al. 2022). A critical
barrier in developing more curative therapies for MDS-associated anemia is the
lack of understanding of the molecular basis for aberrant erythroid maturation.

SF3B1 is the most commonly mutated gene in MDS present in about 28%
of all MDS cases (Garcia-Manero et al. 2020), and has been recently proposed to
be classified as its own distinct MDS subtype (Malcovati et al. 2020). SF3B1
mutations are often associated with ring sideroblasts in MDS (MDS-RS)
occurring in 90% of patients and leads to abnormal red blood cell precursors with
aberrant iron accumulation around the nucleus (Malcovati et al. 2020). The most
common hotspot mutation is K700E, followed by K666N (Kanagal-Shamanna et
al. 2021; Dalton et al. 2020). While both present in MDS-RS, they are associated
with different mutational profiles and disease outcomes (Kanagal-Shamanna et

al. 2021; Dalton et al. 2020).
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SF3B1 is a component of the U2 snRNP and is critical in 3’ splice site
selection via branchpoint recognition (Gozani et al. 1996; Kramer 1996).
Therefore, it is not surprising that many studies surveying the splicing
consequences of mutant SF3B7 identify predominant aberrant 3’ splice site
selection typically 10-30bp upstream of the canonical splice site (Darman et al.
2015; Alsafadi et al. 2016; Wang et al. 2016; DeBoever et al. 2015; Obeng et al.
2016), through the selection of a non-canonical adenosine-rich branch point
sequence (Darman et al. 2015; Alsafadi et al. 2016). The vast majority of these
cryptic splice site choices introduces early stop codons, leading to ~30-50% of
transcripts degraded through Nonsense-Mediated Decay (NMD) and overall
downregulation of canonical transcripts (Darman et al. 2015; Alsafadi et al. 2016;
Obeng et al. 2016). These studies identified event-level splicing events using
short read data, however, this prevents researchers from identifying the isoforms
in which these splicing events occur and are impactful (Steijger et al. 2013).
Long read sequencing offers an attractive solution by capturing the entire
transcript sequence to provide isoform-level context (Bolisetty et al. 2015; Sharon
et al. 2013). Nanopore long-read sequencing determines nucleic acid sequences
by converting changes in current to bases by either DNA or RNA passing through
protein-based nanopores embedded in a membrane (Deamer et al. 2016).
Previous work performing long read sequencing on chronic lymphocytic leukemia
samples with SF3B71 mutations identified a deregulation of intron retention
events, highlighting how long reads can capture information missed with short

read data (Tang et al. 2020).
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Previously, our collaborators used a conditional knockin mouse model of
SF3B1"%7%E  t5 show that expression of mutant SF3B7 led to a progressive
macrocytic anemia, a block in terminal erythroid maturation, erythroid dysplasia,
and aberrant RNA splicing in upstream cryptic 3’ splice site selection (Obeng et
al. 2016). Based on these findings, they hypothesize that SF3B7 point mutations
lead to the missplicing of genes involved in mitochondrial iron handling and
terminal erythroid maturation. In this chapter, | perform long read sequencing on
an erythroid isogenic K562 line expressing either SF3B1 K700E or K666N in
order to identify transcript-level aberrant splicing events in genes guiding
erythroid development. Based on previous literature, | anticipate these
event-level splicing events to be predominantly aberrant 3’ splice site selection
and intron retention events. To bolster the raw accuracy expected from Nanopore
cDNA sequencing, | used the Rolling Circle Amplification of Concatemeric
Consensus (R2C2) Nanopore cDNA sequencing method which increases base
accuracy to 94% (Volden et al. 2018; Jain et al. 2017), and determined
differential isoform level splicing events with FLAIR (Full-Length Alternative
Isoform analysis of RNA) (Tang et al. 2020). This provides confidence that
aberrant isoforms created through mutant SF3B71 are created through aberrant
splicing, and not an artifact of sequencing. This is with the goal of shedding light

on isoforms that would otherwise be missed by short reads.
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Results
Validations of R2C2 librar

To identify splicing changes in genes related to red blood cell maturation
instigated by mutant SF3B1, our collaborators used CRISPR/Cas9 knockin and a
homology repair template to generate isogenic, heterozygous K652 cell lines that
express either the SF3B71 K700E or K666N mutation. This resulted in two clones
heterozygous for each mutation; a total of four cell lines referred to as K700E
clone 1, K700E clone 2, K666N clone 1, and K666N clone 2. Additionally, our
collaborators used the parental K562 line as a negative control. They grew these
cell lines in triplicate, and isolated RNA for future library preparation and long
read sequencing.

As splicing factor mutations result in complex splicing changes which
creates transcripts dramatically different from annotated references, this project
required a library preparation method that would ameliorate the low coverage
from Nanopore sequencing. This led us to choose R2C2, which ultimately
generates long, concatenated cDNA strands providing incredible accuracy
through sequencing these repeats (Volden et al. 2018). Briefly, this method
indexes each replicate, circularizes the cDNA, then performs rolling circle
amplification which results in long concatenated cDNA molecules. Then |
sequence these long DNA strands with Nanopore, and process the basecalled
reads using C3POa, the compatible R2C2 software. As | anticipated
predominantly alternative 3’ splice site selection and decreased intron retention
events in SF3B1 mutants, this method ensured any peculiar splicing patterns are

accurate representations of isoform expression.
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As library preparation can lead to technical variation between samples, |
validated the library’s index distribution and read length using a pilot MinlON flow
cell. During library preparation | assigned each R2C2 sample an index; a unique
sequence used to distinguish samples from a sample pool. After C3POa
demultiplexed the basecalled data, | determined that the pooled library contained
an even ratio of each index (Figure 4.1A). This confirms that these samples are
pooled in equal proportions, and will be evenly represented upon deeper
sequencing. | used a custom Python script to calculate the average mRNA and
concatenated read length in this library, which was 1137bp and 5252bp,
respectively (Figure 4.1B). This confirms the quality of the library because the
average mRNA length is within the normative range in humans (between
1000-3000 bp) (Lopes et al. 2021) and the concatenated reads provide on
average about 5x coverage of mRNA.

In order to detect rare genes that may be involved in red blood cell
maturation, the goal was to sequence at a coverage of 3-6 million reads per
sample. The highest yield flow cell offered by Oxford Nanopore is the
PromethlON, which results in an average of 8-12 million reads per R2C2 library
input. Therefore, | sequenced the library pool across three PromethlON flow
cells, which in theory should generate 24-36 million reads, or 4.8-7.2 million
reads per sample. Using my MinlON-validated library, | sequenced across three
PromethION flow cells for 72 hours. Unfortunately, after 24 hours the majority of
pores died and were unable to accept more cDNA molecules, greatly decreasing
the throughput of this experiment. After basecalling and C3POa processing, the

final yield was 13.5 million reads with close to 2 million reads per sample (Figure
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4.1C). While this final read yield was less than expected, previous studies found
key insights from low long read depth of splicing factor mutations (Tang et al.

2020), so | proceeded forward.

A Even distribution of Indexes via MinlON Sequencing Test C Total Reads: 13.49 million
20000
b p—
() Reads
E 15000 - Average
o 10000- parental 2,178,488
8
S 5000- K666N_1 2,579,230
o
0- T T T K666N_2 2,695,649
NY DY N Y DN Y DN Y DS NG D
ARRRRRRRRLRLRLRLRLRLRR K700E_1 1,975,959
L i L ) L ) L " L " - ! !
Parent K666N K666N K700E K700E
clone 1 clone 2 clone 1 clone 2 K700E_2 2,345,227

Median mRNA length: 1137bp ™ -
Median read length: 5252bp i

Figure 4.1: R2C2 library validated to have even distribution of indexes,
even coverage, and expected lengths of transcripts.

A) Even distribution of indexes across all replicates by sequencing on a MinlON.

B) Median length of mMRNAs sequenced and read length of the concentric circles.
C) Even read depth across all samples after PromethlON sequencing.

FLAIR quantifies isoform-level splicing and expression events in SF3B1 mutants

| used FLAIR to identify high-confident isoforms and perform differential
expression and splicing event analysis from R2C2 long-read sequencing data.
FLAIR works by 1) generating a reference transcriptome containing all isoforms
in the dataset, and 2) mapping each demultiplexed sample to these references in
order to quantify isoforms in each sample. FLAIR generates this reference
transcriptome using the consensus calls from C3POa which contain all isoforms
from every sample sequenced. To generate the reference, FLAIR maps these
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consensus calls to the genome with a spliced aligner, then corrects splice
junctions using matched short read data from our collaborators. This short read
correction is essential in this analysis, as this will identify unannotated splice sites
to improve the confidence of splice junction boundaries (Tang et al. 2020).
Finally, FLAIR collapses and filters isoforms into one reference transcriptome.
FLAIR quantifies splicing events by mapping demultiplexed samples to this
reference transcriptome, resulting in a counts file quantifying isoforms and genes
in each sample. As another quality control step, | used these counts files to
perform a principal component analysis (PCA), a method to dimensionally reduce
data while retaining all information in the data set to visualize relationships of all
replicates (Figure 4.2). This PCA plot reveals all replicates cluster with each other
as anticipated, with both K700E clones and K666N clone 1 distinctly clustering
away from the negative control. Because the K666N clone 2 replicates clustered
closely with the parental line, | chose to omit this sample from future differential

expression and splicing analyses.

Differential expression and splicing analysis identified with FLAIR

The FLAIR counts files are used as input for both differential expression
and differential splicing analysis by comparing either the K700E samples (both
clone 1 and 2) or the K666N samples (clone 1) to the parental line. The FLAIR
differential expression function, diffExp, determines differential gene
expression (DGE) and differential isoform expression (DIE), both calculated using

DESeq2, as well as differential isoform usage (DIU), calculated with DRIMseq.
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PC2: 26% variance

PC1: 37% variance

Figure 4.2: Sample clustering using PCA reveals relationships between
samples.

PCA performed on all genes. Sample key is to the right. Due to close clustering
of K666N_2 with the parental line, these samples will be excluded from further

analysis.

This analysis not only determines the number of genes and isoforms affected by
different expression and usage, but also generates plots to visualize expression
differences in genes (Figure S4.1 A and B) and isoforms (Figure S4.1 C and D).
These plots reveal similar expression patterns of the most differentially
expressed genes and isoforms between both SF3B1 mutants, K700E and
KG666N.

The FLAIR differential splicing function, diffSplice, determines

alternative 3’ splice site usage (A3), alternative 5’ splice site usage (A5), exon
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skipping (ES) and intron retention (IR) events in the SF3B1 mutants. While key
information on its own, it is of keen interest to understand the relationship
between these differential splicing and expression events. Therefore, using a
custom python script | determined the overlap of differential expression, isoform
usage, and splicing events of isoforms in both SF3B1 mutants (Figure 4.3 and
events enumerated in Table 4.1). This plot filtered expression changes FC > 1.5,

and splicing events with 6PSI > 10%.
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A) in K666N samples and B) K700E samples. Each block represents an isoform,
red indicates a significant change and gray indicates no change. DGE =
differential gene expression. DIU = differential isoform usage. DIE = differential
isoform expression. IR = intron retention. ES = exon skipping. A5 = alternative 5’
splice site selection, A5 = alternative 3’ splice site selection.

A3 A5 ES

Figure 4.3: Mutant SF3B1-associated splicing alterations.
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Table 4.1: Enumerated mutant SF3B1-associated splicing alterations.
Categories are as described in figure 4.3

Category Numkfer of Numt{er of
Isoforms in K666N Isoforms in K700E
DGE 177 62
DIU 115 141
DIE 219 90
IR 16 8
ES 432 503
AS 0 11
A3 126 283

Overall, these data reveal that, while DGE overlapped well with DIE,
neither expression of genes or isoforms tended to overlap with DIU. It is possible
DIU overlaps with other expression events that are missed due to filtering.
However, as DRIMseq provides insight into isoform abundance independent of
expression changes, DIU provides a list of isoforms altered by mechanisms like
splicing. DIU also does not overlap with the majority of splicing events. Aside
from filtering, this could insinuate that these isoforms are created through splicing
independent mechanisms, like alternative promoter or termination sites, or more
complex splicing events that FLAIR is unable to detect.

Expanding on differential expression and isoform usage, this analysis
allows us to visualize the distribution of splicing events with isoform usage >
10%. As anticipated, these SF3B71 mutants induced a high number of A3 events,

and a low number of A5 events. As | anticipated a decrease in IR events based
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on long read primary sample sequencing with SF3B1 mutations (Tang et al.
2020), | was surprised by the lack of differential IR events identified in these cell
lines. Additionally, this analysis revealed a large number of unanticipated ES
events, which were corroborated by short read data from our collaborators (data
not shown). Interestingly, the vast majority of differential expression and isoform
usage events occurred in annotated isoforms (Figure S4.2 A and C) while the
majority of the ES and A3 events occurred in unannotated isoforms (Figure S4.2
B and D). Overall, these findings reveal global, isoform-level splicing changes in
a model system for erythroid differentiation. Future work from our collaborators

will characterize the productivity and functional consequences of these isoforms.

Impactful isoforms identified in Long Read Data implicated in MDS

Long reads are critical for isoform-specific context of these splicing
events, and in this data | identified several isoforms otherwise missed by short
read data. | identified aberrant 3’ splice site choice in TMEM14C and DYNLLT,
two variants implicated in MDS (Dolatshad et al. 2016 and Figure 4.4). These
events were incorrectly identified from the matched short read data. Aberrant 3’
splice site selection introduces an addition of 14 base pairs in the 5'UTR region
of both these genes (Dolatshad et al. 2016). For TMEM14C, previous work
demonstrated that this longer UTR led to a decrease in translational efficiency
and an overall 40% reduction of endogenous TMEM14C protein levels (Clough et
al. 2022). Interestingly, S’UTR extension in DYNLL1 had the opposite effect,
correlating with DYNLL 1 overexpression (Tam et al. bioRxiv). TMEM14C plays an
important role in the terminal steps of the heme synthesis pathway, and

decreased expression is associated with aberrant iron accumulation in the
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Figure 4.4: Alternative 3’ splice site choice the 5° UTRs MDS-implicated
genes TMEM14C and DYNLL1.

Alternative 3’ splice site choice in the 5UTRs of A) TMEM14C and B) DYNLL1.
Alternative splice site selection boxed in red. Visualized in Interactive Genomics
Viewer (IGV).

mitochondria of erythroid cells (Yien et al. 2014; Clough et al. 2022). DYNLL1,
on the other hand, has a well-established role in DNA repair pathways, and its
overexpression is associated with genomic instability (Tam et al. bioRxiv). While

DYNLL1 does not play a direct role in erythroid maturation, this gene is often
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implicated in MDS (Dolatshad et al. 2016; Tam et al. bioRxiv). Furthermore,
SF3B1 mutations are known to dysregulate DNA damage response (Wang et al.
2016). While the 5'UTR difference in TMEM14C distinguishes both of itis
isoforms, making this isoform identifiable by short read data, the long reads of
DYNLL1 identified complex splicing patterns in the 5UTR in addition to the
cryptic 3’ splice site choice. This overall leads to at least four isoforms with
different 5’UTR lengths, likely leading to different expression efficiency in each
isoform (Fig 4.5). Without long reads, these DYNLL1 isoforms would otherwise
be missed with short read data, suggesting our collaborators will have the ability
to identify novel dysregulated isoforms impactful in erythroid maturation from

these data.

T

DYNLL1

Ho——jm

XR_001749348.1 DYNLL1

NRAV DYNLL1

Figure 4.5: Multiple isoforms impacted with DYNLL1 alternative 3’ splice
site choice.

Entire DYNLL1 gene revealing isoform context of 3’ splice site choice in the &’
UTR. Black arrow designates aberrant 3’ splice site choice (Figure 4.4B for close
up resolution). Blue box indicates splicing to distal 5° UTR exon. Red box
indicates splicing to the proximal 5 UTR exon. Visualized in Interactive
Genomics Viewer (IGV).

Another interesting case is a novel isoform of TNNI3, a cardiac-specific

gene important in the regulation of muscle contraction. This is a part of the
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troponin complex which is composed of three proteins: Troponin | (Tnl), encoded
by TNNI3 in cardiac muscle, Troponin T (TnT), and Troponin C (TnC) (Katrukha
2013). These three subunits work together with tropomyosin to promote muscle
relaxation in the absence of calcium. In the long read data, | identified a shorter
isoform of TNNI3 utilized predominantly in the wild type, with the longer isoform
used predominantly in the SF3B1 mutant (Figure 4.6A). To the best of my
knowledge, this is a previously uncharacterized isoform of TNNI3 generated
through an alternative promoter upstream of exon 5. While the longer isoform
utilizes an initiating methionine in exon 1, the shorter isoform is forced to use a
methionine at position 154 in exon 7, with both isoforms terminating in exon 8
(Figure 4.6B). This shorter isoform lacks both the TnT and TnC binding regions,
however retains the C-terminal domain which binds actin (Creso and Campbell
2021; Kuhnisch et al. 2019) (Figure 4.6C).

The vast majority of point mutations known to cause cardiomyopathies,
diseases that affect structure and function of the heart, occur in the C-terminal
region of TNNI3 (Chen et al. 2014; Mogensen et al. 2003; Kuhnisch et al. 2019).
This highlights this region’s importance and suggests this truncated protein could
retain another function. Because this protein contains the region required for
actin-tropomyosin binding (Figure 4.6C), it is possible this protein is involved in
the regulation of muscle contraction independent of calcium. Alternatively, there
is a body of work revealing Tnl retains non-canonical functions in the nucleus
(Sahota et al. 2009; Lu et al. 2022). Although | estimate that this shorter TNNI3
isoform generates a truncated protein, alternatively it is possible this shorter

isoform is not translated and fulfills a regulatory role by decreasing the overall
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amount of functional Tnl through NMD. This is supported by the observation of
aberrant overexpression of TNNI3 in both kidney and lung cancer, suggesting a
potential undiscovered role in tumorigenesis and reason for wild type cells to

decrease its expression (Chen et al. 2014; Zhao et al. 2021).
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Figure 4.6: Alternative promoter in TNNI3 detected with long reads.

A) Entire TNNI3 isoform revealing alternative promoter use in the SF3B7 mutant.
Note this is in the reverse strand, so gene is transcribed right to left. B) Likely
alternative translation initiation codon in the shorter TNNI3 isoform. This gene in
the reverse strand is flipped to appear on the forward strand specified on the
UCSC genome browser. C) Regions on TNNI3 and alternative translation site at
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M154 within the actin binding region of the protein. Image adapted from Kuhnisch
et al. 2019 © John Wiley & Sons, Inc.

Although to the best of my knowledge there is no direct link between
MDS-induced anemia and TNNI3, cardiac complications are common in MDS
(Gattermann 2018; Delea et al. 2009), suggesting this TNNI3 isoform may be
tangentially related. For all aberrant isoforms induced by mutant SF3B1, without
the use of long reads in this data set, all these isoforms would be missed using
short read data alone. This highlights the necessity of using long reads in
sequencing studies related to aberrant splicing.

Discussion

The goal of this collaboration was to detect isoform-level splicing events
related to red blood cell maturation induced by mutant SF3B1. Going into this
study, | anticipated an increase in aberrant 3’ splice site choice and a decrease in
intron retention events (Darman et al. 2015; Alsafadi et al. 2016; Wang et al.
2016; DeBoever et al. 2015; Tang et al. 2020). However, while | saw the
expected increase in cryptic 3’ splice site choice, | did not identify substantial
alternative intron retention events (Fig. 4.3). While this could be due to how | size
selected the R2C2 library before sequencing, it is also possible this is an artifact
of the K562 cell line model used in this study, as Tang et al. performed long read
sequencing on CLL primary samples with SF3B1 mutations and found a
decrease in intron retention events. Surprisingly, | also identified a maijority of
exon skipping events, which was corroborated with our collaborator’s findings in
the matched short read data. While the vast majority of studies identify aberrant

3’ splice site selection, substantial alternative exon skipping events are also
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implicated in SF3B1 mutants (Kanagal-Shamanna et al. 2021). A known
transcriptome-wide consequence of SF3B1 mutations is downregulation of genes
through NMD, as cryptic 3’ splice site choice can alter the reading frame to
introduce early termination codons (Darman et al. 2015; Alsafadi et al. 2016;
Obeng et al. 2016). Aside from aberrant 3’ splice site selection, SF3B71 mutations
are also tied to intron retention and cryptic poison exon inclusion which overall
decrease gene expression (Inoue et al. 2019; Lieu et al. 2022). In fact, poison
exon inclusion and subsequence NMD is a recognized mechanism employed by
cells to control gene expression (Weischenfeldt et al. 2012). Therefore, it is
possible these exons are typically poison exons required for maintaining gene
expression, which is dysregulated by mutant SF3B7 altering their overall
expression in the mutant.

While the most common consequence of mutant SF3B7-induced splicing
changes degrade transcripts through NMD, occasionally these mutations alter
expression through UTR modification, or generate functional proteins with
non-canonical functions (Clough et al. 2022; Tam et al. ; Visconte et al. 2015;
Bondu et al. 2019). In our dataset, | identified three genes modulated in this way
that were missed in the matched short read data. | identified cryptic 3’ splice site
selection in two genes often implicated in SF3B71-mutant MDS: TMEM14C and
DYNLL1. The isoform level-context of DYNLL1 revealed that this aberrant splice
site choice affected multiple isoforms, resulting in a variety of 8 UTR lengths
(Fig. 4.5). As the +14bp 5 UTR extension is known to cause overall DYNLL1
overexpression, it is likely the different UTR lengths on these DYNLL1 isoforms

differentially affect expression as well (Tam et al. bioRxiv). Without long reads, it
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would be impossible to determine the different isoforms associated with the
cryptic 3’ splice site.

In addition to the isoform context of these splicing events, long reads
capture splicing independent mechanisms of isoform expression, such as the
alternative promoter use | observed in TNNI3. This shorter isoform may either
generate a truncated protein through an initiating methionine at position 154, or
serve a regulatory role to decrease TNNI3 in cardiac tissue. It is possible
alternative promoter use is more widespread with SF3B1 mutations, perhaps
through to aberrant splicing of chromatin modulators themselves (Inoue et al.
2019), but due to our reliance on short read data researchers are unable to
detect these isoforms. While TNNI3 is not directly involved in erythroid
maturation, cardiac complications are common in MDS (Gattermann 2018; Delea
et al. 2009), drawing the connection between this gene and aberrant blood cell
maturation. Due to this connection, its possible SF3B1-induced aberrant isoforms
in cardiopathies and MDS work together in a subtle yet insidious way to
exacerbate both conditions. With long read sequencing providing this greater
context otherwise missed by short read sequencing, it is possible to ask these

questions at the depth afforded by this larger picture.
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Chapter 4 Materials and Methods

Generation of SF3B1 cell lines (do | need to put or say got from Esters lab)

Our collaborators generated K652 heterozygous isogenic cell lines containing
SF3B1 K700E or K666N using CRISPR homology directed repair to knock-in

mutations into the genome.

R2C2 library preparation and Nanopore sequencing

RNA concentrations from all 15 samples were quantified via Qubit 3.0
Fluorometer and validated for purity using the Agilent TapeStation 4150 system.
To synthesize cDNA from RNA, each unique oligo-dt index (below for sequences)

was added in a concentration of 1Tuym index to 1mM dNTPs (Promega, U151B) to

a PCR tube.
Oligo_dT_Index1 5’-AAGCAGTGGTATCAACGCAGAGT CGCTCAGTTC ACTTTTTTTTTTTTTTITTTTITTTTTTTTTTTVN-3’
Oligo_dT_Index2 5-AAGCAGTGGTATCAACGCAGAGT TATCTGACCT ACTTTTTTTTTTTTTTTTTTTTTTTTTTITTTTVN-3’
Oligo_dT_Index3 5-AAGCAGTGGTATCAACGCAGAGT ATATGAGACG ACTTTTTTTTTTTTTTTTTITTTTTITTITTTTTTVN-3
Oligo_dT_Index4 5’-AAGCAGTGGTATCAACGCAGAGT CTTATGGAAT ACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3'
Oligo_dT_Index5 5’-AAGCAGTGGTATCAACGCAGAGT TAATCTCGTC ACTTTTTTTTTTTTTTTTITTTTTTTITTTTTITTVN-3
Oligo_dT_Index6 5’-AAGCAGTGGTATCAACGCAGAGT GCGCGATGTT ACTTTTTTTTTTTTTTTTTTTTTTTTITTTTTVN-3’
Oligo_dT_Index7 5’-AAGCAGTGGTATCAACGCAGAGT AGAGCACTAG ACTTTTTTTTTTTTTTTTTITTTTTTTTITTTTTVN-3
Oligo_dT_Index8 5’-AAGCAGTGGTATCAACGCAGAGT TGCCTTGATC ACTTTTTTTTTTTTTITTTTTTITTITTTITTITTVN-3’
Oligo_dT_Index9 5’-AAGCAGTGGTATCAACGCAGAGT CTACTCAGTC ACTTTTTTTTTTTTTTTTTTTTTTTITTTTITTVN-3’
Oligo_dT_Index10 5-AAGCAGTGGTATCAACGCAGAGT TCGTCTGACT ACTTTTTTTTTTTTTTTTTTTTTTTITTTTTTTVN-3’
Oligo_dT_Index11 5’-AAGCAGTGGTATCAACGCAGAGT GAACATACGG ACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’
Oligo_dT_Index12 5-AAGCAGTGGTATCAACGCAGAGT CCTATGACTC ACTTTTTTTTTTTTTTITTITTTITTITITTTTTITTVN-3’
Oligo_dT_Index13 5’-AAGCAGTGGTATCAACGCAGAGT accgtgtcag ACTTTTTTTTTTTTTTTTTTITTTTTITTITTTTTVN-3
Oligo_dT_Index14 5’-AAGCAGTGGTATCAACGCAGAGT agacgtcatc ACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’
Oligo_dT_Index15 5’-AAGCAGTGGTATCAACGCAGAGT tacaatcagg ACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’
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200ng RNA was added to the oligo dt and dANTP tube. The RNA mix was
incubated for 3 minutes at 37°C, then snap cooled on ice for 1 minute. The
following cDNA synthesis reaction mix was added to each tube: 2ul 5x
First-Strand Buffer (Takara, ST0062), 1yl 100mM DTT (Takara, ST0063), 0.3ul
TSO primer at 10uM (see below for primer sequence), 1.45ul water, 0.25ul
Superaesin (ThermoFisher Scientific, AM2694), and 1yl SMARTscribe reverse

transcriptase (Takara, ST0065).
TSO-Smart-seq?2 oligo 5’-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG-3’

Tubes were placed in the thermocycler under the following conditions: 42°C for
1.5 hours, 70°C for 5 minutes, and held at 4°C, resulting in first strand cDNA
synthesis. To amplify this synthesized cDNA, 1ul 10uM ISPCR primer (sequence

below), 12.5ul Kapa HiFi Hot Start (Kapa Biosystems, KK2602), 0.75ul RNAse A

(ThermoFisher Scientific, EN0531), and 0.75ul Lambda exonuclease (New

England BioLabs, M0262S) was added to each PCR tube.
ISPCR primer 5’-AAGCAGTGGTATCAACGCAGAGTAC-3'

After gentle mixing, the thermocycler was run under the following conditions:
37°C 30 minutes, 95°C 3 minutes, 15 cycles of 98°C for 20 seconds followed by
67°C for 15 seconds then 72°C 5 minutes, and finally 72°C 10 minutes and held
at4°C.

The amplified cDNA was purified using a bead cleanup. Room
Temperature AMPure XP beads (Beckman Coulter, A63880) were gently
vortexed and used in a ratio of 0.8 bead: 1 sample in DNA loBind tubes
(Eppendorf, 022431021). The cDNA samples were transferred to their

corresponding DNA loBind tube, mixed with pipetting, and quickly spun down.
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After incubation at room temperature for 10 minutes, tubes were placed on a
magnetic rack for 5 minutes to separate beads from the fluid. Supernatant was
removed and beads washed with 600ul freshly made 70% ethanol, added slowly
as to not disturb the beads. After incubating the beads in 70% ethanol for one
minute, ethanol was removed and the wash was repeated once more. After
removing the second ethanol wash, beads were spun down and tubes placed
back on the magnetic rack for 5 minutes. Using a P10 pipette, the remaining
ethanol was aspirated while exercising caution to not disturb the beads. With the
tube open on the rack, beads were allowed to dry for 2-3 minutes. 20ul water
was used to elute the sample after a 10 minute incubation at 37°C. After
incubation, tubes were placed back on the magnetic rack for 5 minutes, then the
supernatant containing the pure cDNA was transferred to a new tube.

All 15 samples were pooled in equal proportions into a new tube for
further sample preparation. First the cDNA was quantified with the Qubit 3.0
Fluorometer, and 200ng of each individual sample added into a new tube. To
circularize the cDNA, the pooled cDNA was used in a 1:1 ratio with the UMI splint
(protocol to generate splint below) - typically ranging from 100-200ng of each in a
PCR tube with 10pl volume. If under 10yl, the volume was adjusted with water.
To this 10ul cDNA pool:splint mix, 10ul 2x NEBuilder Assembly Mix (New
England BioLabs, M5520AA) was added then these tubes were incubated in the
thermocycler for 1 hour at 50°C. After incubation, 3ul exonuclease | (New
England BioLabs, M0293S), 3ul exonuclease Ill (New England Biolabs,

MO0206S), 3ul Lambda exonuclease (New England BiolLabs, M0262S), 5l
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NEBuffer 2 (New England BioLabs, B7002S), and 16ul water were added to each
PCR tube. This mixture was left to incubate at 37°C for 6 hours-overnight.

The circularization reaction was deactivated at 80°C for 20 minutes, then
transferred to a DNA loBind tube to bead purify the cDNA as done previously.
During the final isolation step 52ul water was used to elute samples, and eluate
was transferred into PCR tubes of 10ul each. To perform rolling circle
amplification, 5ul Phi29 buffer (New England BiolLabs, B0269S), 2.5ul 10mM
dNTPs (Promega, U151B), 2.5ul exo-resistant random hexamer primers
(ThermoFisher Scientific, SO181), 29ul water, and 1ul Phi29 enzyme (New
England BioLabs, M0269L) was added to each PCR tube containing circularized
cDNA. These reactions were incubated in a thermocycler at 30°C overnight.

The next day, 4pl T7 endonuclease (New England BioLabs, M0302S) was
added to each PCR tube and samples were pipetted slowly to mix the long
cDNA. These tubes were incubated at 37°C for 2 hours, and taken out
occasionally to mix with finger vortexing. After incubation, a 26 gauge needle
(Becton Dickinson, 305120) and syringe (Millipore Sigma, Z683531) were used to
shear the DNA into a new 2mL tube. The Zymo cc-5 clean and concentrator kit
(Zymo Research, D4004) purified cDNA using a ratio of 2:1 binding buffer to
sample, using a maximum input of 5ug per column. The purified cDNA was
eluted in 20pl, and all combined reactions were quantified using the Qubit.

The resulting long cDNA strands were gel purified using a 1%
SeaPlaque™ GTG™ Agarose gel (Lonza, 50111) in 1X TAE. A maximum of 3ug
sample was loaded per well mixed with 6x loading dye (New England BiolLabs,

B7021S) and sybr gold (Invitrogen, S11494). The gel was run at 80V until the
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bands had the desired resolution. Gel bands between 5-10kb were cut from the
gel and a maximum of 600mg of gel added per tube. Enough beta-agarose buffer
was used to completely cover each gel slice, and incubated at 4°C for 20
minutes. After buffer removal this step was repeated. The dry gel was melted at
65°C for 10 minutes, then equilibrated to room temperature for 1 minute.
Beta-agarase enzyme (New England BioLabs, M0392S) was used in a ratio of
3ul enzyme per 300mg melted gel, and placed at 42°C overnight to completely
digest the gel. The next day, the tubes were flash cooled on ice for 5 minutes,
then spun at 15,000xg for 7 minutes. Up to 300ul liquid was bead purified per
DNA IloBind tube, using a bead ratio of 0.7:1 sample and eluting in 50ul water.
The Nanopore SQK-LSK110 library prep kit was used per the kit’s instructions to
prepare for both MinlON and PromethlON sequencing. The MinlON test used a
single flow cell run for 3 hours, and PromethION flow cells were used in triplicate

and later combined.

Generate UMI Splint

Across 6 PCR tubes the following reagents were mixed: 23ul water, 25ul Kapa
Hifi Readymix (Kapa Biosystems, KK6202), and 1ul 100mM UMI_Splint_ 6 _F and

UMI_Splint_6_R (below).

UMI_Splint_6_F 5’-ACTCTGCGTTGATACCACTGCTT GAGTTTAGCACATGACTGGT NNNNNTATATNNNNN
ACGTCTCTGAACTTTTACTCTGCTTATTTATCTAGTTATTTAGCATGCGTAGATGGAGCTGATTAC-3'

UMI_Splint_6_R  5-ACTCTGCGTTGATACCACTGCTT CTAGGGAACGCTTATATTAG NNNNNATATANNNNN

TAGCCACTATTCCAATCCTCCAGTTTAATCGACTAAGAGTTGTAACCGGCCTAAAACATCTAAA GTAATCAGCTCCATCTACGC-3’

Tubes were placed in the thermocycler at 95°C for 3 minutes, 98°C for 1 minute,
62°C for 1 minute, 72°C for 6 minutes, and held at 4°C. Spling was cleaned with
the Zymo cc-5 kit (Zymo Research, D4004) before use.
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Computational analysis of R2C2 librar:

Raw fast5 files from Nanopore sequencing were basecalled with guppy
v2.3.5, using the high accuracy config file dna_r9.4.1_450bps_hac.cfg. The
resulting fastq files were concatenated into one larger fastq file to be used as
input in the R2C2 compatible software, C3POa 2.4.0. C3POa filters and
demultiplexes the files, resulting in extremely accurate mRNA transcript
sequences in the form of fasta files. C3POa outputs fasta files containing filtered
reads for all samples (“Consensus” reads), as well as demultiplexed reads
(“Sample” reads). The FLAIR pipeline maps isoforms against a reference
transcriptome, which is generated from the Consensus reads. First, FLAIR
align mapped the Consensus file to the hg38 genome using minimap2, then
FLAIR correct corrected splice junctions using matched short read
sequencing data collected from our collaborators. This matched short read data
was aligned to the hg38 genome using STAR-2.7.10b. Finally, the isoforms are
collapsed using FLAIR collapse into one reference transcriptome resulting in
a map of unique isoforms uniquely associated with this data. All demultiplexed
Sample files were mapped to this reference using FLAIR quantify in order to
quantify individual isoforms in each sample. The output file from this function is
used as input in all other FLAIR differential expression and splicing event
analyses. FLATIR diffExp determined differential expression of isoforms and
genes, as well as isoform usage, and FLATIR diffSplice identified alternative

splicing events. Custom python scripts were used to parse and plot the output

from FLAIR.
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Chapter 4 Supplementary Figures
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Figure S4.1: Analysis with FLAIR reveals differentially expressed genes and
isoforms in samples with SF3B1 mutations.

Differentially expressed genes in the SF3B1 K666N samples (A) and SF3B1
K700E samples. Differentially expressed isoforms in the SF3B1 K666N samples

and K700E samples.
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Figure S4.2: Distribution of splicing alterations induced by mutant SF3B1.

Distribution of splicing events in K666N annotated (A) and unannotated (B)
isoforms, and K700E annotated (A) and unannounced (B) isoforms. A red box
indicates a significant isoform for specific categories.
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