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Thesis Abstract
RNA Splicing Mechanisms in Rare Disease

By Victor Tse

The accurate expression of human genes requires precursor messenger RNA
(pre-mRNA) splicing. Pre-mRNA splicing removes superfluous sequences (introns)
from pre-mRNA and ligates protein-coding regions (exons) to yield mature
messenger RNA (mRNA). To catalyze this reaction, the spliceosome, a large
ribonucleoprotein complex, must assemble de novo on each intron. The spliceosome
is composed of five core uracil-rich small nuclear RNAs and hundreds of associated
proteins. A critical early step in the spliceosome assembly pathway is the recognition
of exon-intron boundaries. These demarcations are defined by conserved consensus
splicing sequences at the 5" and 3" ends of an intron. The efficient recruitment of
early spliceosomal components to these landmarks is determined by trans-regulatory
splicing factors that bind and activate cis-regulatory sequences that function as
splicing enhancers or silencers. Together, the dynamic interplays between splicing
factors and splicing regulatory sequences establish exon definition, defining and

regulating an exon’s identity for pre-mRNA splicing.

The exact mechanisms that control exon definition remain poorly understood

due to cis- and frans-acting contextual and positional dependencies. The failure to

X



correctly define exons is a problem that can result in aberrant pre-mRNA splicing, a
phenomenon that underlies numerous human diseases. Gaps in knowledge of the
possible mechanisms that may regulate an exon’s identity is a fundamental challenge

that impedes the development of precision medicines for disease-linked exons.

Here, my thesis research addresses the fields’ gap in knowledge surrounding
mechanisms that control exon definition in a human disease context. Namely, my
work adds to the growing understanding that certain exons are indeed fragile and
highly vulnerable to pathogenic mutations that dysregulate splicing regulatory
sequences. More intriguingly, my accomplished research suggests RNA structures
may play a central role in exon identity than previously appreciated. Additionally, my
cumulative research activity presents a novel hypothesis that RNA structures may
have clinical relevance as a therapeutic target for precision RNA drugs. For these
reasons, I believe my thesis work advances our understanding of the molecular
mechanisms that control exon definition fidelity, and has potential broader impacts on

developing precision medicine for patients with unmet needs.
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Chapter 1: Introduction to pre-mRNA splicing and its implications in human

disease

The discovery of pre-mRNA splicing

DNA, the blueprint of life that cannot act on its own, must be transcribed into
precursor messenger RNA (pre-mRNA) molecules to mediate the expression of genes
(Cobb 2017; Crick 1970). Pre-mRNA contains protein-coding sequences (exons) and
non-coding sequences (introns). Further processing of pre-mRNAs into mature
messenger RNAs (mRNAs) is required for the transport and proper expression of
genes to enable correct protein synthesis by ribosomes. In respect to the former aspect
of what is required for their transport, processing of a pre-mRNA includes capping at
the 5" end (Both et al. 1975; Wei and Moss 1974), and polyadenylation at the 3’ end
(Edmonds, Vaughan, and Nakazato 1971; S. Y. Lee, Mendecki, and Brawerman 1971;
J. E. Darnell, Wall, and Tushinski 1971). In respect to the latter aspect of what is
required to establish accurate gene expression, the removal of introns and joining of
exons must take place to create a functional, interpretable mRNA. This process is
known as pre-mRNA splicing and it was not discovered or understood until the late

1970s.

The first hint of pre-mRNA splicing was published by two research groups

(the labs of Richard J. Roberts, and Phillip A. Sharp) that were contemporarily



studying where adenovirus mRNA mapped to within their respective DNA genome
using electron microscopy (Berget, Moore, and Sharp 1977; Chow et al. 1977).
Incidentally from their R-looping experiments, they observed that only specific
segments of the genome hybridized to the adenovirus mRNA, and other parts did not
hybridize at all, creating unpaired regions of “looped” DNA. The two groups
essentially showed that only specific segments of genomic DNA are required for the
synthesis of mature mRNA. In other words, these initial observations pointed to the
notion that introns interspersing protein-coding sequences must be removed, followed

by the joining of exon sequences to create functional mRNAs.

Soon after these initial publications, the lab of Phillip A. Sharp and colleagues
continued to unveil pre-mRNA splicing using a combination of molecular biology
techniques and electron microscopy. Radiolabeled adenovirus DNA fragments were
used to selectively hybridize and capture polyadenylated RNA produced from
adenovirus-infected HeLa cells (Berk and Sharp 1977). Using an S1 endonuclease
assay with these DNA:RNA hybrids, Berk and Sharp (1977) were then able to
precisely size these RNA and map the exact positions where intronic sequences and
exonic sequences originated from using the adenovirus genome. Through this assay,
they validated that only specific sequences from the genome are protein-coding and
are essential for a functional mRNA. This finding was further corroborated by
contemporary research published by the lab of James E. Darnell, Jr. (Weber, Jelinek,

and Darnell 1977). Additional work using electron microscopy examined steady-state



nuclear RNA of adenovirus-infected HeLa cells (Berget and Sharp 1979). Based on
what was known at the time, Berget and Sharp (1979) detected nuclear mRNA
intermediate products that were consistent with heterogeneous nuclear RNA
(hnRNA) processing of pre-mRNA. These nuclear intermediates were determined to
contain significantly less intronic sequences when mapped back to the adenovirus
DNA genome. At this point in time, the collective data supported the split gene theory
which hypothesized that the protein-coding sequences of genes are split up by
interspersing sequences, and that these coding units must be spliced together to create
an intact, functional gene (Gilbert 1978a; Periannan Senapathy 1995; P. Senapathy

1988, 1986; James E. Darnell Jr 1978).

The concept of pre-mRNA splicing began to take shape and demystify the
long-standing question of how mammalian gene expression can be regulated.
Through the proceeding widespread observation of this phenomenon across genes of
other multicellular organisms (Krainer et al. 1984; Breathnach et al. 1978; Kedes and
Steitz 1988, 1987), Richard J. Roberts and Phillip A. Sharp were both awarded the
Nobel Prize in Physiology or Medicine in 1993 for discovering what is now
understood as pre-mRNA splicing. However, as groundbreaking as these collective
discoveries were, the biochemistry required for pre-mRNA splicing catalysis
remained clouded and was just beginning to be unraveled during this same time

period.



The spliceosome, a multi-megadalton ribonucleoprotein complex, catalyzes
pre-mRNA splicing

The lab of Phillip A. Sharp and colleagues determined that a two-step
transesterification phosphoryl transfer reaction enabled the removal of intronic
sequences and the ligation of exonic sequences (Figure 1.1A) (Padgett et al. 1984;
Ruskin et al. 1984). A relatively conserved adenosine within metazoan introns is
critical for catalyzing these phosphoryl transfer reactions (Galej et al. 2016; Wan et al.
2016; Padgett et al. 1984; Zelin, Wang, and Silverman 2006). The catalysis of these
phosphoryl transfer reactions are dependent on a multi-megadalton ribonucleoprotein
complex known as the spliceosome (Wilkinson, Charenton, and Nagai 2020; Brody
and Abelson 1985; Grabowski, Seiler, and Sharp 1985; Frendewey and Keller 1985;
Wan et al. 2020). The spliceosome is composed of hundreds of proteins and involves
five essential small nuclear ribonucleoproteins (snRNP) known as: U1, U2, U4, and
U5 (Figure 1.1B) (Lerner and Steitz 1979; Bringmann and Lithrmann 1986). The
spliceosome assembles de novo on each intron (Konarska and Sharp 1987), and each
individual snRNP contains a small nuclear RNA (snRNA) that recognizes key
sequence elements within pre-mRNAs to catalyze intron removal and exon ligation
(Kastner et al. 2019; Reddy and Busch 1988). Step-wise conformational changes to
protein and snRNP associations, in addition to optimal ionic conditions, must occur
for the spliceosome to become a functional catalytic core that executes the two
phosphoryl transfer reactions that is pre-mRNA splicing (Frendewey and Keller 1985;

Steitz and Steitz 1993).



A key initial conformation of the spliceosome during its assembly is known as
the E complex (Plaschka et al. 2018; Michaud and Reed 1993). There are key
sequence elements referred to as consensus splicing signals within a pre-mRNA that
is required for E complex formation in metazoans: the branchpoint motif which
contains the conserved adenosine, the polypyrimidine (poly-Y) tract in addition to the
3’ splice site (ss), and the 5'ss (Figure 1.2A) (Sheth et al. 2006; Zhuang and Weiner
1986; M. S. Wong, Kinney, and Krainer 2018; Michaud and Reed 1993; Berglund et
al. 1997; Zorio and Blumenthal 1999; Mount et al. 1983). Together, SF1 binding to
the branchpoint, heterodimers U2AF65 and U2AF35 binding to the poly-Y tract and
3'ss respectively, and U1 binding to the 5'ss, constitute the E complex. Intrinsically,
these consensus splicing signals within pre-mRNA are fundamental for defining an
exon from an intron; this is referred to as exon definition (De Conti, Baralle, and

Buratti 2013; K. H. Lim et al. 2011; Robberson, Cote, and Berget 1990).

The interplays between auxiliary cis-acting sequence elements within a
pre-mRNA and frans-acting RNA-binding proteins facilitate exon definition
Defining an exon’s identity within a pre-mRNA is paramount to precisely
splice protein-coding sequences together and remove introns. Yet, relative to lower
eukaryotes such as Saccharomyces cerevisiae, a majority of these consensus splicing
signals are typically degenerate and less conserved in higher eukaryotes like humans

(Fu and Ares 2014; Izquierdo and Valcarcel 2006; Spingola et al. 1999; Qin et al.



2016). An additional layer of complexity is the size of exons in mammalian genes.
Relative to introns that will exceed thousands of nucleotides in length (X. Hong,
Scofield, and Lynch 2006; Shepard, McCreary, and Fedorov 2009), the average size
of exons are typically less than 300 nucleotides in length (Lander et al. 2001). This
stark contrast in exon size and the lack of sequence conservation raises the question

of how an exon is properly defined from an intron by the spliceosome.

It has been established that auxiliary cis-acting sequence elements (Dirksen,
Sun, and Rottman 1995; Reed and Maniatis 1986; Michaud and Reed 1993;
Watakabe, Tanaka, and Shimura 1993; Z. Wang et al. 2004; Fairbrother et al. 2002;
Ke et al. 2011), in addition to trans-acting splicing factors (Busch and Hertel 2012a;
Hollander et al. 2016; Jurica and Moore 2003; R. Martinez-Contreras et al. 2007), act
in concert to facilitate exon definition. Cis-regulatory elements are typically short
sequence motifs residing within or adjacent to exonic sequences to enhance or silence
pre-mRNA splicing (Figure 1.2B). These cis-regulatory elements are known as
exonic and intronic splicing enhancers (ESEs, ISEs) and silencers (ESSs, ISSs) that
generally affect the strength of proximal splice sites, influencing how an exon is
recognized for splicing (Berget 1995). ESEs and ESSs are thought to play central
roles in defining an exon’s identity (Blencowe 2000). ESEs are predominantly
purine-rich (Fairbrother et al. 2002; Eldridge et al. 1999; Lavigueur et al. 1993; Fu
1995; Manley and Tacke 1996; Graveley 2000; Zheng 2004), compared to ESSs

which are usually pyrimidine-rich (Zheng, Huynen, and Baker 1998; Z. Wang et al.



2006; C. D. Chen, Kobayashi, and Helfman 1999; Z. Wang et al. 2004). All of these
cis-regulatory sequences serve as binding sites for frans-acting splicing factors which
comprise RNA-binding proteins (RBPs) that interact with spliceosomal components,

promoting or inhibiting their recruitment to pre-mRNA.

There are generally two established classes of RBPs that can influence the
stepwise assembly of the spliceosome: serine-arginine rich (SR) proteins (J. Y. Wu
and Maniatis 1993; Z. Wang, Hoffmann, and Grabowski 1995; Stark et al. 1998;
Graveley, Hertel, and Maniatis 2001a), and heterogeneous nuclear ribonucleoprotein
particles (hnRNPs) (Mayeda, Helfman, and Krainer 1993a; Del Gatto-Konczak et al.
1999; Caputi et al. 1999a; Bilodeau et al. 2001). SR proteins conventionally bind
splicing enhancers (Figure 1.3A), and hnRNPs conventionally bind splicing silencers
(Figure 1.3B). Evidence shows that these two classes of RBPs can compete and
counteract each other based on their relative abundance when bound to their
respective cis-acting element on the same pre-mRNA (Zhu, Mayeda, and Krainer
2001; Mayeda and Krainer 1992a; Busch and Hertel 2012a; X. Yang et al. 1994;
Pollard et al. 2002; Expert-Bezangon et al. 2004a; Guil et al. 2003; Disset et al. 2006).
This antagonism between SR and hnRNP proteins modulates the strength of an exon’s
identity. Altogether, the collective strength and positions of these cis- and trans-
acting regulators help define an exon’s identity, and can promote alternative
pre-mRNA splicing of an exon, a process where exons are differentially spliced into

mRNA transcripts, diversifying the transcriptome and proteome (Nilsen and Graveley



2010; Gilbert 1978b; Barbosa-Morais et al. 2012; Q. Pan et al. 2008; E. T. Wang et al.

2008; Alt et al. 1980; Early et al. 1980).

Determinants of exon identity remain contextually and positionally dependent
on local information

The cis- and trans- regulatory landscape that determines an exon’s identity
and its propensity to be spliced into an mRNA transcript are contextually and
positionally dependent (Fu and Ares 2014). For example, purine-rich sequence motifs
within introns have been shown to act as hnRNP binding sites to enhance splicing
(Rebeca Martinez-Contreras et al. 2006). This is in spite of the fact that purine-rich
motifs have been historically documented to be found within exons and are
representative of splicing enhancers that are primarily recognized by SR proteins (H.
X. Liu, Zhang, and Krainer 1998). Similarly, motifs representative of ESEs have been
shown to repress splicing when they are found within introns, despite interactions
detected between the motif and SR proteins (Kanopka, Miithlemann, and Akusjirvi
1996). These distinct findings demonstrate that cis- and trans- regulators may not
necessarily follow conventional logic and data as expected. That is, perhaps how a
splicing enhancer or silencer functions in one exon may not necessarily work the

same for another exon due to unique features that underlie a specific exon’s identity.

There remains a need to conclude if a deterministic rule or variable exists to

ensure pre-mRNA splicing proceeds with high fidelity. It can be hypothesized that the



function of splicing regulatory sequences may be more strongly influenced by their
position within a pre-mRNA, and likely by their adjacent cis- and trans- acting
neighbors as well. As such, it is possible that the proximity of splicing regulatory
sequences to each other is an important rule underlying optimal pre-mRNA splicing.
However, relative to these canonical cis- and trans-regulatory mechanisms of
pre-mRNA splicing, there are other features of a pre-mRNA whose role remains
much more enigmatic, such as the impact of RNA structures in pre-mRNA splicing
mechanisms. Perhaps the accessibility of a pre-mRNA, namely the availability of
splicing regulatory sequences to RBPs and the spliceosome, plays a more universal

determinant of pre-mRNA splicing efficiency.

RNA structures as an additional layer of pre-mRNA splicing regulation that
remains underappreciated and understudied.

RNA structures are dynamic intramolecular base pairing interactions that
occur between nucleotides that belong to the same RNA molecule (Figure 1.4A).
Biochemical and thermodynamically favorable conditions will encourage an RNA
molecule to fold and adopt the most stable structural conformation (Mathews and
Turner 2006; Draper 2004). Phylogenetic comparative sequence analyses of transfer
RNAs (tRNAs), telomerase RNA, and ribosomal RNAs have been extensively
performed to identify conserved nucleotides that presumably participate in base
pairing to form RNA structures (Gardner and Giegerich 2004; Rivas 2021; J. L. Chen,

Opperman, and Greider 2002; J.-L. Chen and Greider 2004; Gutell 2014; Noller and



Woese 1981). Experimental validation indicates that it appears common for RNA
structures to be evolutionarily conserved to confer key functions, such as in tRNA
activity during protein synthesis (Rw et al. 1965; Sharp et al. 1985; Berg and Brandl
2021), and for telomerase function in telomere length maintenance at chromosome
ends (J.-L. Chen, Blasco, and Greider 2000; Greider and Blackburn 1985, 1987,
1989; J. L. Chen, Opperman, and Greider 2002). Additionally, chemical probing and
computational methods have been developed, refined, and widely adopted in recent
years to ascertain the structure of RNA molecules (Figure 1.4B) (Spitale and
Incarnato 2022; Marinus et al. 2021; Siegfried et al. 2014; Cordero and Das 2015). In
spite of these established and emerging approaches to investigate RNA
structure-function in the current era of RNA biology, there is a lack of research

investigating the mechanistic role of RNA structures in regulating gene expression.

In contrast to how well understood the biochemistry behind spliceosome
assembly and catalysis is, the impact of RNA structures on cis- and trans-regulatory
mechanisms of pre-mRNA splicing has largely been ignored, and has only started to
become more scrutinized across genes (Jin, Yang, and Zhang 2011; Xing and Lee
2006; Warf and Berglund 2010). It is now established that RNA structures can form
co-transcriptionally during pre-mRNA synthesis (Meyer and Miklés 2004; Tao Pan
and Sosnick 2006; T. Saldi et al. 2021), and importantly, RNA structure’s influence
on pre-mRNA splicing efficiency was first realized in the late 20th century (Eperon et

al. 1988; Muro et al. 1999; Goguel and Rosbash 1993). Using several intriguing

10



findings from recent decades, the proceeding text intends to illuminate and
underscore the impactful roles RNA structures may contextually play in regulating

pre-mRNA splicing.

Structural conformations adopted at the 5’ss of pre-mRNA can hinder
spliceosome assembly. Stem-loop RNA structures can modulate 5'ss accessibility as
observed in 7au exon 10 (Kar et al. 2011; Grover et al. 1999; Hutton et al. 1998; Jiang
et al. 2000; Varani et al. 1999, 2000). The 7au gene encodes for a protein that is
essential for the maintenance and function of neuronal microtubules (Avila et al.
2002; Igbal et al. 2009). Studies indicate that the stem-loop structure occludes the 5'ss
of Tau exon 10, weakening base pairing between the splice site and U1 snRNA to
favor the exclusion of exon 10 from pre-mRNA splicing (Jiang et al. 2000; Kalbfuss,
Mabon, and Misteli 2001; Varani et al. 2000, 1999). Kar et al. used RNA affinity
pulldown assays coupled to mass spectrometry to demonstrate that the 5'ss stem-loop
structure of 7au exon 10 interacts with p68 (Kar et al. 2011), an RNA helicase that
plays key roles in spliceosome assembly and pre-mRNA splicing (Cheng et al. 2018).
They validate that p68 can destabilize the stem-loop structure to enhance Ul snRNA
base pairing to this 5'ss, restoring 7au exon 10 splicing. Together, these results
indicate that RNA structures can suppress an exon’s identity during early spliceosome
assembly and prevent E complex formation, and that RNA helicases are likely key

splicing regulators that modulate the accessibility of highly structured pre-mRNAs.

11



Not exclusive to the 5'ss, RNA structures that form and encompass the 3'ss
can also inhibit pre-mRNA splicing by compromising spliceosome assembly.
Research characterizing SMN2 exon 7 has revealed key observations regarding
contextual mechanisms that control the fidelity of its exon definition. SMN2, a gene
duplication of SMNI resulting from primate evolution (Rochette, Gilbert, and Simard
2001), encodes for survival motor neuron (SMN) proteins, but its pre-mRNA 1is
significantly spliced less efficiently relative to its paralog SMNI (Rochette, Gilbert,
and Simard 2001; Lefebvre et al. 1995; Lorson et al. 1999; Monani et al. 1999). An
innate C to T silent mutation in SMN2 exon 7 disrupts a critical ESE that results in its
inefficient pre-mRNA splicing (Cartegni and Krainer 2002a), and this mutation
induces an extended inhibitory context that creates within this locus: multiple
cis-elements that have been shown to be bound by repressive splicing factors that
include hnRNP A1/A2, and an inhibitory terminal stem-loop structure that weakens
the 3'ss (referred to as TSL1) (Natalia N. Singh, Androphy, and Singh 2004). The
depletion of hnRNP A1/A2 restored exon inclusion (Kashima and Manley 2003a), but
strikingly, destabilizing TSL1 alone is sufficient to restore SMN2 exon 7 inclusion as
well (Natalia N. Singh, Androphy, and Singh 2004). A recent report also showed that
using a small molecule to target an inhibitory terminal stem-loop structure that
occludes the 5'ss (referred to as TSL2) is also sufficient to enhance pre-mRNA
splicing of SMN2 exon 7 (Garcia-Lopez et al. 2018). These findings suggest that, in
addition to canonical cis- and trans- inhibitory pre-mRNA splicing mechanisms,

RNA structures by themselves can sufficiently inhibit exon definition.

12



RNA structures have also been reported to modulate RBP function in
pre-mRNA splicing. A recent study on paracaspase mucosa-associated lymphoid
tissue protein 1 (MALTYI) alternative pre-mRNA splicing regulation elegantly
exemplifies this mechanism (Jones et al. 2022). When bound by the E3 ligase
TRAF6, MALT1 promotes innate and adaptive immune responses by stimulating and
regulating the activation of T cells (Noels et al. 2007; O’Neill et al. 2021; Sun et al.
2004). The inclusion of MALT1 exon 7 creates an alternative MALTI mRNA isoform
(MATL1A) that has an additional binding site for TRAF6, enhancing the activation of

T cells (Meininger et al. 2016).

RBPs are critical regulators of spliceosome assembly and thereby pre-mRNA
splicing fidelity. Prior work indicates that the inclusion or exclusion of MALTI exon 7
is controlled by the RBPs hnRNPU or hnRNPL (Meininger et al. 2016). Jones et al.
demonstrated that the mutual exclusive binding of hnRNPL or hnRNPU to MALT]
exon 7 and flanking intron sequences determines its inclusion or exclusion into
mRNA, respectively (Jones et al. 2022). Unexpectedly, however, Jones et al. also
discovered two distinct RNA structures that each sequester the 3" and 5'ss, and
additionally harbor hnRNPL and hnRNPU consensus binding sites. The authors
experimentally show that hnRNPL destabilizes the RNA structures at the 3’ and 5'ss,
increasing pre-mRNA splicing of MALT] exon 7. In contrast, hnRNPU stabilizes the

RNA structures at the 3" and 5'ss, inhibiting pre-mRNA splicing of MALTI exon 7.
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Biochemical data also show that the presence of hnRNPL is required to enhance the
accessibility of the 3'ss and facilitate U2AF association to the 3'ss. Together, these
findings underscore the functional roles RNA structures can have on the accessibility
of consensus splicing signals, as well as on the recruitment and influence of RBPs on

the binding affinity of early spliceosomal components.

As demonstrated by the case of the Drosophila melanogaster Down Syndrome
Cell Adhesion Molecule gene (DSCAM), RNA structures can also control alternative
pre-mRNA splicing to generate an array of mRNA transcripts in eukaryotes (May et
al. 2011; Graveley 2005; X. Wang et al. 2012; Dong et al. 2021; Xu et al. 2019; W.
Hong et al. 2021; Anastassiou, Liu, and Varadan 2006). The DSCAM gene contains
four regional clusters of protein-coding sequences that comprise 95 alternative exons;
exons 4, 6, 9, and 17 make up each of these clusters. Each alternative exon from each
cluster is mutually exclusively spliced to generate a broad array of mRNA transcripts
that potentially synthesizes 38,016 unique axon receptors. Among these clusters, the
exon 6 cluster has been extensively studied due to it having been initially identified to
contain a large portion of conserved intronic sequences in the DSCAM gene across a
wide range of insect species (Anastassiou, Liu, and Varadan 2006; Graveley 2005).
These intronic sequences, referred to as “docking” and “selector” sites within the
DSCAM exon 6 cluster, were predicted to base pair together to form duplex RNA

structures based on a comparative genomics approach. Proceeding work from other
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researchers using a similar approach also revealed docking and selector sites in the

DSCAM exon 4 and 9 clusters (Y. Yang et al. 2011).

The functional relevance of the docking and selector elements were
experimentally tested and validated using the DSCAM exon 6 cluster (May et al.
2011; X. Wang et al. 2012), and other alternative DSCAM exons from the exon 4 and
9 clusters (W. Hong et al. 2020, 2021). Generally, the docking element exists
upstream or downstream of the first or last alternative exon of each cluster, and a
selector element flanks upstream of each alternative exon. These studies collectively
show that the relative strength in base pairing potential between the docking site and a
selector site is essential for mutually exclusive pre-mRNA splicing of a distinct
alternative exon. Although this “structural code” within pre-mRNA appears unique to
the DSCAM gene of eukaryotic insects, these data do support the notion that perhaps
other eukaryotic gene architecture may have conserved sequence elements that
facilitate structural conformations that optimally position splicing regulatory
sequences, and therefore exons, for efficient pre-mRNA splicing. Together, these data
form the hypothesis that favorable RNA structure conformations can juxtapose a

preceding exon with a specific proceeding exon to guide their precise ligation.

Concluding remarks - current gaps in knowledge surrounding pre-mRNA

splicing mechanisms
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The interplay between auxiliary cis-acting elements and trans-acting factors
serve to aid or antagonize exon definition, enhancing or silencing pre-mRNA splicing
fidelity. These mechanisms controlling exon definition can also expand the
transcriptome and proteome. However, it remains unclear what rules may broadly
govern these pre-mRNA splicing mechanisms across the human genome. It remains
poorly understood what characteristics ideally define an exon; are canonical cis- and
trans- regulators stronger determinants of exon identity, or can RNA structural

features play a more deterministic effect?

The positional context of cis- and frans- regulatory elements involved in an
exon’s identity make it difficult to extrapolate the functional relevance of RNA
structures discovered in specific exons to less characterized exons. However, research
over the last decades has produced a vignette that allows us to better understand the
potential biological significance RNA structures may generally have on pre-mRNA
splicing mechanisms. Evidence clearly shows that RNA structures across different
gene contexts can affect various biological processes, including pre-mRNA splicing
(Figure 1.4C), as showcased by the examples of 7au exon 10, SMN2 exon 7, MALTI
exon 7, and the DSCAM gene. An intriguing question these findings raise is whether
exonic and/or intronic RNA structures play a larger antagonistic or supporting role in
exon definition by modulating RBP activity. Additionally, the question remains
whether the sequences comprising the structure, or the physical structure itself, is

more important for their function in pre-mRNA splicing regulation.
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Connecting RNA structures’ function to pre-mRNA splicing mechanisms in
the context of co-transcription is another aspect to consider. The exclusive
transcription of nascent pre-mRNAs by RNA polymerase II (Pol IT) are shown to be
spliced more efficiently (Hicks et al. 2006), and that Pol II specific transcription also
appears to regulate pre-mRNA splicing by influencing the recruitment of key splicing
factors such as SR proteins (Cramer et al. 1997, 1999; Kornblihtt et al. 2004). It has
also been reported that pre-mRNA structure formation correlates with rapid or slow
transcription of nascent pre-mRNAs (Spitale and Incarnato 2022; Tao Pan and
Sosnick 2006; T. Pan et al. 1999; T. N. Wong, Sosnick, and Pan 2007), and that the
folding and adoption of RNA structures can form in sub-milliseconds (Pabit et al.
2013). Evidence indicates that elongation rate coupled to RNA folding dynamics can
impact pre-mRNA splicing by modulating the proximity and availability of splice
sites and splicing regulatory sequences (Goguel and Rosbash 1993; Kalinina et al.
2021). Together, there is an emerging model where the rate of transcription elongation
and the kinetics of pre-mRNA folding can regulate pre-mRNA splicing efficiency (T.
Saldi et al. 2021; A. M. Yu et al. 2021; Tassa Saldi, Fong, and Bentley 2018; Fong et
al. 2014; T. Saldi et al. 2016). However, a question that arises from these observations
is whether this co-transcriptional mechanism mediated by RNA structures is a
conserved phenomenon that bypasses the need for exon definition, or contributes to

establishing exon definition. That is, it is unclear how widespread this level of
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regulation may be across metazoans, and whether or not such a mechanism is

context-dependent and required for specific exons within the genome.

Deciphering if there are general rules and patterns behind pre-mRNA splicing
regulation by RNA structures remains obscure. In spite of this, the selected examples
emphasize an emerging and consistent observation that RNA structures are much
more than mere physical properties of a pre-mRNA transcript. As a whole, there
indeed remain gaps in knowledge researchers must address to refine our
understanding of the mechanisms that regulate or dysregulate pre-mRNA splicing

fidelity for any given exon.

Human disease-causing mutations’ impact on pre-mRNA splicing

Aberrant pre-mRNA splicing is an established hallmark of numerous human
diseases, ranging from rare inherited disorders to cancers (H. K. Kim et al. 2018;
Anna and Monika 2018a; R. K. Singh and Cooper 2012a; G.-S. Wang and Cooper
2007a; Garcia-Blanco, Baraniak, and Lasda 2004a; Faustino and Cooper 2003a;
Céceres and Kornblihtt 2002; Lord and Baralle 2021a; E. Wang and Aifantis 2020a;
Fredericks et al. 2015a; Sterne-Weiler et al. 2011a; Sterne-Weiler and Sanford 2014a;
Kitamura and Nimura 2021). Aberrant pre-mRNA splicing can generate mRNAs that
produce truncated non-functional proteins, or proteins with unexpected and
antagonistic functions (Fackenthal and Godley 2008). Furthermore, aberrant

pre-mRNA splicing can result in the production of faulty mRNAs that lack important

18



protein-coding sequences or retain non-coding intronic sequences, destabilizing the
mRNA for degradation by inducing nonsense-mediated decay (Puisac et al. 2013; S.
H. Kim et al. 2009). These effects induced by aberrant pre-mRNA splicing can
debilitate cell function and promote disease phenotypes, and often, the underlying

cause of this can stem from how an exon’s identity is being dysregulated.

Single-nucleotide mutations in splicing regulatory sequences (Figure 1.5A),
especially within genes that produce critical trans-acting RBPs including
spliceosomal components (Figure 1.5B), can cause aberrant pre-mRNA splicing. It is
accepted that at least 10% of disease-causing mutations disrupt canonical splice sites,
resulting in aberrant pre-mRNA splicing (Krawczak et al. 2007a). Additionally, at
least one-third of known disease-causing mutations are predicted to disrupt auxiliary
cis-acting elements and induce aberrant pre-mRNA splicing (K. H. Lim et al. 2011;
Krawczak et al. 2007a; Sterne-Weiler et al. 2011a; Fredericks et al. 2015a).
Furthermore, disease-causing mutations that result in pathogenic phenotypes have
been shown to cause aberrant pre-mRNA splicing by altering cis- or trans- regulatory
mechanisms (Cartegni et al. 2006a; Cartegni and Krainer 2002a; Kashima and
Manley 2003a; N. K. Singh et al. 2006; Yimin Hua et al. 2008; Natalia N. Singh and
Singh 2011; Natalia N. Singh, Singh, and Androphy 2007; Zatkova et al. 2004).
These mutation-driven effects can therefore have large-scale effects on exon
definition and pre-mRNA splicing fidelity, perturbing the strength of splice sites,

disrupting an ESE, creating an ESS, or possibly altering the accessibility of splicing
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regulatory sequences. The impact of disease-causing mutations will vary based on the
contextual regulatory landscape of an exon that is being impacted, but previous work

clearly indicates such mutations are sufficient to induce aberrant pre-mRNA splicing

and cause disease phenotypes. Thus, more work is required to better connect how

dysregulation of exon identity can promote molecular phenotypes that cause disease.

Prior research predicting and investigating the potential impact mutations have
on exon identity and pre-mRNA splicing mechanisms

Our previous work determined that a large dataset of disease-causing
mutations from the Human Gene Mutation Database (HGMD) dominated in creating
ESSs and in disrupting ESEs (Sterne-Weiler et al. 2011a; Sterne-Weiler and Sanford
2014a). It was discovered that a strong ESS motif (ACUAGG) was predicted to be
created within 67 genes by 83 different point mutations. To functionally validate the
power of this analysis pipeline through in vivo splicing assays, using this ESS motif
as an example, three of the 67 genes—OPA1, PYGM, and TFR2—were selected
based on the respective exons’ size, and the strengths of their splice sites. Relative to
their wild-type controls, reporters containing this predicted ESS motif resulted in
significant aberrant pre-mRNA splicing for all exons tested. RNA affinity
chromatography, mass spectrometry, and RNA interference experiments indicate that
members from the hnRNP family, SRSF3, and PTBP1 likely form a silencing
complex that activates this ESS motif to induce aberrant pre-mRNA splicing. The

predictions from our computational approach are consistent with data from other labs
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(Fairbrother et al. 2002; K. H. Lim et al. 2011), and our experimental results are
consistent with previous reports (Zhu, Mayeda, and Krainer 2001; Y. Yu et al. 2008).
Our research substantiates the impact disease-causing mutations have in perturbing
exon identity, and how the loss of exon definition serves as a common mechanism for

aberrant pre-mRNA splicing in human disease.

Although it is clear disease-causing mutations can impact determinants of
exon definition, it remains unclear how these mutations alter spliceosome assembly or
its catalytic function. The massively parallel splicing reporter assay (MaPSy)
designed by Somedi et al. tested 4,964 HGMD disease-causing mutations’ effect on
splicing efficiency in vivo and in vitro (Soemedi et al. 2017). Of note, using a
density-gradient centrifugation approach, it was revealed that about 10% of
disease-causing mutations from this study disrupted multiple stages of spliceosome
assembly. Different mutations found in the same exon prevented the spliceosome
from transitioning into the proceeding complex, causing it to stall at the preceding
stage of spliceosome assembly. The authors hypothesized that this stalling
phenomenon is likely due to induced RNA structures, depletion of strong splice sites,
or the loss or gain of cis-elements as a result of disease-causing mutations. Though
the authors did not perform functional assays to test these hypotheses, these
predictions postulate a mechanism for aberrant pre-mRNA splicing where
disease-causing mutations are sufficient by themselves to obstruct the assembly of the

catalytic spliceosome, leading to aberrant pre-mRNA splicing. Somedi et al. also
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suggest that distinct mutations can also have pleiotropic effects, dysregulating
functional RNA elements or spliceosome assembly directly. Thus, it can also be
hypothesized that aberrant pre-mRNA splicing of some exons may primarily be due
to problems with the physical assembly of the spliceosome, as opposed to just the loss
of cis-elements that are involved in the fidelity of exon definition. What remains
unclear is if this is indeed the case, or if both of these mechanisms are simultaneously

being dysregulated to cause aberrant pre-mRNA splicing.

Disease-causing mutations may also alter RNA structures native to the
wild-type ensemble, possibly promoting aberrant pre-mRNA splicing (Halvorsen et
al. 2010; Salari et al. 2013). It is compelling to hypothesize that perhaps mutations
can induce aberrant pre-mRNA splicing by altering the accessibility of splicing
regulatory sequences, especially splice sites for initiating E complex formation. It is
also intriguing to consider that perhaps a mutation may enhance the accessibility of a
splicing silencer that was previously sequestered, or that a splicing enhancer is now
sequestered due to inaccessibility resulting from new structural constraints. However,
more experimentation is needed to explore these computational predictions and build

models that validate or reject hypotheses on pre-mRNA structure and function.

The identity of most exons likely have unique central determinants of

pre-mRNA splicing that it cannot survive without. That is, mutations that cripple key

regulatory features that define a specific exon’s identity will increase the likelihood of
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its aberrant pre-mRNA splicing. Thus, there are probably context-dependent
mechanisms that are required for exon definition fidelity, so as to prevent aberrant
pre-mRNA splicing. Uncovering what these molecular mechanisms are for each exon
and how they are affected by mutations is tantamount to understanding the etiology of

a disease, as well as identifying potential therapeutic targets for precision medicine.

Antisense oligonucleotides (ASOs) as precision RNA drugs to modulate gene
expression

ASOs are multifaceted nucleic acid oligomers that exploit the simple chemical
logic of base pairing to regulate gene expression (Figure 1.6). Beyond their use in:
gene silencing through RNA interference (RNA1) (Hu, Liu, and Corey 2010; J. Liu,
Hu, and Corey 2012; Corey 2007; Fire et al. 1998), as ligands for biomolecules
(Ellington and Szostak 1990; Tuerk and Gold 1990; Berezovski et al. 2008; Sullenger
et al. 1990), and pre-mRNA splicing modulation (Takeshima et al. 1995; van
Deutekom et al. 2001; Dunckley et al. 1998; Natalia N. Singh, Luo, and Singh 2018;
Kole, Shukla, and Akhtar 1991), ASOs are seeing more novel applications in the
clinic (Egli and Manoharan 2023; Crooke et al. 2018; Jadhav et al. 2024; Ni et al.
2011). Within the last decades, splice-modulating ASOs in particular have become an
established therapeutic modality to treat human diseases caused by aberrant
pre-mRNA splicing (Rigo, Seth, and Bennett 2014; M. A. Havens, Duelli, and
Hastings 2013a; Y. Hua et al. 2010a; J. Kim et al. 2019; Dominski and Kole 1993;

Disterer et al. 2014; Echigoya and Yokota 2014; Mendell et al. 2013a; Corey 2017a).
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ASOs can be designed with high specificity to their DNA and RNA targets; the
phosphate backbone, in addition to the utility of the 2'-OH of a ribose sugar, can
support chemical modifications that infer significant stability and nuclease resistance
in vivo (Mallory A. Havens and Hastings 2016; Egli and Manoharan 2023;
Summerton 1999; Rigo, Seth, and Bennett 2014). Although there are challenges with
the toxicity and delivery of splice-modulating ASOs (Sharma and Watts 2015; Geary
2009; Gagliardi and Ashizawa 2021), which continue to be addressed and advanced
using model systems (Byrnes et al. 2024; Juliano 2016), their impact as precision

medicine to treat human diseases is becoming clear.

Splice-modulating ASOs achieve their potential therapeutic effect by targeting
aberrant pre-mRNA splicing mechanisms. The first proof-of-concept experiment
underscoring ASOs’ capacity as splice modulators was demonstrated using the human
beta-globin pre-mRNA, where a bound ASO sterically blocked the use of cryptic
splice sites to redirect correct splice site usage in a thalassemia context (Dominski
and Kole 1993). The application of ASOs in aberrant pre-mRNA splicing is to
promote the production of functional or desired mRNA transcripts. This, in turn,
should attenuate respective protein levels in diseased cells to ameliorate
mutation-induced phenotypes. However, although Dominski and Kole did not study
the effects of their splice-modulating ASOs on rescuing protein levels, proceeding
work from other groups studying other genes cemented ASOs as viable RNA drugs

that can enhance pre-mRNA splicing and rescue protein function. An exemplary case
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pertains to the research and eventual conceptualization of an FDA-approved

splice-modulating ASO that effectively cures spinal muscular atrophy (SMA).

SMA - a quintessential model exemplifying pre-mRNA splicing mechanisms as a
therapeutic target for splice-modulating RNA drugs

SMA is a leading cause of infant mortality (Prior et al. 2010; Sugarman et al.
2012; Larson et al. 2015). It is a well-characterized example of a rare disease caused
by aberrant pre-mRNA splicing. The gene paralogs SMNI and SMN2 are implicated
in causing SMA (Kolb and Kissel 2015). SMNI encodes for survival motor neuron
(SMN) proteins that play critical roles in neuronal pathways (Zhang et al. 2006), and
gene regulatory processes including pre-mRNA splicing (R. N. Singh et al. 2017,
Pellizzoni, Yong, and Dreyfuss 2002; Kolb, Battle, and Dreyfuss 2007). As
mentioned in Chapter 1: Introduction to pre-mRNA splicing, SMN2, a paralog of
SMN1, encodes for SMN proteins but is unable to produce enough full-length
functional SMN proteins as SMNI can (Figure 1.7A). This is due to a single
nucleotide difference, where a C to T silent mutation within SMN2 exon 7 causes it to
be spliced into SMN2 mRNA ~20% of the time, relative to SMN1 exon 7 which is
spliced efficiently >95% of the time into SMNI mRNA. Thus, the common cause of
SMA is the result of mutations that render both copies of the SMN1 gene to be

non-functional (Lefebvre et al. 1995; Sumner 2007; Sugarman et al. 2012).
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It is key to understand that the C to T mutation in SMN2 exon 7 disrupts an
experimentally validated SRSF1-dependent ESE that is otherwise intact in SMN/
exon 7 (Cartegni and Krainer 2002a), and creates in SMN2 exon 7 binding sites for
the splicing silencing factor hnRNPA1 (Natalia N. Singh, Androphy, and Singh 2004;
Kashima and Manley 2003a). Additionally, SMN2 exon 7 adopts an unfavorable
structural conformation that contains a splicing inhibitory RNA structure that
weakens the 3'ss (Natalia N. Singh, Androphy, and Singh 2004), as well as the 5'ss
(Garcia-Lopez et al. 2018). Collectively, these mechanisms debilitate the identity of
SMN?2 exon 7 and induce aberrant pre-mRNA splicing relative to its paralog. Thus, in
the absence of functional SMNI alleles, this C to T change in SMN2 exon 7 is
therefore widely accepted as an etiology of SMA (Rochette, Gilbert, and Simard
2001; Sumner 2007; Lefebvre et al. 1995; Sugarman et al. 2012). Although SMN2
does not efficiently produce enough SMN proteins to prevent SMA, SMA patients
still typically have at least one functioning copy of SMN2 present, which data shows
can lessen SMA phenotypes and symptoms (Wirth et al. 2006; Prior et al. 2009). As
such, developing therapeutic strategies to enhance SMN2 exon 7 pre-mRNA splicing
has become a focal point to counteract SMA phenotypes induced by

mutation-induced aberrant pre-mRNA splicing.

Spanning over a decade, research from the lab of Ravindra N. Singh and

Adrian R. Krainer conceptualized the development of a splice-modulating ASO that

rescues SMN2 exon 7 pre-mRNA splicing. Made possible by an important research
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breakthrough from the Singh lab, they discovered that targeting an ISS termed
ISS-N1 (intronic splicing silencer N1) blocked the binding of hnRNPA1 silencing
factor proximal to the 5'ss of SMN2 exon 7 (N. K. Singh et al. 2006; N. N. Singh,
Androphy, and Singh 2004). Following studies revealed that targeting ISS-N1 also
perturbed associated regulatory mechanisms which ultimately enhance SMN2 exon 7
identity (Natalia N. Singh et al. 2017; Natalia N. Singh and Singh 2011; N. N. Singh
et al. 2011, 2013; Natalia N. Singh, Singh, and Androphy 2007). Contemporarily to
the discovery of ISS-N1 by Singh and colleagues, an initial ASO screen was
performed on SMN2 exon 7 using a cell-based splicing reporter system by the lab of
Adrian Krainer in collaboration with Ionis Pharmaceuticals (formerly Isis
Pharmaceuticals), which initially did not identify a lead ASO (Yimin Hua et al. 2007).
Performing additional ASO screens that this time targets intronic sequences flanking
SMN2 exon 7 in preclinical mice models, the Krainer Lab and Ionis Pharmaceuticals
subsequently identified various ASOs that can rescue SMN2 exon 7 inclusion (Yimin

Hua et al. 2008), revealing an intriguing avenue of further investigation.

As a major breakthrough finding from this initial preclinical study by the
Krainer lab (Yimin Hua et al. 2008), the lead ASO compound labeled as ASO 10-27
showed the highest efficacy in rescuing SMN2 exon 7 pre-mRNA splicing by
targeting ISS-N1 (Figure 1.7B). Further work by the Krainer lab and Ionis
Pharmaceuticals demonstrated that ASO 10-27 is capable of restoring the production

of functional SMN proteins and ameliorating SMA phenotypes in preclinical mice
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studies (Y. Hua et al. 2010a; Passini et al. 2011; Y. Hua et al. 2011). ASO 10-27, now
identified as Nusinersen, reported promising results in clinical phase trials (Chiriboga
et al. 2016; Haché et al. 2016; Garber 2016; Finkel et al. 2016), and Nusinersen
received FDA approval soon after the successful completion and termination of all
clinical trials. Nusinersen (commercially distributed as Spinraza) is the first-ever
FDA-approved drug to treat and effectively cure SMA by targeting a pre-mRNA
splicing mechanism (Ottesen 2017). Collectively, this success story of SMA is a
model case that underscores the need to better understand the underlying molecular

mechanisms behind splicing-linked diseases to develop precision therapeutics.

Concluding remarks - understanding pathogenic mutations’ impact on
pre-mRNA splicing mechanisms can enable drug discovery for human disease
Mutation-induced aberrant pre-mRNA splicing is an established etiology of
rare disease and cancers, but determining if there are mechanistic rules that promote
or prevent the predisposition of an exon to aberrant pre-mRNA splicing remains less
clear. ASOs can be a viable approach to ameliorate molecular disease phenotypes, but
despite their power, there are currently only ten FDA-approved ASO therapies
(Aartsma-Rus and Corey 2020). More pressingly, three of the ten are FDA-approved
ASOs that work to correct aberrant pre-mRNA splicing. Understanding how
mutations may sensitize an exon to aberrant pre-mRNA splicing is a key step forward
in refining our knowledge of rules that may regulate exon identity, and in developing

precision medicine that can help patients with unmet needs. As such, in the context of
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pre-mRNA splicing in rare disease, more research is needed to identify: (1) potential
therapeutic targets, (2) the mechanism(s) affected by mutations, and (3) the

mechanism of action by which splice-modulating ASO rescue pre-mRNA splicing.
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Figure 1.1 - Biochemistry of pre-mRNA splicing

(A) A schematic depicting consensus splicing signals required for catalyzing the two transesterifica
tion

phophoryl transfer reactions (branching and exon ligation) required to join exons together, and
remove introns. Consensus splicing signals are shown for both the Yeast and Human genome to
emphasize degeneracy in sequence conservation.

(B) A simplified depiction of the spliccosome assembly pathway. The transesterification phosphoryl
transfer reactions that enable branching and exon ligation are annotated (red arrows) to emphasize
the step-wise assembly and conformational changes required to catalyze pre-mRNA splicing.

Both panels are adapted from Wilkinson, M. E., Charenton, C., and Nagai., K., 2020, Annual
Review of Biochemistry.

30



A

— A= (¥),= cAG [__1] GUaagu
A A
T 3’ss 5’ss

Polypyrimidine
Tract Exon Definition

A= (Y)=cAG ] GUaagu —

U1 snRNP / /

Branchpoint

Ve e e

— A= (V)= cAG ) GUaagu —ﬂ—//—-— A = (Y)= cAG GUaagu =—

Figure 1.2 - Cis and trans regulators facilitate exon definition

(A) Schematic showing the key consensus splicing signals (on left), which collectively form the exon
definition complex when bound by cognate spliceosomal components (on right).

(B) Schematic showing how cis and trans regulators can promote or inhibit the binding of spliceosomal
components to respective consensus splicing signals. Splicing enhancers which promote splicing are
depicted in green, and splicing silencers which inhibit splicing are depicted in red.
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Figure 1.3 - Function of splicing enhancers and silencers

(A) A schematic showing how a splicing enhancer typically functions. An exonic splicing enhancer (ESE)

bound by a cognate RNA-binding protein (RBP) partner on an exon is shown. Once bound to the ESE,

specific domains on the RBP interact with spliceosomal components and bring them closer in proximity to their
cognate binding sites. This strengthes exon definition, promoting the inclusion of this exon into a spliced mRNA.
(B) A schematic showing how a splicing silencer typically functions. A exonic splicing silencer (ESS)

bound by a cognate RNA-binding protein (RBP) partner on an exon is shown. Once bound to the ESS,

the RBP can sterically block and repel spliceosomal components from binding to their cognate binding sites.
This weakens exon definition, inhibiting the inclusion of this exon into a spliced mRNA.
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Figure 1.4 - RNA secondary structures and their potential functions in regulating pre-mRNA splicing

(A) A schematic depicting the types of RNA secondary structures that can form under optimal base pairing
conditions. The names for each type of structure that can form are indicated. Adapted from Sato, K.,

Akiyama, M., and Sakakibara, Y., 2021, Nature Communications.

(B) A schematic depicting the various targets of different chemical probes. The mechanism of action for a given
chemical probe is indicated by their shape (as shown in the box legend). The types of chemical probes based on
their chemical properities, as well as their site of modification, are indicated by annotated names and colors.
Adapted from Spitale, R. C., and Incarnato, D., 2022, Nature Reviews Genetics.

(C) A schematic showing the different types of functions RNA secondary structures can have in regulating

gene expression, including pre-mRNA splicing (highlighted in red box). Adapted from Ganser, L. R., Kelly, M. L.,
Hershlag, D., and Al-Hashimi, H. M., 2019, Nature Reviews Molecular Cell Biology.
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Figure 1.5 - Mutations can dysregulate pre-mRNA splicing mechanisms to cause disease phenotypes
(A) A schematic depicting the impact splicing-sensitive mutations can have on splicing regulatory sequences

relative to the the “healthy” wild-type text. Adapted from Sterne-Weiler, T., and Sanford, J. R., 2014, Genome Biology.

(B) (On left) A schematic showing how mutations in various splicing regulatory RNA-binding proteins (RBPs)
can dysregulate splicing mechanisms. (On right) A schematic showing how mutations in splicing regulatory

RBPs can also drive its aberrant expression, potentially promoting oncogenesis, and further dysregulating splicing

mechanisms. Adapted from Wang, E., and Aifantis, I., 2020, Trends in Cancer.
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Figure 1.6 - Antisense oligonucleotides as multifaceted tools and precision

A schematic showing the plethora of regulatory processes that antisense oligonucleotides (ASOs) can
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right of the schematic to indicate the type of specific mechanisms the ASOs may promote or inhibit. The legend
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35



A

—— SMNT gene SMN2 gene —
SMNT pre-mRNA SMNZ pre-mRNA.
CtoT 1

- -23-2D-3-4-5-6+ 8 ==

"
3 A o\
= SMNT AT mRNA Full-length SMNT mRNA SMN2AT mRNA Full-dength SMN2 mRNA
'E (missing exon 7) with exon 7) {missing excn 7 (with exon 7)
B 1 Zam3456 8 12a203456[ & 1 22203456 8 123456 8
2
i | 4 y {

Truncated protein  Full-length Fullength
5 whichisrapidly MM protein + SMIN protein

degraded
R o toe
which s rapidly degraded
SMNT gene SMN2 gene ——
SMNT pre-mRNA SMNZ pre-mANA
V—‘_ CtoT
- mpm mgm i m g 3 . -1 -2a-zn-3-4-5-e—¢- 8 ==
H 5% 5% ~B0% ‘ \&20“"
2 SMNT AT mRNA F h SMNT mRNA SMN2 AT mANA Full-dength SMN2 mRNA
ngt ngth

B (missing exon 7) (with exon 7) {missing exon 7) (with exon 7)
< 1 23456 8 p3156f 8 1 22203456 8 123456 &
wvi

n protein  Fullleng % FulHength
israpidly  SMN protei : SMN protein
degraded
Truncated protein
. whichis rapidly degraded

SMNZ pre-mRNA
1
r 1

ST hoRNP  hnRNP
I ‘ Nusinersen No hnRNps heifl A
SMN2 AT mRNA Full-langth SMN2 mRNA". /—\

1 22263 456 ] 1 hlh}l;ﬁn - L
-SRI R A IR AT 2y

v Exon7 Intron 7

Fullfength SMN2 protein

E

Figure 1.7 - Spinal muscular atrophy (SMA) is a quintessential model underscoring aberrant pre-mRNA
splicing as an etiology of disease and ASOs as precision medicine

(A) A schematic showing how exons from paralogs SMN1 and SMN2 under pre-mRNA splicing, and how they differ

in mMRNA isoform production and subsequent SMN protein function. Note the difference in exon 7 pre-mRNA splicing
between the two paralogs, as indicated by the red color. Note how the total absence of functional SMN1 alleles drives
phenotypes linked to the etiology of SMA (i.e., insufficent production of functional SMN proteins by SMN2).

(B) A schematic showing how FDA-approved ASO, nusinersen (marketed Spinraza) enhances pre-mRNA splicing of
SMNZ2 exon 7, rescuing the production of functional SMN proteins.

Both panels Adapted from Bennett, C. F., Krainer, A. R., and Cleveland, D. W., 2019, Annual Review of Neuroscience.
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Abstract

Pathogenic variants in the human Factor VIII (F8) gene cause Hemophilia A
(HA). Here, we investigated the impact of 97 HA-causing single-nucleotide variants
on the splicing of 11 exons from F§. For the majority of F'§ exons, splicing was
insensitive to the presence of HA-causing variants. However, splicing of several
exons, including exon-16, was impacted by variants predicted to alter exonic splicing
regulatory sequences. Using exon-16 as a model, we investigated the
structure—function relationship of HA-causing variants on splicing. Intriguingly, RNA
chemical probing analyses revealed a three-way junction structure at the 3'-end of
intron-15 (TWJ-3—15) capable of sequestering the polypyrimidine tract. We
discovered antisense oligonucleotides (ASOs) targeting TWJ-3—15 partially rescue
splicing-deficient exon-16 variants by increasing accessibility of the polypyrimidine
tract. The apical stem loop region of TWJ-3—15 also contains two
hnRNPA1-dependent intronic splicing silencers (ISSs). ASOs blocking these ISSs
also partially rescued splicing. When used in combination, ASOs targeting both the
ISSs and the region sequestering the polypyrimidine tract, fully rescue pre-mRNA
splicing of multiple HA-linked variants of exon-16. Together, our data reveal a

putative RNA structure that sensitizes /'8 exon-16 to aberrant splicing.
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Abstract

Pathogenic variants in the human Factor VIII (F8) gene cause Hemophilia A (HA). Here, we investigated the impact of 97 HA-causing single-
nucleotide variants on the splicing of 11 exons from F8. For the majority of F8 exons, splicing was insensitive to the presence of HA-causing
variants. However, splicing of several exons, including exon-16, was impacted by variants predicted to alter exonic splicing regulatory sequences.
Using exon-16 as a model, we investigated the structure—function relationship of HA-causing variants on splicing. Intriguingly, RNA chemical prob-
ing analyses revealed a three-way junction structure at the 3'-end of intron-15 (TWJ-3-15) capable of sequestering the polypyrimidine tract. We
discovered antisense oligonucleotides (ASOs) targeting TWJ-3-15 partially rescue splicing-deficient exon-16 variants by increasing accessibility
of the polypyrimidine tract. The apical stem loop region of TWJ-3-15 also contains two hnRNPA1-dependent intronic splicing silencers (ISSs).
ASOs blocking these ISSs also partially rescued splicing. When used in combination, ASOs targeting both the ISSs and the region sequestering
the polypyrimidine tract, fully rescue pre-mRNA splicing of multiple HA-linked variants of exon-16. Together, our data reveal a putative RNA
structure that sensitizes F8 exon-16 to aberrant splicing.
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mation (exons) in most human genes. Conserved sequences
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(1). Messenger RNA (mRNA) biogenesis requires intron re-

this step of gene expression is known as pre-mRNA splicing
(2,3). The spliceosome, a multi-megadalton ribonucleoprotein
(RNP) complex, assembles de novo on every intron to catalyze
splicing reactions. This process involves the stepwise assembly
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of five uracil-rich small nuclear ribonucleoprotein particles (U
snRNPs) and hundreds of accessory RNA-binding proteins on
a pre-mRNA (4,5). To facilitate spliceosome assembly, exon
definition is a critical initial step where exon-intron bound-
aries are defined (6). In this early spliceosome complex, Ul
snRNP recognizes the 5'ss while the U2 snRNP auxiliary fac-
tor (U2AF) binds the 3’ss and polypyrimidine (poly-Y) tract
(7-10). This initial step is highly regulated in cells by the
presence or absence of sequences that can function as exonic
splicing enhancers or silencers (11-16). Additionally, struc-
tured features within pre-mRNA can regulate splicing (17).
For example, structured RNA elements influence splice site
accessibility (18,19) by modulating protein—RNA interactions
(20-22).

Aberrant splicing contributes to the etiology of many in-
herited diseases (23). Pathogenic variants impact pre-mRNA
splicing through a variety of mechanisms. Most notably, vari-
ants remodel the cis-regulatory landscape of pre-mRNAs by
ablation or creation of splice sites, and auxiliary splicing regu-
latory sequences such as exonic or intronic splicing enhancers
(ESE and ISE, respectively) and splicing silencers (ESS and ISS,
respectively). Splicing-sensitive variants cripple the integrity
of the gene, resulting in the production of a faulty message
that is either unstable or encodes an internally deleted protein
(24-26). Antisense oligonucleotides (ASOs) are a promising
therapeutic modality for rescuing pathogenic aberrant splicing
patterns as their direct base pairing abilities make them highly
customizable and specific to targets. Although challenges such
as toxicity, delivery and stability represent barriers to the clin-
ical translation of ASOs (27), solutions to these challenges ex-
ist, as exemplified by the recent FDA approval of multiple ASO
drugs (28-31).

Our previous work implicated thousands of disease-causing
variants in aberrant splicing of both constitutive and alterna-
tive exons (23,24). This work exploited the sequence bias of
ESEs and ESSs to discover pathogenic genetic variants that
cause the loss or gain of these putative functional elements
relative to common, high allele frequency polymorphisms.
Among these, the F8 gene had the highest frequency of vari-
ants predicted to affect splicing regulatory sequences (23). The
F8 gene encodes for a procoagulant called Factor VIII (FVIII),
which is required for initiating the coagulation cascade to
form blood clots in response to wounds (32). Through this
cascade, activated FVIII must bind to another procoagulant
called Factor IX in its activated form. This initial interaction
with FVIII sets off a series of biochemical reactions with ad-
ditional procoagulants that forms a fibrin scaffold, serving as
the basis for blood clotting. Thus, genetic variants can inac-
tivate F8 and cause Hemophilia A (HA), a deadly, X-linked
recessive bleeding disorder.

The F8 gene encodes 2351 amino acids split across 26 ex-
ons. Although the majority of these exons are constitutively
spliced into a canonical 9032 nucleotide transcript, GEN-
CODE (Version 43) contains several isoforms arising from
alternative promoter usage and alternative 3'ss selection in
exon-16 and intron-22. Despite modest support for alterna-
tive splicing, several constitutively spliced F8 exons are aber-
rantly spliced in HA patients, (33—-36). These data suggest the
hypothesis that a broad array of pathogenic missense variants
in the F8 gene may manifest as splicing defects due to loss
of exon identity or activation of cryptic splice sites. To test
this hypothesis, we investigated 97 HA-causing variants on
F8 pre-mRNA splicing using a heterologous reporter assay.
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We discovered that among the eleven exons studied, splicing
of exon-16 was the most sensitive to HA-causing variants.
RNA structure probing revealed a predicted intronic three-
way junction that sequesters the exon-16 3’ss. ASOs targeting
this structured element rescue diverse splicing-sensitive HA-
causing variants of F8§ exon-16, in both a heterologous and
endogenous splicing context. Together, these data suggest an
unexpected role for RNA structure in modulating exon iden-
tity and provide a rationale for the development of novel RNA
therapeutics to potentially treat a subset of HA patients.

Materials and methods

F8 splicing reporters

The sequences of wild-type (WT) F8 exons and 100-250 nu-
cleotides flanking each exon were amplified from human ge-
nomic DNA (Promega) using WT PCR primers shown in Sup-
plementary Table S1. Following gel purification, PCR prod-
ucts were ligated into pACT7_SC14 (HBB minigene reporter
as previously described (37)) using homology-based cloning
technology (In-Fusion HD Cloning kit, Takara Bio). Follow-
ing sequence verification, each plasmid was then used as a tem-
plate for site-directed mutagenesis via overlap-extension PCR
using mutagenesis primers shown in Supplementary Table S1.
Splicing reporter plasmids were then sequence-validated using
Sanger sequencing to confirm successful cloning and identity
of splicing reporters. F8 minigene splicing reporters were de-
rived using a similar approach, where the test exon in addi-
tion to flanking introns and exons, are cloned in between a
strong promoter and polyadenylation site. The naming desig-
nation for each F8 variant investigated in this study is based
on the Human Genome Variation Society (HGVS) nomencla-
ture. Therefore, each pathogenic variant of an F§ exon pre-
sented in this study is based on the nucleotide being mutated
(e.g. A > C), and its position within the coding DNA sequence
context tested relative to the first ATG start codon (38). Each
pathogenic variant’s designation based on the HGVS nomen-
clature is shown in Supplementary Table S1.

Cell-based in vitro splicing assays

HEK293T cells (ATCC) were cultured in 6-well tissue cul-
ture plates (CytoOne, USA Scientific) using Dulbecco’s Mod-
ified Eagle Medium (Gibco, supplemented with 10% FBS) at
37°C, 5% CO,. The cells were transiently transfected at ~60-
80% confluency with 2.5 ug of each F8 splicing reporter using
Lipofectamine 2000 (Invitrogen). Total RNA was harvested
from cells 24 h post-transfection using the Direct-zol RNA
Miniprep kits (Zymo Research). Each splicing assay was per-
formed with three independent/biological replicates. To en-
sure rigor and reproducibility for splicing-sensitive variants
identified, splicing assays were performed with a total of nine
independent/biological replicates, with the exception of exon-
169362G=T wwhich contains 18 independent/biological repli-
cates to assess variability.

ASO walk and combinatorial ASO experiments

2’-methoxyethyl (2’MOE) phosphorothioate substituted
ASOs complementary to F8 exon-16 and flanking introns
were designed from the reverse complement of the F8 sense
sequence, creating non-overlapping 18-mers as shown in
Supplementary Table S2. F§ exon-16 ASOs were designed
to contiguously tile across the exon and its flanking introns.
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ASOs were synthesized by Integrated DNA Technologies
(IDT). HEK293T cells (ATCC) were cultured in 96-well tissue
culture plates (Perkin Elmer) as described above. Cells were
transiently transfected with 250 ng of WT or pathogenic
variant splicing reporter and 10 gmol of each ASO (final
concentration: ~0.43 ng/ul) using Lipofectamine 2000
(Invitrogen). 24 h post-transfection, cells were harvested
and prepared for total RNA purification using the Quick-
DNA/RNA Viral MagBead kit from Zymo Research and an
Agilent Bravo NGS A liquid handler (39). Each experiment
type (e.g. ASO walk or combinatorial ASO assays) was
performed with three independent/biological replicates.

hnRNPA1 overexpression and western blot analysis
HEK293T cells (ATCC) were cultured in 6-well tissue culture
plates as described above. Cells were co-transfected with 1.25
ug of the WT splicing reporter, 1.25 pg of either an empty ex-
pression vector or a T7-tagged hnRNPA1 expression vector,
and 10 gmol of ASO(s) as described above. Total RNA and
protein were isolated 24 h post-transfection using a RSB lysis
buffer (10 mM Tris pH 7.0, 100 mM NaCl, 5 mM MgCl2,
0.5% NP40, 0.5% Triton X-100, and EDTA-free Protease In-
hibitor Cocktail [Roche]). Following a 10 min incubation on
ice, the cell lysate was then centrifuged at 10 000 x g for 10
min at 4°C. The supernatant was then collected and aliquoted
for two separate applications. The first aliquot, comprising
~90% of the cell lysate, was prepared for total RNA purifi-
cation using the Direct-zol RNA Miniprep kits from Zymo
Research. The remaining ~10% of the cell lysate was then
homogenized into a denaturing buffer solution containing 4X
NuPAGE™ LDS Sample Buffer in preparation for polyacry-
lamide gel electrophoresis (Invitrogen™ NuPAGE™, 4-12%,
Bis-Tris, 1.0~1.5 mm, Mini Protein Gels) and subsequent west-
ern blots. For western blots, protein samples were transferred
to a Immobilon NC membrane (Millipore) using a Genie Blot-
ter (Idea Scientific). Membranes were probed with anti-HSP90
(Santa Cruz Biotech) and anti-T7 (Novagen) monoclonal anti-
bodies and visualized by HRP conjugated secondary antibod-
ies and chemiluminescence (Pierce). These experiments were
performed with three independent/biological replicates.

Two-step RT-gPCR and analysis of splicing reporter
assays

A minimum of 500 ng of purified total RNA was
used as input for all first-strand c¢cDNA synthesis us-
ing random primers and Multiscribe Reverse Transcrip-
tase (Applied Biosystems). The resulting cDNA was then
used as a template for endpoint PCR amplification using
specific primers that detect our mRNA splicing reporter
isoforms, Globin F: 5-CGCAACCTCAAACAGACACC-3';
Globin R: 5-TGAGCTGCACTGTGACAAGC-3'. The for-
ward primer of the pair contains a 5'-FAM modifica-
tion. The resulting amplicons were then analyzed using
agarose gel electrophoresis to empirically evaluate mRNA
isoforms detected. Intron-spanning primers against SRSF3
mRNA were used as an endogenous internal control (SRSF3
F: 5-GTAAGAGTGGAACTGTCGAATGG-3'; SRSF3 R:
5'-CGATCTCTCTCTTCTCCTATCTCTAG-3'). The abun-
dance of each 5’-FAM labeled mRNA isoform is quantified us-
ing capillary electrophoresis and fragment analysis (UC Berke-
ley, DNA Sequencing Center). For fragment analysis, each
sample is suspended in a formamide solution that contains a

Nucleic Acids Research, 2024, Vol. 52, No. 1

proper size standard for sizing detected fragments (GeneScan
1200 Liz, Applied Biosystems). Analysis was performed in
PeakScanner (Thermofisher). Quantification of splicing effi-
ciency is achieved by comparing relative fluorescence units
(RFU) between 5'-FAM labeled reporter isoforms that include
or exclude an exon of interest. The RFU detected for each re-
porter isoform is then plugged into the following formula to
calculate the PSI index, which reflects the splicing efficiency of
an exon in either the WT or pathogenic variant context:

Included Isoform RFU

PSI =
Included Isoform RFU + Excluded Isoform RFU

The mean PSI for a given reporter context is then calculated
using all its respective replicates for a corresponding exper-
iment. Statistical significance in the differences between the
mean PSI of the control group(s) versus the experimental
group(s) is determined using analysis of variance (ANOVA),
and Dunett’s post-hoc test. All statistical tests for PSI analy-
sis were done in GraphPad Prism 9. Values are determined to
be statistically significant if the calculated P-value is below an
alpha value of <0.05.

In vitro transcribed RNA for F8 exon-16 WT and
pathogenic variants

Templates for WT or pathogenic variants of F§ exon-16 pre-
mRNA sequences corresponding to the reporter plasmid in-
serts were synthesized by a primer assembly reaction designed
using Primerize (40). RNA was purified by denaturing PAGE
and eluted from gel slices overnight in 10 mM Tris pH 7.5,
480 mM sodium acetate, 1 mM EDTA, 0.1% SDS. Following
ethanol precipitation, transcripts were resuspended in ddH20
and quantified by UV spectrophotometry.

In vitro SHAPE-MaP-seq of F8 targets

F8 exon-16 in vitro transcribed pre-mRNA sequences were
first denatured by incubating at 95°C for 3 min in 65 mM
Na-HEPES (pH 8.0). The denatured RNA was then allowed
to slowly cool to room temperature (RT) for 15 min, after
which MgCl, was supplemented to 1 mM for a total volume
of 15 ul and incubated at RT for an additional 5 min. To chem-
ically modify RNA, 2-aminopyridine-3-carboxylic acid imida-
zolide (2A3) was added to a final concentration of 100 mM
and incubated for 2 min at 37°C (41,42). The reaction was
then quenched using dithiothreitol (DTT) to a final concentra-
tion of 500 mM at RT for 10 min. Reactions which substituted
anhydrous dimethyl sulfoxide (DMSO) for 2A3 were used as
negative controls. All modified RNAs, including negative con-
trols, were then purified using RNA Clean & Concentrator-5
(Zymo Research). Modified RNAs were fragmented to a me-
dian size of 200 nucleotides by incubation at 94°C for 1 min
using NEBNext® Magnesium RNA Fragmentation Kit and
then purified using NEB’s recommended ethanol precipitation
protocol. Purified RNA was then prepared for reverse tran-
scription, incubating the RNA with 1 ul of 10 mM dNTPs and
2 ul of 20 uM random hexamers at 70°C for 5 min, followed
by immediate transfer to ice. Reverse transcription reactions
were then supplemented with 4 pl of SX RT buffer (250 mM
Tris-HCI pH 8.3, 375 mM KCl), 2 pl of 0.1 M DTT, 1 pl of
120 mM MnCl;, 10 U of SUPERase RNase Inhibitor, and 200
U of Superscript II Reverse Transcriptase (SSII, ThermoFisher
Scientific, cat. 18064014) to a final volume of 20 ul. These re-
actions were then incubated at 25°C for 10 min to allow for
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partial primer extension, followed by incubation at 42°C for 3
h to enable efficient extension. SSII was then heat-inactivated
by incubation at 75°C for 20 min. Reverse transcription reac-
tions were then supplemented with EDTA to a final concen-
tration of 6 mM to chelate Mn?* ions and incubated at RT
for 5 min. MgCl, was then added to a final concentration of
6 mM for each reaction (41). Reverse transcription reactions
were then used as input material for NEBNext® Ultra™ II
DNA library Prep Kit for Illumina® (New England Biolabs,
cat. E7645L), using NEBNext Multiplex Oligos for Illumina®
(Unique Dual index UMI Adaptors DNA Set 1, cat. E7395).
Subsequent reactions were performed following manufacturer
instructions. All sequencing was performed on an Illumina
iSeq100 instrument using a paired-end 2 x 150 sequencing
reagent cartridge and flow cell. All SHAPE-MaP-seq experi-
ments were performed in duplicate.

SHAPE-MaP data analysis and RNA structure
prediction

All the relevant data analysis steps were conducted using RNA
Framework v2.6.9 (43). Reads produced from Illumina li-
braries were pre-processed and mapped using the rf-map mod-
ule (parameters: -b2 -mp ‘~no-mixed —no-discordant’ -bs), en-
suring only paired-end mates with expected mate orientation
were considered with Bowtie2. The mutational signal was ob-
tained using the rf-count module (parameters: -m -pp -nd -
ni), enabling mutation counts of reads produced from prop-
erly paired mates. Mutational signal was normalized relative
to an unmodified control using parameters (-sm 3 -nm 1 -
mu 0.05) and further normalized using the 2-8 % normaliza-
tion approach provided by RNA Framework (44). Normal-
ized reactivities were then supplied to RNAstructure to gener-
ate data-driven predicted structure models (45).

In silico analysis of splice site strength and
protein-RNA interactions

MaxEntScan was used to analyze splice 5’ and 3’ site se-
quences of exons used in this study (46). To determine 3'ss
strength, 23-mer sequences encompassing the last 20 intronic
positions and first three exonic positions were selected for
analysis. For §'ss strength, 9-mers consisting of the last three
positions of each exon and the first six positions of the down-
stream intron were selected for analysis. The tool RBPmap
was used to identify putative protein-RNA interactions sites
within F8 pre-mRNAs (47). In this analysis, we used sequences
corresponding to F8§ exon-16 and flanking introns from the
splicing reporter. We included a high stringency constraint to
match known RBP motifs within our input sequence, as well
as a conservation filter to selectively identify motifs that best
match sequences from the human and mouse genomes.

Results

Discovery of splicing-sensitive HA-causing variants
in F8

We previously described inherited disease-causing variants
with the potential to alter the landscape of ESEs or ESSs (24).
Among all candidate genes, F8 had the highest number of vari-
ants per exon and total number of putative splicing-sensitive
point variants (23). To determine whether these HA-causing
variants can induce aberrant splicing, we analyzed 97 distinct
variants across eleven F8 exons by generating heterologous
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splicing reporters where the wild-type (WT) or pathogenic
variant for each F§8 exon, plus 100-250 bp of flanking
intron sequence, were cloned into the human beta globin
(HBB) minigene splicing reporter (Figure 1A and Supplemen-
tary Table S1). Following transient transfections of each re-
porter into HEK293T cells, HBB reporter mRNA isoform
levels are quantified by a two-step, semi-quantitative end-
labeled RT-qPCR assay and fragment analysis via capillary
electrophoresis.

Out of the eleven F8 exons tested, HA-causing vari-
ants across seven F8 exons did not cause exon skipping
(Supplementary Figure S1). In contrast, we found that HA-
causing variants in four exons (exon-7, exon-11, exon-16 and
exon-18) caused exon skipping in the heterologous reporter
context, indicating that the splicing fidelity of these exons
may be particularly sensitive to variants (Figure 1B and Sup-
plementary Figure S2). For example, Figure 1B shows splic-
ing assays for 16 HA-causing variants of exon-16. In com-
parison to the WT exon-16 splicing reporter which is effi-
ciently spliced (lane 3), we found that six pathogenic variants,
namely exon-16553616>4 exon-1655555C>T exon-1655531C>A,
exon-1655316T exon-165389CT and exon-16555434>G sig_
nificantly reduced exon-16 inclusion (Figure 1B,C). These re-
sults show that the i vitro splicing of F§ exon-7,-11,-16 and
-18 are sensitive to HA-causing variants.

A predicted three-way junction RNA structure
occludes the 3'ss of F8 exon-16

Pathogenic variants have previously been reported to disrupt
native RNA structures and as a consequence alter their bi-
ological function (48). To determine how splicing-sensitive
HA-causing variants influence the structure of fragile exons
like F8 exon-16, we performed selective 2’-hydroxyl acyla-
tion analyzed by primer extension and mutational profil-
ing coupled to high-throughput sequencing (SHAPE-MaP-
seq) on in vitro transcribed (IVT) RNA. Both the WT and
pathogenic variant containing IVT exon-16 RNA encom-
passes the same sequence context as the splicing reporters.
As such, for all SHAPE probing data presented, all nucleotide
position numbering shown is based relative to the IVT RNA
template (Supplementary Figure S3A). Accessible nucleotides
strongly react with 2-aminopyridine-3-carboxylic acid imi-
dazolide (2A3) in SHAPE-MaP-seq assays (41). Nucleotides
acylated by 2A3 can vary in their degree of modification, or
SHAPE reactivity, reflecting how accessible the nucleotides
may be in the context of the global folding architecture of the
RNA (41,44,49).

Using 2A3 in our SHAPE-MaP-seq assays, we first gener-
ated SHAPE reactivity profiles for WT exon-16 and the highly
splicing-sensitive exon-16%%*34>G variant (Figure 2A,B). We
used arc diagrams to compare SHAPE-driven folding predic-
tions of WT and exon-1653%434>G transcripts (Figure 2C).
The exon-165434>C varjant induces subtle RNA structural
changes, creating several long-range base pairing interactions
within the exon and between the flanking introns. Like exon-
16°55434>G " additional SHAPE probing demonstrates that
other splicing-sensitive HA-causing variants in exon-16 also
exhibited modest structural changes compared to the WT
transcript (Supplementary Figures 3B-G and S4). Taken to-
gether, the SHAPE-MaP-seq experiments suggest that splicing-
sensitive HA-causing variants modestly impact the secondary
structure of exon-16 compared to the WT context.
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Figure 1. In vitro cell-based splicing reporter assays reveal F8 exon-16 as a highly fragile exon susceptible to pathogenic variant-induced aberrant
splicing. (A) Schematic of the heterologous splicing reporter used to assess the impacts of variants on splicing. Each test exon and flanking intronic
sequence of F8 gene was cloned between exon-1 and exon-2 of the HBB minigene. (B) A representative agarose RNA gel showing the effects on
splicing by various HA-causing variants in a panel of F8 exon-16 splicing reporters. Controls include a no template reaction (lane 1) and a positive control
for exon skipping (lane 2). (C) Quantification of various HA-causing variants on the splicing extent of F8 exon-16. Percent-spliced-in (PSI) refers to the
ratio of test exon skipped to test exon included in mRNA. Statistical significance between comparisons is denoted by asterisks that represent P-values
with the following range of significance: * P < 0.05, and ****P < 0.0001. Statistical significance was determined using analysis of variance (ANOVA), and
Dunett's post-hoc test. Each exon-16 splicing reporter context tested contains nine independent/biological replicates; only exon-16%%9626>T contains 18

independent/biological replicates to assess variability.
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Figure 2. SHAPE probing identifies a native RNA structure (TWJ-3-15) that is uniquely positioned at the 3'ss of F8 exon-16. (A,B) A normalized SHAPE
reactivity plot for WT exon-16 (blue) and the exon-16°%5434>G pathogenic variant (red), respectively. (C) Intramolecular base pairing interactions,
constrained by normalized SHAPE reactivity are represented by arcs joining different regions of the transcript. Arc diagrams for WT exon-16 and
exon-16%9%43A>G transcripts are depicted in blue and red, respectively. The broken box indicates the position of TWJ-3-15. The black arrow signifies the
position of the ¢.56543A > G variant (D,E) SHAPE-driven secondary structure prediction of TWJ-3-15 depicted in its 2D state for WT exon-16 and
exon-16¢9%43A>G transcripts, respectively. Core splicing signals are annotated within the structure. All SHAPE probing data (N = 2) presented were
generated in vitro using the SHAPE reagent 2A3, and all subsequent data analysis was performed in RNA Framework. All nucleotide positions
numbering shown are based on the IVT RNA template used for SHAPE probing, from the 5’ to 3’ orientation.

When analyzing both the WT and all pathogenic vari-
ant SHAPE-driven structure predictions together, we discov-
ered a three-way junction RNA structure involving the 3'ss
of F8 exon-16 that is supported by the experimental reac-
tivity patterns but not from in silico RNA folding alone
(Figure 2D,E; Supplementary Figures S5 and 6). Our SHAPE-
driven structural predictions suggest that an upstream re-
gion of F8 intron-15 base pairs with the branchpoint and
poly-Y tract, potentially occluding their accessibility to splic-
ing factor 1 (SF1) and U2AF. This 3’ss three-way junction
structure, which we will refer to as TWJ-3-15 (Three-Way
Junction at the 3’-end of intron-15), may be a potential
target for splice-modulating compounds to enhance splice
site strength and therefore increase exon-16 inclusion during
splicing.

TWJ-3-15 attenuates F8 exon-16 3'ss strength

To determine if splicing-sensitive HA-causing variants of
exon-16 can be rescued by ASOs, we designed non-
overlapping, phosphorothioate-substituted, 2’-methoxyethyl
modified 18-mer ASOs that span exon-16 and its flanking in-
trons in a splicing reporter context (Figure 3A; Supplemen-
tary Table S2 and Supplementary Figure S7). We include an
ASO that has no complementarity to F8 sequences, serving
as our non-targeting (NT) control (Figure 3B, lane 1), and an
ASO ‘blocker’ that specifically targets the 5’ss of exon-16 to
directly inhibit its splicing (Figure 3B, lane 2). Co-transfection
Of ASO32, ASO30, ASOzg, A5027, ASOs, ASO4 or ASO3
with the exon-16%3%434>G reporter resulted in a significant
increase in exon-16 inclusion relative to the control (Figure
3C). Of note, these ASOs target the upstream and downstream
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Figure 3. ASO walk reveals splice-modulating ASOs for the highly
splicing-sensitive exon-16¢5%43A>C variant. (A) A mock schematic of an
ASO walk. Each ASO used in our walks are 18 nucleotides in length and
are designed using ribose sugars that are modified with a
2’-methoxyethyl group (2’-MOE, highlighted in light orange), and the
phosphate backbone is modified to a phosphorothioate backbone
(highlighted in light blue). Each 18-mer ASO is contiguous by design, tiling
across exon-16 and its flanking introns with no overlaps between each
ASO. (B) Proof-of-concept demonstrating how our ASOs are expected to
work in the ASO walk experiments. As shown in the annotative matrix
above a representative agarose gel, the first two controls consist of our
5’ss blocker ASO (positive control) and our non-targeting ASO (negative
control) being co-transfected with our WT exon-16 splicing reporter to
demonstrate that our designed ASOs can modulate splicing. The last two
controls consist of our WT exon-16 and exon-16%%434>G gplicing
reporters without ASOs co-transfected to illustrate the typical splicing
ratios we may expect to see from their splicing. Expected mRNA
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intronic regions of exon-16°3434>G_ASO3,, ASO3, ASO»9
and ASO,; target regions upstream of the 3’ss, includ-
ing sequences comprising TW]-3-15. These ASOs signifi-
cantly increase inclusion of exon-16%5434>G (Figure 3C, P-
value < 0.0001). ASOg4, ASO4 and ASOj; target a region
downstream of the §’ss and also significantly increase exon-
16°55434>G inclusion (Figure 3C, P-value < 0.0008). We also
observed that ASOs targeting exon-16, including the site of
the variant at ¢.5543A > G, inhibited splicing. As a con-
trol we repeated the ASO walk on the WT F8 exon-16 re-
porter. As observed from the exon-1653%434>G walk, ASOs
directly targeting the exon, except for ASO,y, strongly in-
hibited the inclusion of WT exon-16 during splicing (Figure
3D). By contrast, individual ASOs targeting the flanking in-
trons had little impact on WT exon-16 splicing relative to
the NT control. Interestingly, ASO¢ and ASO4 which tar-
get the intronic region downstream of the 5’ss enhanced
exon-16 splicing relative to the NT control (Figure 3D, P-
value < 0.0011). Taken together, these ASO walks indi-
cate that targeting regions adjacent to F8 exon-16 with
ASOs, but not the exon itself, may rescue inclusion of
splicing-sensitive HA-causing exon-16 variants by perturb-
ing the influence of inhibitory elements found in the flanking
introns.

Comparison of our SHAPE and ASO walk data revealed
that ASOs which individually and most significantly improved
splicing of exon-16%35434>G achieved this effect by directly
targeting TW]J-3-15 (Figure 3E,F). These ASOs include ASO,9
and ASO,7, which had a statistically significant improvement
on exon-1653434>G gplicing, and ASO,g which also targets
the structure but was unable to significantly rescue splicing of
exon-16533434>G_Thus, our data supports the hypothesis that
co-transfecting more than one ASO targeting TW]-3-15 may
further destabilize this structure to increase 3’ss accessibility
and thereby enhance proper splicing of exon-16.

Splice-modulating ASOs alter the predicted
structure and function of TWJ-3-15

To test the hypothesis that a combination of ASOs can ad-
ditively enhance splicing of F8 exon-16°3434>G compared
to a single ASO when targeting TW]-3-15, we performed
additional cell-based splicing assays where exon-16¢3434>G
was co-transfected with ASQO9, ASO,5 and ASO;;. Due

isoforms including or excluding the test exon are also annotated to the
left of the agarose gel. (C) and (D) show our ASO walk data for the
exon-16%5434>G variant and WT exon-16, respectively. Data
corresponding to the exon-16%%%434>G variant is annotated by a red color
whereas the WT is annotated by a blue color. ASO walk results for both
(C) and (D) are quantified using the PSI ratio. Statistical significance
between comparisons are denoted by asterisks that represent P-values
with the following range of significance: ns, P > 0.05, **P < 0.01,

**%P < 0.001, and ****P < 0.0001. Statistical significance was
determined using analysis of variance (ANOVA), and Dunett’s post-hoc
test. Each exon-16 splicing reporter context and condition tested contains
three independent/biological replicates. A schematic model of exon-16
and its flanking introns are shown at the bottom of each plot to illustrate
relative positions of ASOs. (E) and (F) respectively depict SHAPE-driven
secondary structure predictions of TWJ-3-15 for WT exon-16 and
exon-16%%54%A=6 '\here each (E) and (F) show where promising ASOs are
hybridizing to within the structure. The sequence is numbered according
to the nucleotide positions of the heterologous splicing reporter, from the
5" to 3 orientation.

46

20z Aenuer G| uo 1senb Aq £010Z2/00€/L/2G/a101ME/1BU/WO0 dNO"olWePEoE//:SANY WOol) Papeojumod



Nucleic Acids Research, 2024, Vol. 52, No. 1

to the observation that WT exon-16 is inefficiently spliced
(Figure 1C), we also co-transfected the WT reporter with the
trio ASO combination in parallel. Remarkably, for both the
WT and exon-16%5434>G reporters, we discover that the trio
ASO combination had a significant effect on exon-16 inclu-
sion (Figure 4A,B). Relative to WT exon-16 co-transfected
with the NT control (Figure 4A,B), the trio ASO combi-
nation can enhance the splicing efficiency of WT exon-16
(Figure 4A,B), significantly increasing exon-16 inclusion (P-
value < 0.0001). Similarly, we observed that the trio combi-
nation significantly rescued exon-16°5434>G gsplicing (Figure
4A,B, P-value < 0.0001) and completely restores splicing of
exon-16533434>G to WT levels (Figure 4A,B, compare lanes 1
and 6). Additionally, in comparing this result to a preliminary
screen consisting of a duo ASO combination that includes
ASO,9 and ASO,s which worked the best (Supplementary
Figure S8), the trio combination comprising ASO39, ASOg
and ASO,7 had a stronger additive effect on rescuing exon-16
splicing, also demonstrating that ASO,7 is necessary to im-
prove splicing.

To test the hypothesis that ASOs targeting TW]J-3-15 in-
creases the accessibility of the poly-Y tract by antagonizing
the TW]J-3-15 structure, we performed additional chemical
probing experiments. Briefly, we adapted the same SHAPE-
MaP-seq approach as previously described with the excep-
tion that prior to SHAPE probing, the in vitro RNA template
was unfolded and then re-folded in the presence of ASOs.
In order to draw comparisons between the probing condi-
tion with ASOs present and the control condition without
ASOs, we calculated the average SHAPE reactivity for each
nucleotide from the respective datasets and plotted them to-
gether (Figure 4C). Differences between each dataset’s SHAPE
reactivities are represented by their distinct color annota-
tion, whereas predominant admixing of colors represent min-
imal differences. Accordingly, the results from this experi-
ment show that there is an increased shift in SHAPE reac-
tivities for nucleotides that surround or comprise the poly-Y
tract in the condition with ASO,9 and ASO,g present, com-
pared to the condition with no ASOs present (Figure 4C).
The reduced SHAPE reactivities in the regions with ASO,9
and ASO,g complementarity provide a direct measure of ASO
binding to the intended target sites (Figure 4C). Addition-
ally, a single ASO such as ASO,7 is also capable of increasing
the SHAPE activities for nucleotides comprising the poly-Y
tract (Supplementary Figure S9). These results indicate that
appropriately designed ASOs enhance exon-16 splicing in
part by destabilizing TWJ-3-15 to increase the accessibility of
the 3'ss, likely increasing the accessibility of the poly-Y tract
to U2AFE.

TWJ-3-15 harbors hnRNPA1-dependent splicing
silencers

Results of our RNA structure probing experiments in the pres-
ence and absence of specific ASO combinations suggest that
TW]J-3-15 reduces the strength of F8 exon-16 definition by
occluding the poly-Y tract. To determine if TWJ-3-15 may
also contain any functional binding sites for RNA-binding
proteins (RBPs), we used RBPmap to identify RBP consen-
sus motifs within the structure (47). We found two bind-
ing sites for the splicing repressor hnRNPA1 within TWJ-3—
15 (Figure SA, indicated in red). Based on nucleotide posi-
tion numbering relative to the IVT RNA template used for
SHAPE probing (Supplementary Figures S3A, 6 and 7), and
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subsequent analysis of TW]-3-15, the first potential bind-
ing site is found at nucleotide positions 84-90 (UZUAGGGA)
and the second motif is found at nucleotide positions 99—
105 (CUAAGGA). We term these predicted hnRNPA1 bind-
ing sites as ISS-15-1 and ISS-15-2, respectively. Based on pub-
lished research, these predicted binding sites harbor motifs ei-
ther identical or highly similar to the hnRNPA1 consensus mo-
tif, ‘UAGG’ (50,51). These predicted hnRNPA1 binding sites
are positioned within the apical stem loop region of TWJ-3—
15. Intriguingly, ASO,g and ASO,7 directly bind ISS-15-1 and
1SS-15-2, respectively. These ASOs, when used individually
or in combination, antagonized the aberrant splicing of the
exon-16%3434>G variant (Figure 3C and Supplementary Fig-
ure S8A). We hypothesize that this structured element weak-
ens the F8 exon-16 3'ss by sequestering the poly-Y tract and
recruiting the splicing repressor protein hnRNPA1. To deter-
mine if TWJ-3-15 is sufficient to induce hnRNPA1-dependent
exon skipping we replaced the robust 3'ss of F8 exon-15 with
the 3’ss of exon-16, which includes TWJ-3-15 (see Supple-
mentary Figure S1). By contrast to the WT exon-15 reporter,
we found that overexpression of hnRNPA1 induced signifi-
cant levels of exon skipping in the TWJ-3-15 chimeric re-
porter (Supplementary Figure S10). These data suggest that
TW]J-3-15 is sufficient to induce hnRNPA1-dependent exon
skipping in a heterologous context. If hnRNPA1 recognizes
1SS-15-1 and 1SS-15-2, we predict that ASO,g and ASO,7
will block hnRNPA1-dependent exon skipping. To test this
hypothesis, we co-transfected the WT F8 exon-16 splicing re-
porter into HEK293T cells with or without hnRNPA1 overex-
pression. We performed these experiments with several ASO
conditions: (1) transfecting ASO2g and ASO,9 to mask one
putative hnRNPA1 binding site, ISS-15-1, while exposing the
poly-Y track, (2) or transfecting ASO,7, ASO25 and ASO,9 to
mask both putative hnRNPA1 binding sites, ISS-15-1 and ISS-
15-2, while simultaneously exposing the poly-Y track in TW]J-
3-15. As expected, overexpression of hnRNPA1 strongly in-
hibits splicing of WT exon-16 (compare lane 4 to lane 1, Fig-
ure 5B,C). By contrast, we observed that the combination of
ASO,g and ASO,y partially attenuated the effect of hnRNPA1
overexpression, and the combination of all three ASO resulted
in the strongest attenuation hnRNPA1-dependent exon-16
skipping (compare lane 4 to lanes 5 and 6). Taken together,
these data suggest that ISS-15-1 and ISS-15-2 are recognized
by hnRNPA1 and that masking both sites is required to rescue
splicing efficiently.

ASO,7 contains a potential high affinity hnRNPA1 bind-
ing site (5'-AGGTCCTTAGGGTTTACA-3'), inviting the hy-
pothesis that ASO,7 may attenuate exon-16 splicing in our
hnRNPA1-ASO competition assay by directly binding to and
sponging hnRNPA1. To test this hypothesis, we repeated
the hnRNPA1-ASO competition assay using an orthogonal
hnRNPA1-responsive splicing reporter that does not bind
ASO;7. This splicing reporter contains SRSF6 exon-6, a re-
porter previously validated to exhibit splicing suppression
upon hnRNPAT1 overexpression (52). We observe that, rel-
ative to the empty expression vector, overexpression of hn-
RNPA1 caused skipping of SRSF6 exon-6, as expected (Figure
5D, compare lane 1 to lanes 2 and 3; Figure SE). The effect
of hnRNPA1 overexpression is maintained in the presence of
ASOy7 (Figure 5D, lane 2), suggesting that ASO,7 does not
attenuate hnRNPA1-directed inhibition of splicing by bind-
ing to the splicing factor itself. Taken together, these exper-
iments support our hypothesis that the trio ASO combina-
tion rescues exon-16 splicing in part by blocking bona fide
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range of significance: ns, P > 0.05, and ****P < 0.0001. Statistical significance was determined using analysis of variance (ANOVA) and Dunett’s
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in the plot. All SHAPE probing data presented were generated in vitro using the SHAPE reagent 2A3, and all subsequent data analysis was performed in
RNA Framework. The sequence is numbered according to the nucleotide positions of the heterologous splicing reporter, from the 5’ to 3" orientation.

hnRNPA1-dependent silencers found within TW]J-3-15 and
increasing accessibility of the 3’ss poly-Y tract.

Targeting TWJ-3-15 rescues multiple
splicing-sensitive HA-causing variants of F8
exon-16

Our experiments indicate that the splicing fidelity of F8
exon-16 appears to be regulated in part by an RNA

structure that weakens the 3’ss and recruits hnRNPA1
to further suppress exon definition (Figure 6A). Because
this feature is shared across all exon-16 HA-causing vari-
ants (Supplementary Figures S11-16) and is targeted by
ASOs capable of rescuing exon-16%5434>G gplicing, we rea-
soned that targeting TWJ-3-15 might rescue splicing of
other splicing-sensitive exon-16 variants. To test this hy-
pothesis, we co-transfected WT exon 16, exon-1633616>4
exon-165598C>T  exon16¢5531C>A  exon 1665531C>T  and
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Figure 5. hnRNPA1 cooperates with TWJ-3-15 to amplify inhibitory effects at the 3'ss of F8 exon-16. (A) Secondary structure model of TWJ-3-15
showing predicted hnRNPA1 binding motifs underscored in red. The sequence is numbered according to the nucleotide positions of the heterologous
splicing reporter, from the 5’ to 3’ orientation. (B) Representative Western blot and agarose gel depicting results from our hnRNPA1-ASO competition
assay. Upper two panels depict western blots for HSP90 and T7-epitope tagged hnRNPA1, respectively. Lower two panels depict the HBB splicing assay
and the SRSF3 internal control for the RT-PCR reaction, respectively. Each condition tested in the assay is annotated as shown in the matrix above the
gel. (C) A plot quantifying the results from (B) using the PSl ratio. Co-transfection of the WT exon-16 splicing reporter with either the empty expression
vector (PCG) or the hnRNPA1 expression vector is indicated by a light blue or light red color, respectively. The same annotative matrix seen in (B) is used
under the plot to label each ASO condition tested for each context. (D) Representative Western blot and agarose gel electrophoresis depicting results
from our SRSF6 splicing assay. Each condition tested in the assay is annotated as shown in the matrix above the gel. (E) A plot quantifying the results
from (D) using the PSI ratio. Co-transfection of the SRSF6 exon 6 splicing reporter with either the empty expression vector (PCG) or the hnRNPA1
expression vector is indicated by a light blue or light red color, respectively. The same annotative matrix seen in (D) is used under the plot to label each

ASO condition tested for each context. Epitopes targeted by specific antibodies in the western blots are indicated to the left of their respective blots.
Expected mRNA isoforms including or excluding the test exon are also annotated to the left of the agarose gel. Statistical significance between
comparisons are denoted by asterisks that represent P-values with the following range of significance: ns, P > 0.05, **P < 0.01, ***P < 0.001,

and ****p < 0.0001. Statistical significance was determined using analysis of variance (ANOVA), and Dunett's post-hoc test. Each exon-16 splicing
reporter context and condition tested contains three independent/biological replicates.

exon-16¢3389C=T splicing reporters with the NT ASO control
or the trio ASO combination. Similar to exon-16¢5%34>G e
observed that co-transfecting ASO59, ASO,5 and ASO,7 to-
gether strongly promotes inclusion of other splicing-sensitive
HA-causing pathogenic variants of exon-16 (Figure 6B,C).
Taken together, these data demonstrate that ASO59, ASOag
and ASO,7 interfere with the function of TWJ-3-15 and can
generally rescue a broad array of splicing-sensitive pathogenic
alleles implicated in HA.

Splicing reporters, like those employed in this study, en-
able the rapid screening and identification of splicing-sensitive
variants across a wide array of exons. However, the heterol-
ogous sequence contexts do not always accurately reflect the

splicing patterns of the endogenous gene. We therefore estab-
lished an orthogonal splicing reporter to determine whether
exon-16%3434>G induces exon skipping in a more native con-
text. We substituted the HBB locus in our reporter plasmid
with the region of the F8 gene spanning from exon-15 to
exon-17, including the full length introns flanking exon-16
(Figure 6D). To make appropriate comparisons, we generated
minigenes for both WT exon-16 and the exon-16¢55434>G
pathogenic variant that induces the most severe exon skipping.
Once the reporters were generated and sequence-validated,
we then repeated splicing assays to determine if the exon-
16%35434>G yariant induces exon skipping, and if the trio ASO
combination also rescued this splicing defect. This minigene
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Figure 6. A combination of ASOs targeting TWJ-3-15 in a heterologous and endogenous context can rescue splicing for a broad array of HA-associated
variants of exon-16 by increasing 3'ss accessibility and blocking hnRNPA1 binding. (A) A UCSC Genome Browser screenshot depicting the F8 exon-16
locus and the positions of HA-causing variants tested in this study. Pathogenic variants demonstrated to be splicing-sensitive from our assays are shown
in red, whereas non-sensitive variants are shown in black. The 3" and 5’ splice sites are annotated in addition to TWJ-3-15. Successful ASOs targeting
TWJ-3-15. (B) A representative agarose gel depicting the results from our cell-based splicing assays testing the trio ASO combinations’ ability to rescue
splicing of other HA-linked splicing-sensitive exon-16 variants (upper panel). The SRSF3 internal control for the RT-PCR reaction is also shown (lower
panel). Each splicing assay condition included in this specific assay is annotated as shown in the matrix above the gel. Expected mRNA isoforms
including or excluding the test exon are also annotated to the left of the agarose gel. (C) A plot quantifying the results from (B) using the PSI ratio. Each
sequence context tested (WT or pathogenic variant) is annotated by a distinct color. The same annotative matrix seen in (B) is used under the plot to
label each ASO condition tested for each context. (D) A schematic depicting the F8 exon-16 minigene splicing reporter to validate aberrant splicing
defects in an endogenous context. F8 exon-16, along with its neighboring introns and exons as annotated, are cloned in between a strong promoter and
polyadenylation signal. Expected isoforms generated from the splicing reporter are also shown and annotated. (E) A representative agarose gel
depicting the results from our exon-16 minigene splicing assays validating aberrant splicing and trio ASO rescue effects in an endogenous context. Each
assay condition included in this experiment is annotated as shown in the matrix above the gel. Expected mRNA isoforms including or excluding exon-16
are also annotated to the left of the agarose gel. (F) A plot quantifying the results from (E) using the PSI ratio. Each sequence context tested (WT
minigene or exon-165%434>G minigene) is annotated by a distinct color. The same annotative matrix seen in (E) is used under the plot to label each ASO
condition tested for each context. Statistical significance between comparisons are denoted by asterisks that represent P-values with the following
range of significance: ns, P > 0.05, and ****P < 0.0001. Statistical significance was determined using analysis of variance (ANOVA), and Dunett's
post-hoc test. Each exon-16 splicing reporter context and condition tested contains three independent/biological replicates.

assay demonstrates that ¢.5543A > G induces exon-16 skip- Discussion
ping in a native context (Figure 6E, compare lanes 1 and 4).
As expected, the exon-16 5'ss blocking ASO reduces inclusion
of the WT and pathogenic variant minigene reporters (Figure
6E, compare lanes 1 to 2 and 4 to 5), whereas the trio ASO
combination significantly increased exon-16°55434>G inclu-
sion (Figure 6E, compare lanes 4 and 6, P-value < 0.0001). To-
gether, these data demonstrate that our heterologous reporter
assay fully recapitulates the results of an orthogonal model
system presenting exon-16 and the ¢.5543A > G pathogenic
variant in an native context.

RNA structure—function relationships in exon
definition

Our results suggest that a putative RNA structure, TWJ-3—
15, sensitizes exon-16 to aberrant splicing by attenuating the
strength of the 3’ss. This interpretation is supported by sev-
eral lines of evidence. First, SHAPE data demonstrates that
upstream intronic sequences base pair with the poly-Y tract.
This base pairing interaction could reduce accessibility of the
poly-Y tract to U2AE A similar mechanism was demonstrated
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Figure 7. The loss of a critical ESE in F8 exon-16 is hypothesized to amplify the inhibitory nature of TWJ-3-15 to alter exon definition and splicing fidelity.
The following models depict experimentally-driven mechanisms on how F8 exon-16 (in light gray) may be aberrantly spliced and rescued as determined
in this study. (A) A schematic depicting the loss of a critical ESE in exon-16 due to the A > G pathogenic variant in the exon-16¢5%434>G variant. Losing
the ESE diminishes the ability to recruit a positive splicing factor that likely regulates TWJ-3-15 and hnRNPA1 antagonism at the 3'ss of F8 exon-16,
leading to decreased 3'ss strength. (B) A schematic depicting the trio ASO combinations’ ability to rescue splicing of exon-16¢55434>G by destabilizing
TWJ-3-15, and preventing the recruitment of hnRNPAT to the 3’ss. Collectively, our data-supported model indicates that the trio ASOs block the
recruitment of a negative splicing factor and increases the accessibility of the 3'ss to the splicing machinery. TWJ-3-15 is annotated by a simplified
depiction of the “Y-shaped’ RNA secondary structure at the 3'ss of exon-16. RBPs binding to TWJ-3-15 and this region such as hnRNPA1 and U2AF are
respectively annotated. The predicted ESE is annotated in light green within exon-16, and its binding partner, presumably an RBP like SR proteins that

are known to enhance splicing, is depicted as well.

for the 5'ss of Tau exon 10 (53). In this case, the RNA helicase
p68 controls accessibility of the 5’ss to Ul snRNP and ASOs
stabilizing this structure inhibit splicing (54). Similarly, at least
two putative hnRNPA1 binding sites are present in the apical
stem of TW]-3-15. These sequences appear to be functional
binding sites as overexpression of hnRNPA1 inhibits splic-
ing of both wild-type and splicing defective exon-16 variants.
TW]J-3-15 also imparts hnRNPA1-dependent exon skipping
in a heterologous constitutive exon, demonstrating the pres-
ence of splicing silencer activity (Supplementary Figure S10).
Finally, we also discovered splice-modulating ASOs that res-
cue exon-16 inclusion by disrupting the function of this RNA
structure. ASO7, ASO,g and ASO,9 antagonize TW]-3-15
by occluding hnRNPA1-responsive splicing silencers and by
exposing the poly-Y tract, underscoring the functional sig-
nificance of this structure and its sequence. Despite strong
splice site signals (Supplementary Table S3), our data sug-
gest that TWJ-3-15 sensitizes exon-16 to HA-causing vari-
ants that cripple ESEs or create ESSs (Figure 7A). Modulating
this RNA structure-function relationship with ASOs rescues
splicing of a diverse array of splicing-sensitive HA-linked vari-
ants of exon-16 (Figure 7B). We note that in the absence of
in cellulo chemical probing data, TWJ-3-15 remains a struc-
tural model that requires additional experimental validation.
However, the impact of our work does not rest solely on this
RNA structure. Collectively, our data strongly suggest that
this sequence functions as an intronic splicing silencer and
that ASOs occluding this region rescues an array of splicing-
sensitive variants in exon-16.

By contrast to TWJ-3-15, we found that ASOs hybridiz-
ing to the exon-16 itself, spare one, inhibit pre-mRNA
splicing (Figure 3D). While ASO;; hybridizes to a se-
quence predicted to function as a splicing silencer and
therefore might not be expected to interfere with splic-
ing, it is less clear why other ASOs targeting the exon
are deleterious to splicing. One possibility is that the sec-
ondary structure of exon-16 is important for exon defini-
tion. Indeed, SHAPE-MaP-seq suggests extensive intramolec-
ular pairing juxtaposes the $’ss and 3’ss (Supplementary

Figures S11-16). Perhaps ASOs targeting exon-16 interfere
with base pairing interactions within the exon and disrupt
splicing. Alternatively, F§ exon-16 may be strongly depen-
dent on exonic splicing enhancers. In this model, ASOs
targeting the exon could mask binding sites for splicing
factors.

The interplay of genetic variation and exon
definition is complex

Interpreting the impact of genetic variation on pre-mRNA
splicing is fundamental to understanding genotype-phenotype
relationships (25,55,56). Recognition of exon-intron bound-
aries requires the combinatorial interaction of splicing reg-
ulatory proteins with ESEs and ESSs, and is required for
both constitutive and alternative splicing (57). Recent high-
throughput saturating mutagenesis screens of model human
exons demonstrate that constitutive exons are more resilient
to substitutions than alternative exons (58). In their study,
Baeza-Centurion et al. use human genetic variation to argue
that alternative exons are more prone to aberrant splicing
than constitutive exons. Surprisingly, our work demonstrates
that splicing of F8 exon-16 is vulnerable to pathogenic ge-
netic variants, despite limited evidence for regulated alterna-
tive splicing (Figure 1 and Supplementary Figure S2). Inter-
estingly, pathogenic genetic variants in exon-16 and the 5'ss
of intron 15 cause aberrant exon-16 splicing in HA patients
(59,60).

An important consideration for interpreting this result is
that common polymorphisms (minor allele frequency > 5%)
are fixed in the population and unlikely to negatively affect fit-
ness. By contrast, rare pathogenic variants can induce aberrant
splicing of constitutive exons (61-71). We previously demon-
strated that pathogenic variants are more likely to cause the
loss or gain of ESEs or ESSs, respectively (24). Despite this
observation, we were surprised that for a majority of exons
tested in our study, pathogenic variants tested here did not sig-
nificantly alter splicing efficiency relative to the WT reporters
(Supplementary Figure S1). Clearly, additional layers of reg-
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ulatory information such as splicing factor occupancy maps,
chromatin structure, and RNA polymerase kinetics need to be
considered in future predictive models (25,55,56,72).

Aberrant splicing of F8in Hemophilia A

An HA diagnosis causes a severe life expectancy disadvan-
tage. The global prevalence of HA is ~17.5 cases per 100 000
males, while the prevalence at birth is 26.4 per 100 000 males
(73). These prevalence estimates suggest as many as 1 million
patients globally are afflicted with HA. Based on the Coag-
ulation Factor Variant Database, exon-16 contains 4.5% of
the 3052 unique pathogenic variants in the F8 gene. These
data suggest that >40 000 HA patients could harbor exon-
16 pathogenic variants. Our work suggests that ~37.5% of
variants tested in exon-16 induce aberrant splicing, suggesting
that globally, >15 480 patients could benefit from ASOs tar-
geting TWJ-3-135. In the future, it will be important to create
patient-derived models to confirm the role for TWJ-3-15 in
exon-16 aberrant splicing in vivo. Better models will facilitate
development of singular ASOs targeting TW]J-3-15 capable of
fully rescuing exon-16 splicing. F8 exon-16 encodes a portion
of the A3 domain which is required for efficient blood clotting
and is frequently mutated in HA (74-76). Because exon-16 is
divisible by 3, the aberrant skipped isoform is predicted to
express an internally deleted protein, rather than undergoing
nonsense mediated decay.

Limitations of the study and future directions

There are several limitations of our study. Because we did not
have access to patient-derived cell lines and cell lines express-
ing the canonical full length F§ mRNA isoform are not read-
ily available, we employed the well-established HBB reporter
system transfected into HEK293T cells to assay the impact
of F8 pathogenic variants on exon identity (77). This mini-
mal system exploits the context dependence of exon defini-
tion as most auxiliary cis-regulatory signals are near splice
sites (78). However, because this reporter system lacks most of
the endogenous F8 sequence, it remains possible that results
obtained with the heterologous reporter may differ from re-
sults obtained from the endogenous locus. Additionally, other
processes such as chromatin modification and transcriptional
elongation can regulate splicing (79). While the artificial sys-
tem used here may differ from the endogenous locus, exon-16
and intron-15 variants that cause aberrant exon-16 splicing
have been reported in HA patients (59,60). Despite this un-
certainty, our study represents an important step towards cor-
recting splicing-sensitive variants in F8 exon-16. Additional
work is required to validate or invalidate aspects of this po-
tential structure—function relationship in exon-16 identity. It
will also be important to learn how ESEs antagonize the func-
tion of this putative regulatory element.

In the absence of patient-derived cell models, other groups
developed CRISPR edited induced pluripotent stem cell mod-
els (77,80). In the future, translating our findings into a pre-
clinical setting will require the testing of variants and ASOs
in the context of the endogenous F§ locus in a disease-in-a-
dish preclinical model. Although we have not tested our hy-
potheses in a patient-derived cell line or in engineered cell
models, evidence supporting the fragile nature of exon-16 can
be found in HA patient registries. The European Coagula-
tion Factor Variant Database contains at least four unrelated

Nucleic Acids Research, 2024, Vol. 52, No. 1

patients with three different synonymous pathogenic variants
at position ¢.5586 causing severe to modest HA phenotypes
(75,81,82). Silent pathogenic variants most frequently induce
aberrant splicing but can also alter RNA structure and mRNA
stability, leading to changes in gene expression. Additionally,
variants in both intron-15 and exon-16 cause aberrant splic-
ing of exon-16 in HA patient samples (59,60). These published
clinical findings, combined with our iz vitro analysis of HA-
pathogenic variants in exon-16, support the hypothesis that
aberrant splicing of F8 exon-16 occurs in HA patients and
represents a potential therapeutic target. Finally, it will be im-
portant to determine how the F8 protein tolerates missense
variants in exon-16. Recent studies demonstrated that non-
conservative substitutions in exon-19, including those asso-
ciated with aberrant splicing, have modest effects on protein
activity when expressed from a cDNA (83). Thus, the poten-
tial translation of ASOs targeting TWJ-3-135 requires a similar
study of F8 protein function and secretion using a pre-clinical
model system focusing on the endogenous F8 locus.
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Abstract

Splice-modulating antisense oligonucleotides (ASOs) are precision
RNA-based drugs that are becoming an established modality to treat human disease.
Previously, we reported the discovery of a novel, putative RNA structure-function
mechanism for ASOs to target to rescue splicing of multiple pathogenic variants of
F§ exon 16 that cause hemophilia A. However, the conventional approach to
discovering splice-modulating ASOs is laborious and expensive. Here, we describe an
alternative paradigm that integrates RNA structure data and community science to
gamify the discovery of splice-modulating ASOs. Using a splicing-deficient
pathogenic variant of /'§ exon 16 as a model in a new puzzle challenge we call
OpenASO, we show that 25% of player-designed ASOs have a statistically significant
impact on enhancing exon 16 splicing. Additionally, we show that a distinct
combination of ASOs designed by Eterna players can additively enhance the
inclusion of the splicing-deificent exon 16 variant. Together, our data suggests that
crowdsourcing designs from a community of citizen scientists may accelerate the

discovery of lead splice-modulating ASOs.
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Introduction

Just as how puzzle pieces need to be placed in the correct position to create an
intended picture, protein-coding sequences must be treated the same way to properly
express a gene. Interspersed, non-protein-coding sequences (introns) must be
removed, and protein-coding sequences (exons) must be joined together in a specific
order to create a functional messenger RNA (mRNA); this process is known as
precursor messenger RNA (pre-mRNA) splicing (Berget, Moore, and Sharp 1977,
Chow et al. 1977; Weber, Jelinek, and Darnell 1977; Berk and Sharp 1977). Splicing
occurs through two phosphoryl transesterification reactions that are catalyzed by the

ribonucleoprotein known as the spliceosome (Padgett et al. 1984). The spliceosome is
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a multi-megadalton complex composed of five essential uracil-rich small nuclear
ribonucleoprotein particles (snRNPs), and hundreds of accessory RNA-binding
proteins (RBPs), that assembles de novo on each intron in a stepwise manner
(Wilkinson, Charenton, and Nagai 2020; Wan et al. 2020; Konarska and Sharp 1987).
The formation of a catalytic spliceosome on a pre-mRNA substrate is only possible if
the earliest conformation, known as the E complex, assembles on correct exon-intron

boundaries (Michaud and Reed 1993; Plaschka et al. 2018).

Exon definition is a critical early step that facilitates E complex formation by
demarcating exon-intron boundaries during pre-mRNA splicing (De Conti, Baralle,
and Buratti 2013; Robberson, Cote, and Berget 1990). Conserved consensus sequence
motifs within a pre-mRNA comprise the bare essence of exon definition. Motifs at the
5"and 3’ end of an intron establish splice sites (5'ss and 3'ss) that define exon-intron
boundaries (Mount et al. 1983; Zorio and Blumenthal 1999; Michaud and Reed 1993;
M. S. Wong, Kinney, and Krainer 2018), in addition to a stretch of pyrimidines and a
branchpoint sequence upstream of the 3'ss that is essential for E complex formation
and subsequent remodeling to form the catalytic spliceosome (Berglund et al. 1997;
Sheth et al. 2006). U1 snRNP binds to the 5'ss while U2 snRNP auxiliary factor
(U2AF) binds to the 3'ss and polypyrimidine (poly-Y) tract. Auxiliary cis-acting
splicing regulatory sequences residing within or adjacent to exonic sequences also
contribute to the strength of these consensus motifs (Fu and Ares 2014; Izquierdo and

Valcarcel 2006; Spingola et al. 1999; Qin et al. 2016; Ke et al. 2011; Reed and
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Maniatis 1986; Fairbrother et al. 2002; Z. Wang et al. 2004; Berget 1995). Exonic and
intronic splicing enhancers (ESEs and ISEs, respectively) and splicing silencers
(ESSs and ISSs, respectively) are activated when they are bound by their cognate
trans-acting RBP, inhibiting or promoting the assembly of spliceosomal components.
Together, a dynamic and balanced interplay between splicing regulatory sequences

and RBPs determines an exon’s identity and governs its splicing fidelity .

Aberrant splicing is a hallmark of numerous human diseases, from rare
genetic disorders to cancers (Faustino and Cooper 2003a; Céceres and Kornblihtt
2002; Garcia-Blanco, Baraniak, and Lasda 2004b; R. K. Singh and Cooper 2012b;
Sterne-Weiler et al. 2011b; Sterne-Weiler and Sanford 2014b; Lord and Baralle
2021b; G.-S. Wang and Cooper 2007b; E. Wang and Aifantis 2020b).
Disease-causing mutations that perturb splicing regulatory sequences can induce
aberrant splicing. It is known that at least 10% of these pathogenic mutations will
typically ablate the 5" or 3'ss (Krawczak et al. 2007b). Approximately, one-third of
pathogenic mutations can perturb the cis-regulatory landscape of an exon, disrupting
splicing enhancers or creating splicing silencers (Sterne-Weiler et al. 2011b; Kian
Huat Lim et al. 2011; Fredericks et al. 2015b). The consequence of mutations can
alter the reading frame of an mRNA transcript, leading to the synthesis of truncated,
non-functional, or antagonistic proteins that can be deleterious for cells (Puisac et al.
2013; S. H. Kim et al. 2009; Fackenthal and Godley 2008). Thus, when an exon’s

identity is dysregulated, aberrant splicing of an exon can lead to molecular
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phenotypes that cause human disease. However, an ongoing challenge for researchers
is identifying where functional RNA elements reside within exons and flanking
introns and what precise mechanisms are perturbed by mutations to induce aberrant

splicing.

To better understand what triggers aberrant splicing, we previously used
human genetic variation to identify cis-regulatory RNA elements and predict the
impact mutations may have on them (Sterne-Weiler et al. 2011a; Sterne-Weiler and
Sanford 2014a). Relative to single nucleotide polymorphisms, our previous work
indicates that a large proportion of disease-causing mutations are more likely to
perturb splicing regulatory sequences and are therefore more common in inducing
aberrant splicing. Recently, we also demonstrated that a variety of hemophilia A (HA)
causing mutations across multiple exons in the F§ gene can readily induce their
aberrant splicing (Tse et al. 2023a). Of the exons screened, we discover that F§ exon
16 is particularly susceptible to aberrant splicing induced by a wide array of
pathogenic mutations. Intriguingly, our experimental model indicates that an
inhibitory RNA structure, which we term TWJ-3-15 (three-way junction at the 3’ end
of intron 15), sequesters the poly-Y tract and harbors hnRNPA-1 dependent splicing
silencers that weaken its 3'ss, sensitizing exon 16 to mutation-induced aberrant
splicing. We showed that we could rescue splicing of multiple splicing-deficient
pathogenic variants of exon 16 by targeting this novel, putative RNA

structure-function mechanism with antisense oligonucleotides (ASOs). This work
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added to the growing observation that some exons are indeed more fragile and
sensitive to mutation-induced aberrant splicing (Holm et al. 2024; Glidden et al.
2021). Collectively, our work has suggested that RNA structures may have larger
roles in exon identity, and that RNA structures may serve as therapeutic targets for

splice-modulating drugs.

Splice-modulating ASOs are RNA-based drugs that have seen wide
application and success over the last decades beyond the bench, as exemplified by
Spinraza, Eteplirsen, and Milasen (M. A. Havens, Duelli, and Hastings 2013b; Corey
2017b; Mendell et al. 2013b; J. Kim et al. 2019). ASOs are therefore both a powerful
tool and an emerging choice of drug modality to manipulate gene expression by
exploiting the simple chemical logic of base pairing. Conventionally,
splice-modulating ASOs are first identified following a brute-force approach known
as an “ASO walk.” An ASO walk is a preliminary screening process that involves the
contiguous tiling of ASOs across a target sequence to uncover splicing regulatory
sequences that frans-acting splicing factors bind to control exon identity (Yimin Hua
et al. 2007, 2008). Typically, ASOs are designed as 18-mers with nucleotides that
overlap with the preceding ASO to enable higher resolution screening of splicing
regulatory sequences (Mallory A. Havens and Hastings 2016). As RNA-based
compounds, the ribose sugar allows ASOs to support chemical modifications at the
2'-OH position which can confer greater stability and nuclease resistance to the

oligomer in vivo (Egli and Manoharan 2023). However, the costs required for an
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ASO walk can rapidly increase as a result of the sequence coverage, the types of

chemical modifications desired on the ASOs, and the molar yield desired.

Hundreds or even thousands of ASOs may need to be synthesized and
screened before leads are identified. An underlying challenge from our previous
study, and an overall challenge that is pervasive across studies from other groups
developing splice-modulating ASOs, was the ability to identify promising ASOs in a
timely and cost-effective manner. ASO walks often end up identifying only a handful
of splice-modulating ASOs, and thus, these walks can be both a laborious and
expensive project that is not economically tenable for basic research and ASO drug
development. Together, it is clear that an alternative approach is needed to expedite

the discovery of splice-modulating ASOs at a systematic scale.

Here, we evaluated whether community science might accelerate ASO drug
discovery. Eterna is an open science platform that engages the collective intelligence
and creativity of its players to solve puzzle game challenges related to RNA folding
and design that current computer algorithms have trouble with. The goal of Eterna is
to return experimental data from players’ puzzle solutions to determine or correct
models of RNA folding to better predict and manipulate the structure of RNAs in
vitro and in vivo, potentially solving complex biology challenges to expedite the
invention of medicine (J. Lee et al. 2014). Altogether since Eterna’s conception a

decade ago, the Eterna citizen science community has significantly contributed
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towards refining RNA structure folding principles and experimental methods
(Anderson-Lee et al. 2016). As an example of their commitment and the broader
impacts of their work, Eterna players have recently made striking discoveries
showing they can design novel mRNA vaccines that are more stable and more
effective in protein production than designs based on conventional mRNA codon
optimization (Wayment-Steele et al. 2021). Eterna, and other video games of the like
(Cooper et al. 2010; Aneni et al. 2023; Wais et al. 2021; Anguera et al. 2013;
Johannes, Vuorre, and Przybylski 2021; Kollins et al. 2020), have therefore
demonstrated that gamification has the potential to advance the sciences, including

drug discovery.

Using F§ exon 16 and its pathogenic splicing-deficient variant as a model,
c.5543A>G, we conceptualized the OpenASO:RNA Rescue challenge for Eterna

players to design ASOs that can rescue exon 16%°°43476

splicing. Players generated
and voted on the top 12 OpenASO designs to experimentally test. We show that 25%
of the top ASOs voted by the Eterna players have a statistically significant impact on

enhancing splicing of the exon 16%*°*4°¢

variant. Subsequent experiments show that a
distinct combination of the top scoring designs can significantly rescue splicing of
exon 16%7%4°6 to near wild-type levels. Together, we demonstrate an alternative
paradigm for discovering splice-switching ASOs that may circumvent conventional

ASO screening, and additionally validate our previous data indicating RNA structure

may be a key target for precision medicines.
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Results
Uniting RNA structure and citizen science can identify splice-modulating ASO
designs

The central goal for the OpenASO:RNA Rescue challenge was to leverage
RNA structure data and citizen science to accelerate the design and discovery of
splice-modulating ASOs (Fig 1A). The OpenASO challenge involved creating a
puzzle using our exon 16°3%47Y reporter’s sequence context as a model system to
design splice-modulating ASOs (Fig. 1B). Players were asked to design ASOs with a
length of 18 nucleotides. An ASO design constraint was asking players not to directly
interfere with key splicing signals, such as the 5’ss and 3'ss. The challenge also
provided Eterna players with the essential information needed to understand the
biology behind pre-mRNA splicing mechanisms, in addition to sharing
SHAPE-guided RNA structure models (GEO Accession: GSE230495) and predicted
splicing regulatory elements we previously acquired for exon 16 (Supplemental Fig.
1). Results from an ASO walk on exon 16%*****°6 involving 32 ASOs, conducted in
parallel and later published in (Tse et al. 2023a), were kept blinded to players. To
provide a simple game objective, players were tasked to design an ASO that could
either refold the pathogenic exon 16%°°*4°G yariant to look more like the wild type
(WT) context or alter the accessibility of any predicted splicing regulatory sequences

to potentially enhance splicing.
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300 hundred independent OpenASO designs were submitted by the Eterna
community, with players engaging amongst each other to vote for the top 12 designs
to test (Fig. 2A; Table 1). To determine the impact each OpenASO might have on
enhancing exon 16°%47¢ gplicing, we employed our established cell-based splicing
reporter assay as previously described (Fig. 2B) (Tse et al. 2023a). We co-transfected

each OpenASO with our splicing-deficient exon 16°334347G

splicing reporter into
HEK293T cells, extracted total RNA, and performed an end-labeled two-step
RT-qPCR that quantifies the splicing reporter isoforms detected using fragment
analysis via capillary electrophoresis. We observe that, relative to the non-target ASO
condition (lane 1), three of the twelve designs, OpenASO 3 (lane 5), OpenASO 10
(lane 12), and OpenASO 11 (lane 13), have a statistically significant impact in
enhancing splicing of exon 16°3*4°¢ (Fig, 3A-B). Together, our data demonstrates

that 3/12 (25%) of ASOs designed by Eterna players were capable of significantly

modulating splicing.

A combination of lead OpenASOs can additively enhance splicing of the

655434>G yariant

pathogenic exon 1
Intriguingly, when analyzing where promising OpenASO designs hybridized

to within the F'§ exon-16 sequence context, we discovered that they targeted

TW]J-3-15 (Fig. 3C), an inhibitory RNA structure-function mechanism that we

previously identified to sensitize exon-16 to mutation-induced aberrant splicing (Tse

et al. 2023a). All 3 of the 12 OpenASOs that gave significant effects in enhancing
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exon 16 inclusion, target this TWJ-3-15 RNA structure. OpenASO 3 solely targets
ISS-15-1 with full complementarity. On the contrary, OpenASO 10 targets ISS-15-1
and ISS-15-2 simultaneously, though it only has partial complementarity to ISS-15-1,
but full complementarity to ISS-15-2. Since there is general overlap in sequence
composition between OpenASO 3 and 10, and because OpenASO 10 has higher
coverage in occluding both ISS-15-1 and ISS-15-2 and performs better in enhancing
exon 16 inclusion, we reasoned OpenASO 10 would be more effective for further
experimentation. OpenASO 11, which was also significant in enhancing exon 16
inclusion, appears to strictly hybridize to the partner strand that occludes the poly-Y
tract. Since these top-voted OpenASOs target TWJ-3-15, we hypothesized that a
distinct combination comprising OpenASOs 10 and 11 would further enhance

splicing of the pathogenic exon 16%%*4°G yariant.

To compare the additive effectiveness of OpenASO designs, we repeated our
cell-based splicing assays where our WT and exon 16°3%4°C splicing reporters were
co-transfected with a combination of OpenASOs 10 and 11, or a non-targeting (NT)
ASO control. To measure total rescue impact, we also included conditions where
these reporters were co-transfected with our prior study’s trio ASO combination that
fully rescues exon 16 splicing. Relative to the pathogenic 16%***47S variant
co-transfected with the NT ASO (lane 1), we observe that combining OpenASOs 10
and 11 had a statistically significant effect in additively enhancing exon 16 splicing

(lane 4) (Fig. 4A-B), bringing the inclusion level of the exon 16%****4°S variant to
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levels near WT. However, in ascertaining total rescue impact, the OpenASO duo

63383476 variant to WT levels

combination does not fully rescue splicing of the exon 1
(compare lanes 4 to 6), as observed from comparing the NT ASO to our trio ASO
combination as previously discovered in Tse et al. (Fig. 4A-B; compare lanes 5 to 6).
Nonetheless, our data collectively reinforces the hypothesis that RNA structures may
be key therapeutic targets for splice-modulating ASO drugs, as demonstrated by the
additive rescue effect elicited by the duo combination of OpenASOs 10 and 11

targeting TWJ-3-15. As a whole, we also show that gamification and crowdsourcing

of citizen science can yield impactful splice-modulating ASO designs.

Discussion

An intriguing aspect of leveraging citizen science in ASO discovery is that we
can potentially expedite the identification and subsequent optimization of promising
ASO designs and sidestep conventional brute-force strategies. For instance,
OpenASO 10, the most significant ASO from this challenge, is a promising ASO that
individually performs almost as well as the lead ASO identified from our ASO walk
in Tse et al., based on comparisons of mean PSI values (compare highlighted rows
between Table 2 and Table 3). The design premise of OpenASO 10 has similarities to
the mechanism-of-action of our prior study’s trio ASO combination, which elicits to
achieve full rescue of exon 16 splicing across a wide array of pathogenic exon 16
variants (Tse et al. 2023a). OpenASO 10 was designed by a player with the intention

to refold the pre-mRNA of exon 16 to enhance the accessibility of the poly-Y tract
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while also simultaneously blocking two putative splicing silencers, a mechanism
validated through our recent work done in parallel to the OpenASO challenge.
Relative to conventional ASO walks, this discovery of a promising ASO through
predictive modeling and community engagement indicates that crowdsourcing citizen

science coupled to a data-driven strategy can yield promising leads efficiently.

Crowdsourcing citizen science also results in creative hypotheses and novel
ASO designs. From our screen of the 12 top-voted OpenASO designs, we observe
that 9/12 (75%) of the OpenASO designs by Eterna players are capable of modulating
exon 16 splicing (Fig. 3A; Table 2). Although most of these designs did not
significantly enhance splicing of F'§ exon 16, there were some designs whose
proposed mechanisms were unusual and could prove to be effective, given more
optimization and testing. For example, OpenASO 5 was designed to act as a “staple”
to bring splicing regulatory sequences in closer proximity (Fig. 3A-B, lane 7). The
premise of this OpenASO design was to open the poly-Y tract while subduing the
accessibility of the silencers, while also bringing an enhancer closer to the poly-Y
tract. Though OpenASO 5 did not have a statistically significant effect in enhancing
exon 16 splicing, this idea of designing an ASO to physically remodel and stabilize
an RNA’s structure to optimally position splicing regulatory sequences is an
intriguing hypothesis that would not be discovered in a standard ASO walk study and

merits further investigation.
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Our study also emphasizes that there are indeed limitations to ASO design
strategies when contextual and positionally-dependent splicing regulatory
mechanisms that control exon definition are not fully considered or understood.
Although Eterna players discovered new ASO designs targeting F'§ exon 16 that can
individually and additively enhance its splicing, we note that it is critical to consider
how well an ASO sterically blocks the binding site for its cognate RBP to modulate
canonical regulation of exon identity. For example, OpenASOs 10 and 11 as a
combination do not fully rescue splicing of the pathogenic exon 16 variant to WT
levels. We reiterate that OpenASO 10 targets ISS-15-1 and ISS-15-2 simultaneously,
having only partial complementarity to ISS-15-1 yet full complementarity to
ISS-15-2. Our prior study demonstrates that both ISS-15-1 and ISS-15-1 are
hnRNPA1-dependent silencers that function to inhibit exon identity, and that masking
both elements completely is required to augment rescue of exon 16 splicing (Tse et al.
2023a). Thus, because OpenASO 10 does not fully mask ISS-15-1, perhaps this may
explain why we do not see a full rescue of exon 16 splicing. Additionally, in respect
to this duo combination of OpenASOs relative to our trio ASO combination from our
prior study, we observe that there is still some base pairing that may occlude the
accessibility of the poly-Y tract (Fig. 4D), further explaining the inability of the duo

combination of OpenASOs to fully rescue splicing.

5/12 of the top-voted OpenASOs to be tested by players also appear to

strongly inhibit splicing of exon 16 (Fig. 3A; Table 2); these comprise OpenASO 2
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(lane 4), OpenASO 6 (lane 8), OpenASO 7 (lane 9), OpenASO 8 (lane 10), and
OpenASO 9 (lane 11). Although we do not know the precise cis- and trans- acting
regulators that are perturbed by these ASOs, it is clear that these sequences play some
degree of enhancing the definition of exon 16. Amalgamating various ASO designs
that account for these factors may be favorable to conceive a singular ASO that can
optimally modulate the accessibility of these splicing regulatory sequences to fully
rescue inclusion of a splicing-deficient exon 16 variant. Moreover, incorporating
better predictions of where splicing regulatory elements reside, as well as the
experimental validation of these elements, may help inform design decisions for
future OpenASO challenges, and in principle, the design of splice-modulating ASOs

that elicits a full splicing rescue effect for any exon with dysregulated identity.

We demonstrate that Eterna can crowdsource the design of ASOs to modulate
pre-mRNA splicing. Our results suggest that citizen science can independently design
effective ASOs based on a simple game objective and RNA folding rules, with
minimal or novice understanding of pre-mRNA splicing mechanisms. This approach
based on RNA structure may sidestep the laborious and uneconomical ASO walks
conventionally done to identify splice-modulating ASOs. We present here a
proof-of-concept where gamification of ASO discovery may replace conventional

brute-force approaches.

71



Materials and Methods

Wild-type (WT) and mutant F8 splicing reporters

Heterologous splicing reporters containing the sequence contexts corresponding to
WT exon 16 or the pathogenic splicing-deficient variant, exon 163476 were
previously generated and validated as described in 7se et al. 2023. The naming
designation for the pathogenic variant presented in this study is based on the Human
Genome Variation Society (HGVS) nomenclature. Splicing regulatory sequences
predicted for F'§ exon 16 are also annotated in Supplemental Fig. 1, information that

was shared with Eterna players.

Designing antisense oligonucleotides (ASOs) using citizen science

18-mer nucleic acid sequences complementary to F'§ exon-16 were designed by
Eterna video game players. These ASOs will be henceforth referred to as
“OpenASOs.” The 12 OpenASOs with the highest player votes were synthesized by
Integrated DNA Technologies (IDT) as 2'-methoxyethyl (2’MOE) phosphorothioate
substituted oligonucleotides. The sequence of each OpenASO and relevant

corresponding information can be found in Table 1.

Cell-based splicing assays to measure ASOs’ ability to correct aberrant splicing
HEK293T cells (ATCC) were cultured in 6-well tissue culture plates (CytoOne, USA
Scientific) using Dulbecco’s Modified Eagle Medium (Gibco, supplemented with

10% FBS) at 37°C, 5% CO.,. The cells were transiently transfected with 1.25 pg of
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WT or pathogenic variant of the F'§ exon-16 splicing reporter, and 10 &#mol of each
ASO using Lipofectamine 2000 (Invitrogen). Total RNA was then harvested from
cells 24 h post-transfection using the Direct-zol RNA Miniprep kits (Zymo Research).
To ensure rigor and reproducibility, each experiment type (e.g. single ASO or
combinatorial ASO testing) was performed with a minimum of three

independent/biological replicates.

Two-step RT-qPCR and analysis of splicing reporter assays

1.00 pg of purified total RNA was used as input for all first-strand cDNA synthesis
using random primers and Multiscribe Reverse Transcriptase (Applied Biosystems).
The resulting cDNA was then used as a template for endpoint PCR amplification
using specific primers that detect our mRNA splicing reporter isoforms, Globin F:
5'-CGCAACCTCAAACAGACACC-3"; Globin R:
5'-AGCTTGTCACAGTGCAGCTC-3'. The forward primer of the pair contains a
5’-FAM modification. The resulting amplicons were then analyzed using agarose gel
electrophoresis to empirically evaluate mRNA isoforms detected. Intron-spanning
primers against SRSF3 mRNA were used as an endogenous internal control (SRSF3
F: 5-GTAAGAGTGGAACTGTCGAATGG-3"; SRSF3 R:
5'-CGATCTCTCTCTTCTCCTATCTCTAG-3'). The abundance of each 5'-FAM
labeled mRNA isoform was quantified using capillary electrophoresis and fragment
analysis (UC Berkeley, DNA Sequencing Center). For fragment analysis, each sample

was suspended in a formamide solution that contains a proper size standard for sizing
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detected fragments (GeneScan 1200 Liz, Applied Biosystems). Analysis was
performed in PeakScanner (Thermofisher). Quantification of splicing efficiency was
achieved by comparing relative fluorescence units (RFU) between 5'-FAM labeled
reporter isoforms that include or exclude an exon of interest. The RFU detected for
each reporter isoform was then plugged into the following formula to calculate the
PSI index, which reflects the splicing efficiency of an exon in either the WT or

pathogenic variant context:

Included Isoform RFU

PSI = Included Isoform RFU + Excluded Isoform RFU

The mean PSI for a given reporter context is then calculated using all its respective
replicates for a corresponding experiment. Statistical significance in the differences
between the mean PSI of the control group(s) versus the experimental group(s) is
determined using analysis of variance (ANOVA), and Dunett’s post-hoc test. All
statistical tests for PSI analysis were done in GraphPad Prism 9. Values are
determined to be statistically significant if the calculated P-value is below an alpha

value of <0.05.

Generation of RNA Structure Probing Data using SHAPE-MaP-seq Data
RNA structure data produced from SHAPE-MaP probing of in vitro transcribed F§
exon 16 RNA, of both the WT context and the highly splicing-deficient exon

165938476 yariant, was previously generated and described in Tse ef al. 2023.
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Figure and Table Legends

Figure 1. Splice-modulating ASO discovery through community science. (A) A

schematic depicting the OpenASO: RNA Rescue challenge for F8 exon 1653343476,
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The process entails inviting Eterna video game players to come up with an ASO
design, submit them to the community database, and then vote to select the best
designs to experimentally test. (B) A snapshot depicting the typical player

environment in the Eterna video game. Specifically shown is the RNA structure

63383476 yariant. Features of this exon and its

profile of the splicing-deficient exon 1
flanking intronic sequences are annotated, and can be pinpointed and highlighted
within the game environment. Nucleotides are depicted as the following colors:
Yellow - A, Red - G, Green - C, and Blue - U. Players are tasked to design ASOs that

target this structure, with the simple objective of remodeling the RNA to make certain

features more accessible or inaccessible.

Figure 2. Experimentally testing the impact of top-voted ASO designs generated by
Eterna players (A) The OpenASO: RNA Rescue challenge received 293 ASO designs
targeting '8 exon 16%**4°G_ Players engaged and voted amongst themselves to select
the top 12 OpenASOs to experimentally test. (B) A schematic depicting our
established workflow to assay an ASOs ability to modulate pre-mRNA splicing using

a cell-based splicing reporter system and two-step end-labeled RT-qPCR assay.

Figure 3. Top-voted OpenASOs can modulate the inclusion of the pathogenic

A*G yariant. (A) A representative agarose gel

splicing-deficient F8 exon 16°°°%
showing the effects OpenASOs have on the splicing of exon 1634476 Controls

include a non-targeting ASO control (lane 1) and a positive ASO control targeting the
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5'ss to inhibit splicing (lane 2). Each of the top 12 voted OpenASOs tested (lane 3-14)
is annotated as shown in the matrix above the gel. Expected mRNA reporter isoforms
including or excluding exon 16 are also annotated to the left of the agarose gel. (B) A
plot quantifying the OpenASOs’ impact on exon 16%°**4°¢ splicing as shown in (A).
Quantification of splicing efficiency is determined using the percent-spliced-in (PSI)
ratio. PSI refers to the fraction of mRNA reporter isoforms that include the exon of
interest, relative to the total population of mRNA reporter isoforms. Statistical
significance between comparisons is denoted by asterisks that represent P-values with
the following range of significance: * = P <0.05, ** =P <0.01, *** = P <0.001,
*axk = P <0.0001. Statistical significance was determined using analysis of variance
(ANOVA), and Dunett’s post-hoc test. Each OpenASO condition tested and presented
contains three independent/biological replicates. (C) SHAPE-driven secondary
structure prediction of TWJ-3-15 depicted in its two dimensional state for exon
1653343476 Core splicing signals are annotated within the structure. OpenASOs shown
to be statistically significant in enhancing exon 16%°***4°G inclusion are annotated with
a specific color (i.e., dark blue, green, and purple), and are depicted hybridizing to
their complementary sequence within TWJ-3-15. The sequence is numbered
according to the nucleotide positions of the heterologous splicing reporter, from the 5
to 3" orientation. The SHAPE-driven structure prediction is derived from 7Tse et al.

2023.
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Figure 4. A duo combination of OpenASOs can additively enhance the inclusion of

the pathogenic splicing-deficient exon 16%3°43476

variant. (A) A representative agarose
gel showing the combinatorial effects OpenASO 10 and 11 has on the exon 16
splicing, relative to our study’s prior trio ASO combination, in both the WT and exon
1655343476 sequence contexts. Each condition tested is annotated as shown in the
matrix above the gel. Expected mRNA reporter isoforms including or excluding exon
16 are also annotated to the left of the agarose gel. (B) A plot quantifying ASOs
impact on exon 16 splicing as shown in (A). Quantification of splicing efficiency is
determined using the percent-spliced-in (PSI) ratio. PSI refers to the fraction of
mRNA reporter isoforms that include the exon of interest, relative to the total
population of mRNA reporter isoforms. Statistical significance between comparisons
is denoted by asterisks that represent P-values with the following range of
significance: * = P <0.05, ** = P <0.01, *** = P <0.001, **** = P <0.0001.
Statistical significance was determined using analysis of variance (ANOVA), and
Dunett’s post-hoc test. Each ASO condition tested and presented for the WT context
(annotated in blue) and the exon 16°3*4°C yariant (annotated in red) contains a
minimum of three independent/biological replicates. (C) and (D) depict
SHAPE-driven secondary structure predictions of TWJ-3-15 for exon-16°3447C,
where (C) shows where OpenASOs hybridize to and (D) show where our prior

study’s ASOs are hybridizing to within the structure. Core splicing signals are

annotated within the structure. The sequence is numbered according to the nucleotide
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positions of the heterologous splicing reporter, from the 5" to 3" orientation. The

SHAPE-driven structure prediction is derived from 7se et al. 2023.

Table 1. Design descriptions and sequence compositions for the Top 12 OpenASOs

voted by Eterna Players.

Table 2. Statistical results from OpenASO challenge.

Table 3. Statistical results from Tse ef al. 2023.

Supplemental Figure 1. A schematic depicting the sequence context for F§ exon 16
that has been studied in a splicing reporter system from 7se ef al. 2023. Key splicing
signals, such as: the branchpoint motif, the poly-Y tract and 3’ss, and 5'ss are
indicated. Predicted splicing regulatory sequences are also annotated above the
sequences by a red or green bar (represented to inhibit or enhance splicing,

respectively).
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Figure 1. Gamifying splice-modulating ASO discovery. (A) A schematic depicting the OpenASO: RNA
Rescue challenge for F8 exon 16¢.5543A>G. The process entails inviting Eterna video game players to
come up with an ASO design, submit them to the community database, and have players vote amongst
themselves to select the best designs to experimentally test. (B) A snapshot depicting the typical player
environment in the Eterna video game. Specifically shown is the RNA structure profile of the
splicing-deficient exon 16¢.5543A>G variant. Features of this exon and its flanking intronic sequences
are annotated, and can be pinpointed and highlighted within the game environment. Nucleotides are
depicted as the following colors: Yellow - A, Red - G, Green - C, and Blue - U. Players are tasked to
design ASOs that target this structure, with the simple objective of remodeling the RNA to make certain
features more accessible or inaccessible.
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Figure 2. Experimentally testing the impact of top-voted ASO designs generated by
Eterna players (A) The OpenASO: RNA Rescue challenge received 293 ASO designs
targeting F8 exon 16¢.5543A>G. Players engaged and voted amongst themselves to
select the top 12 OpenASOs to experimentally test. (B) A schematic depicting our
established workflow to assay an ASOs ability to modulate pre-mRNA splicing using a
cell-based splicing reporter system and two-step end-labeled RT-gPCR assay.
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Figure 3. Top-voted OpenASOs can modulate the inclusion of the pathogenic splicing-deficient F8 exon
16¢.5543A>G variant. (A) A representative agarose gel showing the effects OpenASOs have on the splicing
of exon 16¢.5543A>G. Controls include a non-targeting ASO control (lane 1) and a positive ASO control
targeting the 5'ss to inhibit splicing (lane 2). Each of the top 12 voted OpenASOs tested (lane 3-14) is anno
tated as shown in the matrix above the gel. Expected mRNA reporter isoforms including or excluding exon 16
are also annotated to the left of the agarose gel. (B) A plot quantifying the OpenASQOs’ impact on exon
16¢.5543A>G splicing as shown in (A). Quantification of splicing efficiency is determined using the per
cent-spliced-in (PSI) ratio. PSI refers to the fraction of mMRNA reporter isoforms that include the exon of inter
est, relative to the total population of mMRNA reporter isoforms. Statistical significance between comparisons is
denoted by asterisks that represent P-values with the following range of significance: * =P <0.05, ** =P <
0.01, ** =P <0.001, *** = P < 0.0001. Statistical significance was determined using analysis of variance
(ANOVA), and Dunett’s post-hoc test. Each OpenASO condition tested and presented contains three indepen
dent/biological replicates. (C) SHAPE-driven secondary structure prediction of TWJ-3-15 depicted in its two
dimensional state for exon 16¢.5543A>G. Core splicing signals are annotated within the structure. OpenASOs
shown to be statistically significant in enhancing exon 16¢.5543A>G inclusion are annotated with a specific
color (i.e., dark blue, green, and purple), and are depicted hybridizing to their complementary sequence within
TWJ-3-15. The sequence is numbered according to the nucleotide positions of the heterologous splicing
reporter, from the 5" to 3" orientation. The SHAPE-driven structure prediction is derived from Tse et al. 2023.
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Figure 4. A duo combination of OpenASOs can additively enhance the inclusion of the pathogenic
splicing-deficient exon 16¢.5543A>G variant. (A) A representative agarose gel showing the combinatori-
al effects OpenASO 10 and 11 has on the exon 16 splicing, relative to our study’s prior trio ASO combi-
nation, in both the WT and exon 16¢.5543A>G sequence contexts. Each condition tested is annotated
as shown in the matrix above the gel. Expected mRNA reporter isoforms including or excluding exon 16
are also annotated to the left of the agarose gel. (B) A plot quantifying ASOs impact on exon 16 splicing
as shown in (A). Quantification of splicing efficiency is determined using the percent-spliced-in (PSI)
ratio. PSI refers to the fraction of MRNA reporter isoforms that include the exon of interest, relative to
the total population of MRNA reporter isoforms. Statistical significance between comparisons is denoted
by asterisks that represent P-values with the following range of significance: * = P <0.05, ** =P <0.01,
* =P <0.001, *** = P <0.0001. Statistical significance was determined using analysis of variance
(ANOVA), and Dunett’s post-hoc test. Each ASO condition tested and presented for the WT context
(annotated in blue) and the exon 16¢.5543A>G variant (annotated in red) contains a minimum of three
independent/biological replicates. (C) and (D) depict SHAPE-driven secondary structure predictions of
TWJ-3-15 for exon-16¢.5543A>G, where (C) shows where OpenASOs hybridize to and (D) show where
our prior study’s ASOs are hybridizing to within the structure. Core splicing signals are annotated within
the structure. The sequence is numbered according to the nucleotide positions of the heterologous
splicing reporter, from the 5" to 3" orientation. The SHAPE-driven structure prediction is derived from
Tse et al. 2023.
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gagttctaacagcatccatcttctgtaccacttcttccagggtattaaaaactttgataaagaccaaaagacaggtatttcttttagggatgtaaaccctaaggacct

€.5374-143 ¢.5374-108

taagatcctagaagattattcttgcttttttttttttgtcgttattgttctacag GTAACTTTCAGAAATCAGGCCTCTCGTCCCTATTCCTTCTAT

A
¢.5374-108 ‘ 3’ss 5416

Branchpoint Poly-Y Tract

TCTAGCCTTATTTCTTATGAGGAAGATCAGAGGCAAGGAGCAGAACCTAGAAAAAACTTTGTCAAGCCTAATGA

c.5416 ¢.5490

— »

AACCAAAACTTACTTTTGGAAAGTGCAACATCATATGGCACCCACTAAAGATGAGTTTGACTGCAAAGCCTGGG
4

I
©.5490 c.5543A>G c.5564

—

CTTATTTCTCTGATGTTGACCqutaagcaggtgtctattgtgctgaccactttttggtttaaaagaaatggtctttgtgtactaagaattttgatatttatcc
A

c.5564 5'ss c.5587+81

tacgtgcaataagaagctttaaataggagagttgatcattatatttgtgttttagaaatgtcattctggaatctactgaagaggatggattatatttttgg

.5587+81 €.5587+182
aaggtgggaggcaggttg
.5587+182 ¢.5587+200

Supplemental Figure 1. A schematic depicting the sequence context for F8 exon 16
that has been studied in a splicing reporter system from Tse et al. 2023. Key splicing
signals, such as: the branchpoint motif, the poly-Y tract and 3’ss, and 5’ss are indicat-
ed. Predicted splicing regulatory sequences are also annotated above the sequences
by a red or green bar (represented to inhibit or enhance splicing, respectively).
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Chapter 4: Conclusions and future directions

My research characterizing the splicing patterns of multiple exons across the
F'8 gene contributes to the emerging understanding that some exons are fragile. This
fragile nature of certain exons makes them more predisposed and sensitive to aberrant
splicing induced by pathogenic mutations. However, the mechanism by which
fragility is imparted onto an exon remains unclear. Recent research suggests that
certain exons are fragile because they are enhancer-dependent (Holm et al. 2024).
Holm et al. suggests that all exons are not created equal to have strong determinants
of exon identity based on their extensive computational analysis on the impact of
exonic mutations on splicing regulatory sequences. Data from Holm et al. support the
notion that each exon’s identity is intrinsically dependent on a central determinant of
exon identity, such as enhancer dependency, and so when this feature is ablated by
mutations, this makes the exon more likely to be aberrantly spliced. Additionally, this
hypothesis has previously been alluded to in prior computational work describing
“hotspot” exons that are more likely to accrue mutations in RBP binding sites,
perturbing an exon’s cis-regulatory landscape and increasing its likelihood to be
aberrantly spliced (Glidden et al. 2021). However, one feature that these studies did
not fully consider was the role of RNA structures in imparting fragility to an exon’s

identity.
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My research suggests that RNA structures can have important roles in
determining exon definition than previously appreciated. Firstly, we show that a
bifunctional intronic RNA structure serves to weaken the 3'ss of /'8 exon 16 by
occluding the poly-Y tract and in harboring binding sites for the repressive splicing
factor hnRNP A1 (Tse et al. 2023b). My work coalesce with work from other labs
that have shown similar mechanisms where intronic RNA structures can have a
predominant inhibitory effect on an exon’s identity and its splicing potential, as seen
in: Tau exon 10 (Kar et al. 2011; Grover et al. 1999; Varani et al. 1999, 2000), SMN2
exon 7 (Natalia N. Singh, Androphy, and Singh 2004; Garcia-Lopez et al. 2018), and
MALTI exon 7 (Jones et al. 2022). Together, my thesis research on F§ exon 16
indicates that intronic RNA structures that function to inhibit splicing fidelity can
sensitize an exon to aberrant splicing when splicing enhancers are ablated by
mutations, imparting a state of fragility to such exons that make them more likely to

have dysfunctional cis-regulatory landscapes.

Secondly, I believe my work on F§ exon 16 also sheds some light on how the
folding of exonic sequences may impact exon definition (Tse et al. 2023b). Our ASO
walks on both the WT and MT context of exon 16 shows that ASOs hybridizing to
any exonic sequence significantly reduces its splicing efficiency to approximately
<10% inclusion into mRNA. This data adds support to the hypothesis that exon 16 is
naturally highly dependent on splicing enhancers, and is therefore fragile and

sensitive to the inhibitory effects of silencing elements like that of our intronic RNA
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structure when key enhancers are lost. Additionally, our SHAPE data shows that the
WT and pathogenic sequence contexts of exon 16 are highly structured. Intriguingly,
when taking into account both ASO and SHAPE data, there is a picture being painted
where perhaps some exons require secondary structures for exon definition. Our data
from exon 16 suggest that perhaps a highly structured exon is favorable for exon
definition, at least in part by forming RNA structures that brings splice sites close to
each other, and perhaps that a specific structural conformation for a fragile exon is
optimal for enhancer function in exon definition. However, more work is needed to

refine a model that directly connects exonic RNA structure to exon definition fidelity.

I believe my work has expanded our understanding of contextual and
positional dependencies that may universally govern exon identity by implicating
RNA structure as a determinant of exon definition. I believe F'§ exon 16 presents
itself as a good model for future studies to better connect the relationship between
RNA structure and canonical splicing mechanisms. Future experiments studying <8
exon 16 using more sophisticated methods, such as fluorescent resonance energy
transfer (FRET), can reveal intricate RNA folding dynamics and key structural
conformations and sequences that may be imperative to establish structure-function
relationships (Fairman, Lever, and Kenyon 2021). Based on the use of appropriate
FRET dye pairs at various positions, such as the splice sites and exonic sequences
that enhance splicing based on our splicing reporter assays, I believe this approach of

study can enable us to better understand why destabilizing the exonic structure of F'§
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exon 16 apparently depletes its splicing, and perhaps improve our understanding of
how enhancers may function. Thus, this work may reveal what properties of RNA
structures may broadly control exon definition fidelity, particularly how RNA folding

affects the function of splicing regulatory sequences and their accessibility to RBPs.

An outstanding question and therefore immediate future direction for my
research is to understand what and where RBPs bind to on 8§ exon 16 and its
flanking introns. An UV crosslinking approach using labeled in vitro RNA baits
corresponding to the WT and MT contexts of F§ exon 16, that are then incubated in
nuclear extracts, RNase-treated to digest unbound regions of RNA, and
immunoprecipitated out using validated antibodies targeting known splicing factors,
can inform us what RBPs are key for the definition of /'§ exon 16 by comparing the
readout between the WT and MT, as well as where these RBP binding sites are
(Huang and Yu 2013; Ramanathan, Porter, and Khavari 2019). Defining these
canonical cis- and frans- regulatory interactions, and linking them to RNA structural
studies, will be paramount to better understand the mechanisms that may impart

fragility to exons such as F'§ exon 16.

In conclusion, I believe my thesis expands our understanding of pre-mRNA

splicing mechanisms. I feel optimistic that if we can pinpoint the underlying universal

controls behind exon definition for any given exon, this can advance our
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understanding of pre-mRNA splicing mechanisms in rare disease and enable the

development of precision medicines to serve patients with unmet needs.
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Appendix: A novel loss-of-function splice site variant of DEGS1 exon 2 drives

hypomyelinating leukodystrophy

Publication Status: Manuscript in Preparation.

Authors: Authorship list is incomplete. The following lists known contributing
authors based on their institutional affiliation (authors listed do not represent any

specific ordering):

UC Santa Cruz - Holly C. Beale, Allison Cheney, Katrina Learned, Olena M. Vaske,
Victor Tse, Martin Gutierrez, Guillermo Chacaltana, Michael D. Stone, and Jeremy

R. Sanford

UC San Francisco - Chansonette Badduke, Jessica V. Ziffle, Anne M. Slavotinek,
Jessica Tenney, Alexander Fay, Ugur Hodoglugil, Yusuph Mavura, Joanna Y. Lee,

Pierre M. Martin, Neil J. Risch, Julie D. Saba, Tiffany Yip, and Walter P. Devine

Abstract

Myelination of neurons is paramount for establishing cognitive and motor
functions all complex life requires. DEGS! encodes for a sphingolipid desaturase that
converts dihydroceramides into ceramides, a process that is critical for maintaining

the myelin sheath that protects and impart sensory functions to neurons. Genetic
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variants of DEGS]I can cause hypomyelinating leukodystrophy (HL), a lethal
neurodegenerative disease. Here, we investigate an unreported novel 5’ splice site
variant of DEGS1 exon 2 from two unrelated patients diagnosed with HL. Using
patients’ samples, whole exome sequencing identified this as an indel variant that
converts the +4/+5 AG to TT, and RNA-seq shows less inclusion of the HL-linked
exon 2 variant in spliced mRNA. Using splicing reporters, we demonstrate that this
variant is sufficient to induce complete skipping of exon 2, an unusually large internal
coding exon. RNA structure probing of the HL-linked variant revealed significant
structural changes to the 5’ and 3’ splice site regions, suggesting that the variant
drives unfavorable intramolecular base pairing interactions. Lipidomic analysis also
indicates this variant is sufficient to inactivate DEGS! desaturase function.
Additionally, we discover multiple regions that inhibit splicing of exon 2 using
antisense oligonucleotides, exposing its dependence on splicing enhancers, which
might explain our inability to successfully rescue splicing of the HL-linked variant.
Our data suggests an aberrant splicing mechanism where the HL-linked variant has a
weakened 5’ splice site, and adopts an unfavorable structural conformation due to its
unusual size, making it inaccessible to spliceosomal components and splicing factors,
and potential oligo-based drugs. Taken together, we show that aberrant splicing is an
etiology of HL and that alternative therapeutic strategies require further investigation

to rescue splicing of this novel variant.

My Contributions
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I conceptualized and led this project, particularly on aspects directly related to
splicing and indirectly on RNA structure. I designed and generated the heterologous
DEGS] exon 2 splicing reporters used in this study. I led the in vitro cell-based
splicing assays used in this study. I developed, established, and led the application of
the two-step RT-qPCR assay used in this study. I developed and established the
automation platform used in this study. I designed all antisense oligonucleotides
targeting DEGS! exon-2, and led efforts to assay them using the automation platform
I developed. I performed the in silico analysis to identify any binding sites for
RNA-binding proteins. I performed and produced a majority of the data analysis
specifically relating to the molecular biology and biochemistry perspective. I wrote
the manuscript (as presented here in this appendix), and produced the main and
supplemental figures using data generated by all authors. Co-authors provided text for

describing methodologies and figure legends presented in this manuscript.

Introduction

Accurate gene expression in humans requires precursor messenger RNA
(pre-mRNA) splicing. Splicing removes superfluous sequences (introns) from
pre-mRNA and ligates protein-coding regions (exons) to create mRNA (Chow et al.
1977; Berget, Moore, and Sharp 1977). To catalyze this reaction, the spliceosome, a
large ribonucleoprotein complex, must assemble de novo on each intron. The
spliceosome is composed of five core uracil-rich small nuclear RNAs (U snRNAs)

and hundreds of associated proteins (Konarska and Sharp 1987; Kastner et al. 2019).
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A critical early step in the spliceosome assembly pathway for mammalian genes is the
recognition of exon-intron boundaries, a process known as exon-definition (Berget
1995). These landmarks are defined by conserved GU and AG splice site sequences at
the 5" and 3’ ends of an intron (Breathnach et al. 1978). The assembly of the
spliceosome is then initiated by the recruitment of U1 small nuclear ribonucleoprotein
(snRNP) to the 5'ss, followed by the recruitment of heterodimeric splicing factor
U2AF to the polypyrimidine (poly-Y) tract and 3'ss (Kohtz et al. 1994; Graveley,
Hertel, and Maniatis 2001b; Ruskin, Zamore, and Green 1988; S. Wu et al. 1999).
Collectively, these interactions form the early spliceosome (E complex), the stage of

the spliceosome assembly pathway that commits an exon of a pre-mRNA to splicing.

Beyond the conserved splicing signals, auxiliary cis-regulatory elements and
their cognate RN A-binding proteins (RBPs) can strongly influence spliceosome
assembly (Reed and Maniatis 1986; Michaud and Reed 1993; Watakabe, Tanaka, and
Shimura 1993; Z. Wang et al. 2004; Fairbrother et al. 2002; Ke et al. 2011). Splicing
enhancers and silencers can be found within exons or introns, typically as short
degenerate motifs that interact with specific residues of RBPs. Serine-arginine rich
(SR) proteins and heterogeneous ribonucleoprotein particles (hnRNPs) are two
classes of RBPs that are known to promote or inhibit the recruitment of spliceosomal
components by binding exonic or intronic splicing enhancers (ESEs, ISEs) and exonic
or intronic splicing silencers (ESSs, ISSs), respectively (J. Y. Wu and Maniatis 1993;

Stark et al. 1998; Mayeda, Helfman, and Krainer 1993b; Caputi et al. 1999b; Busch
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and Hertel 2012b). When these RBPs are bound to their respective cis-regulatory
sequence, they can aid or antagonize spliceosome assembly (Zhu, Mayeda, and
Krainer 2001; Mayeda and Krainer 1992b; Expert-Bezancgon et al. 2004b). The
consequence of these binding events can influence the efficiency of spliceosome
assembly and resultantly splicing fidelity. As such, the assembly of the spliceosome is
a highly dynamic and regulated process that must act precisely to identify exons from

the sea of flanking introns.

Pathogenic variants can induce aberrant splicing, a phenomenon that
contributes to the etiology of numerous diseases (Sterne-Weiler and Sanford 2014b;
R. K. Singh and Cooper 2012b; Faustino and Cooper 2003b; Lord and Baralle 2021b;
E. Wang and Aifantis 2020b; Anna and Monika 2018b). A primary mode by which
variants disrupt splicing is by perturbing consensus splicing signals, such as the 5" or
3" splice sites. It is well established that about 10% of pathogenic variants that alter
consensus donor or acceptor splice sites can lead to aberrant splicing (Krawczak et al.
2007b). Moreover, one-third of pathogenic variants are predicted to cause aberrant
splicing by perturbing auxiliary cis-regulatory elements that are critical for splicing
fidelity (Kian Huat Lim et al. 2011; Sterne-Weiler et al. 2011b). The loss of ESEs or
gain of ESSs through variants can destabilize exon-definition, resulting in the
spliceosomes inability to correctly identify exons and thereby lead to aberrant
splicing (Cartegni et al. 2006b; Cartegni and Krainer 2002b; Kashima and Manley

2003b; Yimin Hua et al. 2008; Natalia N. Singh and Singh 2011). Recent research
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also showed that pathogenic variants can directly stall spliceosome assembly,
preventing the formation of the catalytic spliceosome complex (Soemedi et al. 2017).
Together, it is clear that the dysregulation of splicing mechanisms by pathogenic
variants can play underlying roles in promoting disease phenotypes. However, there
remains a significant challenge in being able to predict and identify pathogenic

variants that cause aberrant splicing, particularly in a clinical context.

Hypomyelinating leukodystrophy (HL) is a neurodegenerative white matter
disease that can lead to severe deficits of myelin that can affect the function of
neurons, impairing cognitive and motor skills (Kohler, Curiel, and Vanderver 2018;
Parikh et al. 2015). Clinical research has previously demonstrated that loss of DEGSI1
desaturase function is an etiology of HL (Pant et al. 2019). DEGS] is a three exon
gene that encodes for a sphingolipid desaturase, an enzyme that catalyzes the
conversion of sphingolipids such as dihydroceramides (DhCer) into ceramides (Cer)
(Ternes et al. 2002). DEGSI exon 2 comprises a large majority of this gene’s coding
capacity. This conversion of saturated to unsaturated sphingolipids is an essential
process that maintains the myelin that surrounds and protects the axons of neurons
(Schmitt, Castelvetri, and Simons 2015). At the protein-level, genetic variants of
DEGS] have been shown to disrupt the genetic code and thereby desaturase activity,
causing HL (Pant et al. 2019). However, there is currently no peer-reviewed research
that investigates the impact of pathogenic DEGS]! variants to gene function at the

RNA-level.
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Here, we identify a homozygous non-canonical splice site variant of DEGS/
exon 2 using whole exome sequencing on two unrelated probands who present
symptoms consistent with HL. Based on current available information on ClinVar and
other databases, this variant has not been previously identified to be pathogenic, or
associated with HL, and is therefore novel. RNA-seq of proband samples indicates
this HL-linked exon 2 variant primarily induces its exclusion from spliced DEGS1
mRNA. Indeed, using a heterologous splicing reporter assay, we demonstrate this
novel HL-linked variant is sufficient to induce complete exon 2 skipping.
Additionally, RNA structure probing suggests this HL-linked variant reduces U1
snRNP and U2AF accessibility to splice sites. Lipidomic work shows this
splicing-deficient HL-linked variant is sufficient to dysregulate desaturase function,
classifying it as a loss-of-function (LOF) variant. Attempts to rescue splicing of this
HL-linked variant using antisense oligonucleotides (ASOs) indicates that the splicing
fidelity of DEGSI exon 2 is likely reliant on an enhancer-rich cis-regulatory
landscape, which is consistent with previous research investigating unusually large
internal exons. Together, our data shows that aberrant splicing induced by a novel
LOF splice site variant of DEGS1 exon 2 is an etiology of HL, and that the HL-linked
exon 2 variant likely becomes inaccessible to essential splicing factors involved in
exon-definition, and possibly ASOs, suggesting alternative strategies may need to be

consider to develop a precision therapy.

99



Methods
Whole exome sequencing workflow and analysis

Exon regions were targeted in extracted genomic DNA from submitted
probands and family members using the xGen Whole Exome Panel kit (Integrated
DNA Technologies). Targeted regions were sequenced using the Illumina sequencing
system with 100bp paired-end reads. The resulting DNA sequences were mapped to
and analyzed in comparison with the published human genome (UCSC hg19
reference sequence). Sequence variants were filtered, ranked, and annotated using
Opal Clinical (Fabric Genomics) and Moon Diploid, and compared to other provided
family members to search for causes of Mendelian genetic disease (de novo,
homozygous, compound heterozygous and inherited heterozygous disease-causing
variants). Key word(s) and/or HPO terms used to filter and rank variants in proband 1
included: Severe global developmental delay (HP:0011344), Contractures
(HP:0001371), Seizures (HP:0001250), Generalized hypotonia (HP:0001290),
Cortical visual impairment (HP:0100704), Optic atrophy (HP:0000648). Key word(s)
and/or HPO terms used to filter and rank variants in proband 2 included: Seizures
(HP:0001250), Global developmental delay (HP:0001263), Hypertonia
(HP:0001276), Microcephaly (HP:0000252), Spastic quadriparesis (HP:0001285),
Cerebral palsy (HP:0100021), Facial dysmorphism (HP:0001999), Hirsutism
(HP:0001007), Cerebellar atrophy (HP:0001272), White matter abnormalities
(HP:0002500), Hypomyelination (HP:0003429). The targeted coding exons and

splice junctions of known protein-coding RefSeq genes were assessed for the mean
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depth of coverage and data quality threshold values. Mean depth of coverage refers to
the sequencing mean read depth across the targeted region, defined as coding exons
and splice junctions of the IDT xGen Whole Exome Panel capture reagent kit
targeting protein-coding RefSeq genes. The quality threshold refers to the percentage
of the defined target region where read depth was at least 10X coverage, which
permits high quality exome variant base calling, annotation and evaluation. Average
quality thresholds may range from >90-99% of the targeted region, indicating that
only a small portion of the target region may not be covered with sufficient depth or
quality to call variant positions confidently. Mean depth of coverage and quality
thresholds for probands 1 and 2 were 94 reads and 102 reads, and 99.5% and 99.6%,

respectively.

Proband 1 Mean Depth of coverage: 94 reads, Quality threshold: 99.5%

Proband 2 Mean Depth of coverage: 102 reads, Quality threshold: 99.6%

Identified variants were confirmed by Sanger sequencing with a BigDye Terminator

3.1 Cycle Sequencing Kit and Genetic Analyzer 3500 (ThermoFisher Scientific).

RNA sequencing workflow and analysis
[llumina RNA-Seq data was generated from RNA extracted from whole blood
(Maxwell® RSC simplyRNA Blood Kit) from the proband and an unrelated

individual with no pathological or VUS in DEGSI. hisat2:2.2.1 was used to align
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reads to GRCh38 (with the index grch38 snp tran.tar.gz downloaded from
ftp://ftp.ccb.jhu.edu/pub/infphilo/hisat2/data/). Novel and reference transcripts were
identified using Stringtie 2.1.6 with and without Gencode v38 as a guide.
Additionally, Stringtie was run on aligned reads after duplicates were removed with
samblaster 0.1.26. All outputs were merged to generate a GTF file with consistent
identifiers containing all reference and de novo transcripts, and transcript
quantification was repeated with Stringtie using the merged GTF as a guide. The
fraction of DEGS1 expression accounted for by each isoform was calculated based on
TPM of each isoform. We report isoform abundance using duplicate-free data; the

abundances based on data inclusive of duplicate reads are similar.

Cell-based in vivo splicing assay

Inserts corresponding to wild-type (WT) DEGS! exon 2 and its HL-linked
variant, in addition to 150 nucleotides upstream and 350 nucleotides downstream of
the exon, were derived from genomic DNA (Promega) using PCR techniques and
locus-specific primers (Supplementary Table 1). The HL-linked insert was fully
assembled using site-directed mutagenesis and overlap extension PCR using primers
as shown in Supplementary Table 1. Prepared inserts were then cloned into
pACT7_SC14 (HBB minigene reporter as previously described (Rothrock et al.
2003)) using homology-directed cloning technology (In-Fusion HD Cloning kit from
Takara Bio). Splicing reporters were then sequence-validated using Sanger

sequencing to confirm successful cloning and identity of reporters.
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HEK293T cells (ATCC) were cultured in 6-well tissue culture plates (CytoOne, USA
Scientific) using Dulbecco’s Modified Eagle Medium (Gibco, supplemented with
10% FBS) at 37°C, 5% CO2. The cells were transiently transfected at ~60—-80%
confluency with 2.5 ng of each DEGS] splicing reporter using Lipofectamine 2000
(Invitrogen). Total RNA was harvested from cells 24 h post-transfection using the
Direct-zol RNA Miniprep kits (Zymo Research). Each splicing assay was performed

with nine independent/biological replicates.

Two-step end-labeled RT-qPCR analysis of splicing assays

1.00 pg of purified total RNA was used as input for all first-strand cDNA
synthesis using random primers and Multiscribe Reverse Transcriptase (Applied
Biosystems). The resulting cDNA was then used as a template for endpoint PCR
amplification using specific primers that detect our mRNA splicing reporter isoforms,
Globin F: 5'-CGCAACCTCAAACAGACACC-3'; Globin R:
5'-AGCTTGTCACAGTGCAGCTC-3'". The forward primer of the pair contains a
5'-FAM modification. The resulting amplicons were then analyzed using agarose gel
electrophoresis to empirically evaluate mRNA isoforms detected. Intron-spanning
primers against SRSF3 mRNA were used as an endogenous internal control (SRSF3
F: 5-GTAAGAGTGGAACTGTCGAATGG-3'; SRSF3 R:
5'-CGATCTCTCTCTTCTCCTATCTCTAG-3"). The abundance of each 5-FAM

labeled mRNA isoform is quantified using capillary electrophoresis and fragment
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analysis (UC Berkeley, DNA Sequencing Center). For fragment analysis, each sample
is suspended in a formamide solution that contains a proper size standard for sizing
detected fragments (GeneScan 1200 Liz, Applied Biosystems). Analysis was
performed in PeakScanner (Thermofisher). Quantification of splicing efficiency is
achieved by comparing relative fluorescence units (RFU) between 5'-FAM labeled
reporter isoforms that include or exclude an exon of interest. The RFU detected for
each reporter isoform is then plugged into the following formula to calculate the PSI
index, which reflects the splicing efficiency of an exon in either the WT or pathogenic

variant context:

Included Isoform RFU
Included Isoform RFU + Excluded Isoform RFU

PSI =

The mean PSI for a given reporter context is then calculated using all its respective
replicates for a corresponding experiment. Statistical significance in the differences
between the mean PSI of the control group(s) versus the experimental group(s) is
determined using analysis of variance (ANOVA), and Dunett’s post-hoc test. All
statistical tests for PSI analysis were done in GraphPad Prism 9. Values are
determined to be statistically significant if the calculated P-value is below an alpha

value of <0.05.

SHAPE-MaP-seq RNA structure probing and analysis workflow
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In vitro transcribed (IVT) RNA corresponding to the WT or the HL-linked
variant sequence contexts of DEGSI exon 2, as cloned into the splicing reporter
plasmid, were synthesized using a T7 RNA polymerase approach. IVT RNA was
purified using standard agarose gel extraction followed by overnight ethanol

precipitation.

1.2 pmol of DEGS1 RNA in 65mM Na-HEPES pH 8.0 was heated to 95°C for 3 min
and then allowed to slowly cool at 24c¢ for 15 min, afterwhich 10mM MgCl2 was
added to a final volume of 15uL and left at 24c for an additional 5 min. IM 2A3 was
added to a final concentration of 50mM and incubated at 37°C for a maximum of 2
min. The reaction was then quenched with DTT to a final concentration of S00mM at
24°C for 10 min. Modified and unmodified RNA samples were then purified using
Zymogen RNA Clean & Concentrator-5 Kit. RNA(s) were then incubated at 94°C for
I min and fragmented to a median size of 200nt using NEBNext Magnesium RNA
Fragmentation Kit. Fragmented RNA(s) were purified via standard ethanol
precipitation. Purified fragmented RNA(s) were supplemented with 2uL of 20uM
random hexamers and 1puL of 10mM dNTPs then incubated at 70°C for 5 min and
then immediately placed back on ice. Reverse transcription reactions were set up
using SSII (200U) in 4pL of 5X RT buffer (250mM Tris-HCI pH 8.3, 375mM KCl),
2uL of 100mM DTT, 1pL of 120mM MnCI2, and 1pL SUPERase RNase inhibitor
(10U), first incubated at 25°C for 10 min, then 42°C for 3 hours followed by heat

inactivated at 75°C for 20 min. EDTA was then added to RT reactions to a final
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concentration of 6mM and left to incubate at 24°C for Smin, followed by addition of
MgCl2 to a final concentration of 6mM. Reverse transcription reactions were then
used as input for the NEBNext® Ultra II Non-Directional RNA Second Strand
Synthesis Module (New England Biolabs, cat. E6111L). Second strand synthesis was
performed by incubating reactions at 16°C for 1 hour, as per manufacturer
instructions, followed by cleanup using AMPure XP beads. DsDNA was used as
input for the NEBNext® Ultra™ II DNA Library Prep Kit for [llumina® (New
England Biolabs, cat. E7645L), following manufacturer instructions. All sequencing
was performed on an Illumina iSeq100 instrument using a paired-end 2 x 150
sequencing reagent cartridge and flow cell. All SHAPE-MaP-seq experiments were

performed in duplicate.

All of the relevant data analysis was conducted using RNA Framework v2.6.9
(Incarnato et al. 2018). Reads from Illumina libraries were pre-processed and mapped
using the rf-map module (parameters: -b2 -mp ‘—no-mixed —no-discordant’ -bs),
ensuring only paired-end mates with expected mate orientation were considered with
Bowtie2. The mutational signal was obtained using the rf-count module (parameters:
-m -pp -nd -ni), enabling mutation counts of reads produced from properly paired
mates. Mutational signal was normalized relative to an unmodified control using
parameters (-sm 3 -nm 1 -mu 0.05) and further normalized using the 2—8%

normalization approach provided by RNA Framework (Siegfried et al. 2014).
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Normalized reactivities were then supplied to RNAstructure to generate data-driven

predicted structure models (Reuter and Mathews 2010).

Sphingolipid lipidomics analysis

Plasma sphingolipids were extracted as described in reference (Bielawski et
al. 2006). Briefly, 100uL plasma samples were mixed with 1.9 mL phosphate
buffered-saline (PBS, pH7.4) containing 100mM DTPA. Ten microliter (10uL) of
internal standard mixture was added to each sample and the sample mixtures were
briefly vortexed. Plasma extraction mixture containing isopropanol:ethyl acetate
(15:85, v:v, 2mL) were added to each plasma sample and briefly vortexed, and
centrifuged at 2500xg at 4°C for 10 minutes. The upper organic phase was transferred
into a new glass tube. Concentrated formic acid (3uL) was added to the bottom layer
and briefly vortexed. The bottom layer samples were re-extracted with the additional
2mL of extraction buffer followed by briefly vortex and centrifugation at 2500xg at
4°C for 10 minutes. The upper organic phase from the second extraction was
combined with the first extracted samples and vortexed. Approximately 2mL aliquot
of the combined samples was transferred into a new glass tube and dried down
completely under a constant stream of nitrogen. Dried samples were stored at -20°C
until the date for HPLC injection. On day of HPLC injection, dried samples were
reconstituted with 200 uL of Mobile Phase B (1 mM ammounium formate in
methanol with 0.2% formic acid), and 70uL was transferred into a HPLC vial with

glass insert for injection.
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Liquid Chromatography Mass Spectrometry (LC-MS/MS) was used to detect
sphingolipids, and data processing methods were used as described in reference (Suh,
J.H. et al., Inflamm. Bowel Dis. 24:1321-1334, 2018). Briefly, a 1290 ultra-high
performance LC(UHPLC) system coupled to an Agilent 6495 Triple Quadrupole MS
equipped with Agilent Jet Stream (AJS)-electrospray ionization interface was used.
Sphingolipid metabolites were resolved on a Zorbax RRHD Eclipse Plus C18 column
(2.1x50mm; 1.8 micron). Samples were eluted from the column using a binary
gradient composed of Mobile Phase A (2 mM ammonium formate in 18mg2 water
with 0.2% formic acid) and Mobile Phase B (1 mM ammonium formate in methanol
with 0.2% formic acid) at a flow rate of 1mL/min. The instrument was operated by
Mass Hunter Workstation software. Mass detection was used in the positive
electrospray ionization (ESI+) mode with multiple reaction monitoring (MRM).
Specific MRM transitions and optimized conditions used for sphingolipid analysis are
listed in the Supplementary Data section. The general source settings in the positive
ionization mode were as follows: gas temperature 200°C; gas flow, 14L/min;
nebulizer 20psi; sheath gas temperature 250°C; sheath gas flow 11L/min; capillary
voltage 3000V; and nozzle voltage OV. The fragmentor voltage of 380V and a dwell
time of 15ms were used for all mass transitions, and both Q1 and Q3 resolutions were
set to nominal mass unit resolution. All samples were analyzed using triplicates. All
data are expressed as the mean = SD. Differences were examined for significance

using the two-tailed Student’s test (t test), with p < 0.05 as the cutoff for significance.
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Antisense Oligonucleotide (ASO) Walks

DEGS]I exon 2 ASOs were designed by taking the reverse complement of the
coding sequence, specifying sequences of k-mer length which are then annotated with
desired modifications to the ribose sugar. To infer nuclease resistance and in vivo
stability to ASOs, the 2'-OH contains a methoxyethyl modification (2'-MOE) and the
phosphate backbone was modified to a phosphorothioate backbone. All DEGS]
ASOs presented in this study were designed to be 18 nucleotides in length, and were
synthesized by Integrated DNA Technologies (IDT). The first ten ASO (i.e., ASO
1-10) hybridize to the intronic sequences downstream the 5’ splice site of DEGS1
exon 2, with 10 nucleotide overlaps between each one to enable high resolution
screening. ASO 1 was designed to start tiling inwards towards the 5’ splice site of
DEGS]I exon 2, positioned just before the first detectable short interspersed nuclear
element (SINE) as annotated in the UCSC Genome Browser (hg19). The remaining
ASOs (i.e., ASO 11-58) were designed to be contiguous in order, with no overlaps
between the proceeding and preceding ASO. All ASO sequences can be found in

Supplementary Table 2.

Each ASO is co-transfected with either the WT or HL-linked variant splicing reporter,
using the same methodology as described in our cell-based splicing assays. HEK293T
cells (ATCC) were cultured in 96-well tissue culture plates (Perkin Elmer) using

Dulbecco’s Modified Eagle Medium (Gibco, supplemented with 10% FBS) at 37°C
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with a CO2 level of 5%. Prior to the time of performing the assays, cells were grown
to a cell confluency of ~60-80%. 250 ng of the WT or HL-linked splicing reporter
were transiently co-transfected with 10 pmol of each DEGS/ ASO into HEK293T
cells using lipofection technology (Lipofectamine 2000). After 24-hours post
transfection, cells were then harvested and prepared for total RNA purification using
the Quick-DNA/RNA Viral MagBead kit from Zymo Research, in which this
workflow has been automated on the Agilent Bravo. Each ASO walk for either the

WT or HL-linked variant was performed with three independent/biological replicates.

Results
Next-generation sequencing reveals a novel LOF mutation in the 5’ splice site of
DEGS]1 exon 2 from two unrelated HL patients

Two unrelated probands were diagnosed with HL and present phenotypes
consistent with the lethal neurodegenerative disease. To identify molecular signatures
that may underlie the cause of these HL patients’ phenotypes, we employed
next-generation sequencing approaches to identify any genetic variations unique to
the patients. Using exome sequencing, we detected an intronic indel in
proband-derived samples at the 5’ end of DEGS]! intron 2 (chromosomal position
chr1:224378025-224378026 on hg19; chr1:224190323-224190324 on hg38) (Fig.
1A). DEGS] is a three exon gene that predominantly produces a single canonical
mRNA transcript (NM _003676.3). The indel creates a non-canonical 5’ splice site

variant of DEGSI exon 2, ¢.825+4 825+5delAGinsTT (Fig. 1B). This variant was
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detected in the heterozygous state for available parents, and was detected to be in the
homozygous state for both of the two unrelated probands using Sanger sequencing
(Fig. 1C). According to the American College of Medical Genetics and Genomics
(ACMQG) guidelines, this 5' splice site variant would be classified as a variant of
uncertain significance (VUS) as it is: (1) absent from population databases (e.g.,
gnomAD and dbSNP), (2) has not previously been associated with disease databases
such as ClinVar, and (3) this variant is not unanimously predicted by in silico
algorithms to have a deleterious effect on splicing (e.g., Alamut) (Supplemental Fig.
1). As such, we report this as a novel pathogenic variant that has not been
documented or known to cause HL. In contrast to the majority of splice site
inactivating mutations that ablate the consensus splice site donor or acceptor
(Krawczak et al. 2007b), this mutation converts the +4/+5 AG to TT, but leaves the 5’
splice site GT intact. Nonetheless, exome sequencing indicates this variant possibly
weakens the 5’ splice site of exon 2 in comparison to the general consensus motif for
a strong 5’ splice site (M. S. Wong, Kinney, and Krainer 2018). Thus, this change to a
critical splicing regulatory sequence might suggest this HL-linked variant
dysregulates the identity of exon 2 to inhibit its inclusion in spliced mRNA,
potentially resulting in non-functional DEGSI mRNA isoforms that may explain HL

phenotypes.

To better understand the functional impact this pathogenic splice site variant

may have in respect to the type of DEGSI mRNA transcripts produced, we performed
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transcriptome-wide RNA-seq on a control patient and on proband-derived samples.
Alignment and visualization of splice site junction reads from the control patient
show high coverage for all three exons from DEGSI mRNA (Fig. 2A). In comparison
to the control, the proband-derived sample shows high coverage of splice site junction
reads for only exons 1 and 3, with considerably less coverage for exon 2 (Fig 2B). We
observe that 89.62% of the DEGSI mRNA isoforms detected in the control patient
correspond to the canonical mRNA transcript (NM_003676.3) (Fig. 2C).
Additionally, 6.29% of isoforms detected in the control correspond to a transcript that
is not present in reference gene models, and thus is considered novel. The remaining
isoforms detected in the control patient appear to correspond to another reference
transcript. On the contrary, we see a stark contrast in the types of isoforms detected in
the proband relative to the control (Fig. 2D). We observe that 68.74% of DEGS1
mRNA isoforms detected in the proband corresponds to a transcript that skips exon 2
(MSTRG.2800.2). We consider MSTRG.2800.2 a novel transcript since the splice
junction characterizing MSTRG.2800.2, chr1:224183418-224192332, was not present
in reference gene models, the control patient, or GTEX (Supplemental Fig. 2). The
second and third most common isoforms that make up approximately 11.6-11.8% of
transcripts detected in our proband, MSTRG.2800.3 and MSTRG.2800.4, are only
present in the proband as well and are novel due to their absence from available data.
Only 5.61% of the DEGSI mRNA isoforms detected in the proband correspond to the
canonical NM_003676.3 transcript. Together, our RNA-seq data substantiates the

hypothesis that this novel 5" splice site likely induces aberrant splicing of DEGS'/

112



exon 2 to produce a novel non-functional mRNA, MSTRG.2800.2, which
consequently depletes DEGS1 desaturase activity to promote phenotypes associated

with HL.

HL-linked 5’ splice site variant induces complete skipping of DEGS1 exon 2 and
drives refolding of RNA secondary structures

The base pairing strength of a 5’ splice site to the spliceosomal RNA
component of Ul snRNP dictates the formation of the E complex, and therefore, an
exon’s splicing potential. /n silico tools such as MaxEntScan score how well any
given 5’ splice site of an exon matches to the general consensus motif, where an an
ideal 5’ splice site has a score of 11.81 or higher (Yeo and Burge 2004; Eng et al.
2004). MaxEntScan analysis of DEGS! exon 2 in its WT context suggests that its 5’
splice site is relatively strong (Table 1; MaxEntScan::scoreSss: 10.65). In contrast,
MaxEntScan indicates that the HL-linked variant substantially weakens the 5’ splice
site of exon 2 (Table 1; MaxEntScan::scoreSss: 3.5). This computational prediction
compliments our RNA-seq data from proband samples, supporting the hypothesis that
the HL-variant likely induces DEGS! exon 2 skipping through the weakening of 5’

splice site strength.

To determine if the HL-linked 5’ splice site variant is sufficient to induce

skipping of DEGS1 exon 2, we generated heterologous splicing reporters examining

the wild-type (WT) and HL-linked sequence-contexts of DEGS! exon 2 using a
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cell-based splicing assay (Fig. 3A). After transfecting these reporters into HEK293T
cells, the levels of mRNA reporter isoforms detected were then quantified by a
two-step end-labeled RT-qPCR assay coupled to fragment analysis via capillary
electrophoresis to measure DEGS! exon 2 inclusion. Relative to the WT (lanes 1-3),
the HL-linked variant is sufficient to significantly cause total skipping of DEGS/
exon 2 from the splicing reporter (lanes 6-8) (Fig. 3B-C). Our experimental results
showing DEGS1 exon 2 skipping recapitulates and validates MSTRG.2800.2 as the
predominant transcript variant detected from RNA-seq of proband-derived samples
(Fig. 2B, D). Together, we demonstrate that this novel HL-linked 5’ splice site variant
is sufficient by itself to cause significant exon skipping of DEGS! exon 2, indicating

that aberrant splicing is an etiology of HL.

DEGS] exon 2 is an unusually large exon with potential to form local and
long-range RNA secondary structures. To test the hypothesis that this HL-linked 5’
splice site variant can affect the RNA folding landscape of DEGS! exon 2, we used
SHAPE-MaP-seq (selective 2’-hydroxyl acylation analyzed by primer extension and
mutational profiling coupled to high-throughput sequencing) to chemically probe the
accessibility of the WT and HL-linked pre-mRNA context corresponding to DEGS!
exon 2 (Siegfried et al. 2014). SHAPE probing reveals striking differences between
the RNA structure profiles of the WT and HL-linked variants (Fig. 3D, compare blue
to red, respectively; Supplemental Fig. 3; Supplemental Fig. 4). In addition to further

weakening of the 5’ splice site by the +4/+5 AG>TT through its sequestration in a
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long-range structure, we now also see that the 3’ splice site in the HL-linked context
is now structured, instead of being in an apical loop as seen in the WT (Supplemental
Fig. 5; take note of the boxed features). Our RNA folding models suggests this splice
site variant rearranges the RNA structure profile of the HL-linked context, weakening
the base pairing potential between Ul snRNA and the 5’ splice site, and U2AF

heterodimer from potentially accessing the 3’ splice site.

HL-linked 5’ splice site variant is sufficient to result in the LOF of desaturase
function.

Having identified the genetic variation that underlies the phenotypes presented
in these HL patients, we next wanted to validate that this novel splice site variant
indeed inactivates DEGS! desaturase function. We performed liquid
chromatography-mass spectrometry (LC-MS) to detect the type of sphingolipids
present in the HL patients relative to a control using patient plasma. As DEGS!
encodes for a sphingolipid desaturase that converts DhCer into Cer, we aim to
measure the ratio between DhCer:Cer to infer desaturase activity. Our lipidomic
analysis shows that, relative to the control patient, the HL probands have higher ratios
of DhCer:Cer, reflecting increased accumulation of DhCer which indicates the lack of
desaturase activity (Fig. 4A). This phenotype of high DhCer accumulation and
DhCer:Cer ratios due to the loss of DEGS] is consistent with previous studies
showing similar results in DEGS1 deficient mice (Holland et al. 2007). Together, our

genomics, molecular RNA biology, and lipidomics analysis indicates that this
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HL-linked 5’ splice site variant of DEGS1 exon 2, which results in its aberrant
splicing by the mode of exon skipping, underlies basis behind the loss of DEGS/
desaturase function and how HL manifests in patients with this pathogenic variant

(Fig. 4B).

Antisense Oligonucleotide (ASO) walks reveal the enhancer-dependence of
DEGS] exon 2 which suggests further drug strategization is required

To see if we can identify splicing regulatory sequences that we can target to
rescue splicing of the HL-linked exon 2 variant, we employed ASO walks on the WT
and HL-linked contexts. ASOs are a proven drug modality that can ameliorate disease
phenotypes by modulating splicing outcomes to elicit a therapeutic effect (M. A.
Havens, Duelli, and Hastings 2013c; Rigo, Seth, and Bennett 2014; Y. Hua et al.
2010b; Corey 2017b; J. Kim et al. 2019; Mendell et al. 2013b). We designed a large
set of 18-mer ASOs that tiled across DEGS1 exon 2 and its upstream and flanking
introns (Fig. 5A). We also designed a non-target ASO with no specificity for DEGSI
exon 2 and demonstrated that, relative to the conditions with no ASOs present (lane 1
and 3), there are no significant off-target effects or difference on splicing with an
appropriately designed ASO co-transfected with either the WT or HL-linked exon 2
variant (lane 2 and 4) (Fig. 5B-C). Our ASO walk on the WT context revealed a
diverse array of ASOs that effectively modulated splicing of exon 2 (Fig. 5D).
Relative to the control, we discover a striking abundance of ASOs that have a

statistically significant effect in inhibiting splicing of DEGS1 exon 2, indicating it is
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highly dependent on splicing enhancers for exon identity and splicing fidelity. This
observation is consistent with previous findings that large internal exons contain an
abundance of ESEs that are required for their splicing (Bolisetty and Beemon 2012).
Additionally, we identify ASO 1 and ASO 10 to have a statistically significant impact

on enhancing exon 2 splicing in the WT context.

In respect to the ASO walk on the HL-linked variant, we unfortunately did not
identify any ASOs that can enhance or rescue its splicing (Fig. SE). That is, we
observe that none of the same ASOs employed in the WT ASO walk had any
splice-modulating effects on the HL-linked exon 2 variant. This peculiar result may
be explained by the SHAPE-MaP-seq experiments that revealed a long-range
intramolecular interaction which essentially folds HL-linked exon 2 on itself, possibly
occluding the accessibility of splicing regulatory sequences. Moreover, our WT ASO
walk on DEGS1 exon 2 indicates that a majority of its exonic sequence context
contains splicing enhancers that this unusually large exon appears highly dependent
on (Fig. 5D). As such, we hypothesize that masking any of these regions will likely
not elicit any rescue of splicing for the HL-linked exon 2 variant. Additionally, due to
the nature of the 5’ splice site variant exhibiting weakened base pairing potential to
U1 snRNP, this suggests that a stable spliceosomal E complex is unlikely to form on
DEGS] exon 2 to catalyze its splicing into mRNA. Our data support the hypothesis

that oligo-based drugs require further design strategies and optimization, or that
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alternative drug modalities need to be tested, to determine the best therapeutic

intervention to rescue splicing of the HL-linked variant.

Discussion

We report that a novel LOF 5’ splice site variant of DEGS1 exon 2 is sufficient
to cause its aberrant splicing and diminish DEGS1 desaturase function in two
unrelated HL patients. Being the bulk of the genetic information in this three exon
gene, it is striking to see that DEGS/ exon 2 is a 743bp long internal exon. Thus, it is
unsurprising to surmise that skipping of DEGS! exon 2 can result in disease
phenotypes associated with HL since a majority of the protein sequence is missing. A
pitfall and limitation of our presented model connecting aberrant splicing to
phenotypes observed in our probands is our use of a splicing reporter system. Despite
how this minimal system exploits the context dependence of exon definition, as most
auxiliary cis-regulatory elements required for splicing fidelity are near splice sites (Fu
and Ares 2014), our reporter’s sequence context may not capture the full endogenous
environment DEGS! exon 2 may require for its splicing regulation. However, what is
clear is that loss of DEGSI exon 2 is deleterious and can result in phenotypes
consistent with the loss of desaturase activity and symptoms of HL. A splice-blocking
morpholino oligonucleotide targeting the 5’ splice site of DEGS! exon 2 was used to
induce its aberrant splicing in zebrafish, and clearly demonstrates the loss of DEGS
exon 2 is sufficient to lose desaturase function and impair locomotion (Pant et al.

2019). As such, a key future direction is to create mice models or patient-derived

118



disease-in-a-dish models that contain this novel LOF 5’ splice site variant of DEGS!
exon 2 to recapitulate our findings presented in this study, and use it as a model

system to better connect aberrant splicing to HL phenotypes.

How large exons are defined for splicing remains unclear, especially for
DEGS] exon 2, as there is minimal peer-reviewed research that deciphers any
splicing regulation that takes place in DEGS!. This large size for an exon is highly
unusual in respect to gene architecture, where internal exons are typically 200bp long
in mammalian genes (Movassat et al. 2019). Prior research illuminates a mechanistic
model where large internal exons are heavily dependent on splicing enhancers
(Bolisetty and Beemon 2012). Using RBPmap (Paz et al. 2014), an in silico tool that
predicts of RNA-protein interactions, we observe that there are predicted binding sites
in DEGS1 exon 2 for SR proteins such as SRSF5 and SRSF7 (Supplemental Fig. 6),
splicing factors that are known to bind splicing enhancers. Our data shows that, when
an ASO masks these putative binding sites in the WT context, we strongly inhibit
DEGS] exon 2 splicing. Additionally, connecting the RBPmap analysis to our
SHAPE-driven model shows that these putative RBP binding sites are residing within
or adjacent to structural bulges. This observation follows previously published
models that indicate RNA structures with bulges serve as a recognition element that
appear important for RBP binding specificity (H. N. Wu and Uhlenbeck 2002;
Hermann and Patel 2000; Fukunaga et al. 2014), as shown for Tat protein binding to

HIV-I TAR RNA for example (Roy et al. 1990). More intriguingly, however, is when
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we consider these RNA-protein interactions in the context of how our ASOs might be

perturbing the cis-regulatory landscape of DEGSI exon 2.

Our results from the ASO walk on the HL-linked variant (Fig. 5E), coupled to
our RBPmap analysis (Supplemental Fig. 6), coalesce with the notion that we cannot
rescue its splicing because our ASOs are masking splicing enhancers required for
splicing of DEGS]! exon 2. Computational analyses and experimental validation on a
candidate target from Bolisetty and Beemon show that large internal exons have a
high density of “C”-rich motifs that appear to function as splicing enhancers
(Bolisetty and Beemon 2012). DEGS! exon 2 appears “C”-rich, and our experimental
data from our ASO walk on the WT context clearly demonstrates that there is a high
density of splicing enhancers required for exon 2 splicing (Fig. 5C). The primary
mechanism by which ASOs work to ameliorate disease phenotypes connected to
aberrant splicing is by targeting cis-regulatory elements to modulate the production of
specific mRNA transcripts, and thereby the abundance of respective proteins. Thus, a
typical strategy would be to design an ASO that masks a splicing silencer and block
the silencing splicing factor to enhance an exon’s definition, increasing it’s likelihood
to be recognized for splicing; such a strategy is exemplified by the FDA-approved
ASO drug Spinraza (Yimin Hua et al. 2008). Masking splicing enhancers with ASOs
is therefore a counterintuitive strategy that will induce more inhibition of splicing,

rather than enhancing it.
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Clearly, we demonstrate that aberrant splicing induced by this novel LOF 5’
splice site variant of DEGS1 exon 2 drives HL phenotypes in these two unrelated
patients. Our current model and the existing literature indicates that additional work
needs to be done to totally decipher the splicing regulation DEGS! exon 2, an
unusually large exon, in order to fine-tune the design of a viable splice-modulating
ASO for HL. Key criterias to further examine are the: site(s) of ASO hybridization,
optimal oligo length and composition, specific chemical modifications, or perhaps a
conjugated-drug strategy that delivers a splicing factor known to enhance splicing. It
may also be possible that a combination of ASOs may be required to necessitate a
complete rescue effect, as we recently demonstrated for F'§ exon 16 (Tse et al. 2023a).
Together, our preliminary data towards rescuing HL phenotypes insinuate that
assessing a wider range of drug modalities, including alternative ASO designs not
tested in this study, may also need to be explored to discover a viable therapy for

these HL patients with this novel variant.

Figure and Table Legends

Figure 1. Homozygous non-canonical DEGS] splice site variant detected in two
unrelated probands. (A) IGV plots from whole exome sequencing showing
homozygous variants in two unrelated probands, and heterozygous variants in
available parents, that map to the 5’ splice site of exon 2 from the DEGS! gene
(NM_003676.3, chromosomal position chr1:224378025-224378026 on hg19). The

position of the HL-linked variant is boxed. (B) A schematic depicting the gene
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architecture of DEGS]I. The position of the non-canonical DEGS1 splice site variant,
c.825+4 825+5delAGinsTT, is also shown at a single-nucleotide resolution. (C)
Sanger sequencing readouts, in forward and reverse directions, confirming the
identity and presence of homozygous 5’ splice site variants in both unrelated probands
presenting symptoms consistent with HL, relative to synthetic wild-type controls. The

position of the HL-linked variant is boxed.

Figure 2. 5' splice site variant of DEGS/ exon 2 produces novel transcripts in HL
probands. (A, B) IGV plots of RNA-seq data showing splice junction reads from one
control patient and one proband aligning to the DEGS! gene, respectively in (A) and
(B). Density of read coverage across each coding-sequence of DEGS] is displayed
and indicated. Track indicating reads supporting the canonical DEGSI mRNA
transcript is indicated (blue arrow). Track indicating reads supporting a novel DEGS1
mRNA transcript that is predominant and unique to the HL-linked variant is indicated
(red arrow). (C, D) Isoform plot depicting the relative abundance of each DEGS1
mRNA transcript detected in the control patient and proband, respectively. Relative
expression of each transcript is represented on the Y-axis. DEGS| exon 2 boundaries
are indicated with vertical dashed black lines. The canonical reference transcript
(blue) is indicated in blue. All novel transcripts that do not align to reference gene
models and available gene annotations are indicated in red. Isoforms are only shown

on the plot if they comprise more than 5% of DEGS/ transcripts detected.
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Figure 3. HL-linked splice site variant is sufficient to induce aberrant splicing and
drive intramolecular refolding of RNA secondary structures of DEGS/ exon 2. (A) A
schematic depicting the heterologous splicing reporter system used to assay the
functional impact the novel splice site variant has on DEGS/ exon 2 splicing, relative
to the wild-type (WT). DEGSI exon 2 and flanking intronic sequences corresponding
to either the WT or HL-linked variant sequence context were cloned in between exon
1 and exon 2 of the HBB minigene (B) A representative agarose gel showing the
effects the HL-linked variant has on DEGS1 exon 2 splicing. As shown in the
annotation above the representative agarose gel, controls include a no template
reaction (lane 1) and a positive control for exon skipping (lane 2). Lanes
corresponding to the splicing reporters assaying the WT or HL-linked variant
sequence context of DEGS! exon 2 are indicated respectively. Expected mRNA
isoforms including or excluding the DEGS! exon 2 are also annotated to the left of
the agarose gel. (C) Percent-spliced-in (PSI) plot for splicing reporters shown in (B)
measuring the splice site variant’s impact on DEGS/ exon 2 inclusion. PSI refers to
the fraction of mRNA reporter isoforms that include the exon of interest, relative to
the total population of mRNA reporter isoforms. Statistical significance between
comparisons is denoted by asterisks that represent P-values with the following range
of significance: * = P <0.05, ** =P <0.01, *** = P <0.001, **** = P <(0.0001.
Statistical significance was determined using analysis of variance (ANOVA), and
Dunett’s post-hoc test. Each condition tested and presented contains nine

independent/biological replicates. (D) A normalized SHAPE reactivity vs structure
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prediction plot comparing the RNA folding profiles for the WT and HL-linked variant
sequence context of DEGS! exon 2 (depicted in blue and red, respectively). The top
part of the plot shows the normalized SHAPE reactivity for each nucleotide. The
bottom part of the plot shows SHAPE-constrained structure predictions represented
by intramolecular base pairing interactions; secondary structure formation is denoted
by arcs joining different regions of the RNA sequence context. A schematic model of
DEGS] exon 2 and its flanking introns is also shown at the bottom of the plot to
illustrate relative positions of RNA structure data. All SHAPE data analysis was

performed in RNA Framework.

Figure 4. HL-linked splice site variant of DEGS/ exon 2 is sufficient to inactivate
DEGSI desaturase function in probands. (A) A plot quantifying saturated:unsaturated
(DhCer:Cer) ratios of various sphingolipids detected from control patient samples or
proband-derived samples (depicted in red and blue, respectively). Statistical
significance was determined using the two-tailed Student’s test (t-test), with a P <
0.05 as the cutoff for significance. (B) A schematic depicting a data-supported model
of how this novel HL-linked splice site variant of DEGS! exon 2 drives HL

pathogenicity.

Figure 5. DEGS1 exon 2 is highly dependent on exonic splicing enhancers for its

splicing. (A) A mock schematic of the ASO walk conducted in this study. All ASOs

tile across DEGS1 exon 2 and its flanking introns. Each ASO used in our walks are

124



18 nucleotides in length and are designed using ribose sugars that are modified with a
2'-methoxyethyl group (2'-MOE, highlighted in light orange), and the phosphate
backbone is modified to a phosphorothioate backbone (highlighted in light blue).
Black boxes represent 18-mer ASOs that are contiguous by design, whereas purple
boxes represent 18-mer ASOs that have 10nt overlaps between the preceding and
proceeding ASO. (B) A representative agarose gel demonstrating no significant
difference between conditions with and without a non-targeting ASO being
co-transfected with our WT or HL-linked splicing reporter. Expected mRNA isoforms
including or excluding DEGS1 exon 2 are also annotated to the left of the agarose gel.
(C) PSI plot quantifying the non-targeting ASO’s impact on DEGS1 exon 2 splicing
as shown in (B). (D, E) PSI plots quantifying our ASO walk data on the sequence
context corresponding to the WT or HL-linked variant of DEGS! exon 2,
respectively. A schematic model of DEGS/ and its flanking introns are shown at the
bottom of each PSI plot to illustrate relative positions of ASOs, and for which
sequence context. ASOs that significantly inhibit splicing are indicated in red,
whereas those that significantly enhance splicing are indicated in green. The control
ASO is depicted in yellow, and non-significant ASOs are depicted in black. Statistical
significance between comparisons is denoted by asterisks that represent P-values with
the following range of significance: * = P < 0.05, ** = P <0.01, *** = P <0.001,
*ask = P<0.0001. Statistical significance was determined using analysis of variance
(ANOVA), and Dunett’s post-hoc test. Each condition tested and presented in this

figure contains a minimum of three independent/biological replicates.
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Table 1. MaxEntScan analysis of 5" and 3’ splice site strength of DEGS1 exon 2.

Supplemental Figure 1. Region search for novel HL-linked splice site variant using
ClinVar and gnomAD database. The pathogenic variant detected from HL probands,
c.825+4 825+5delAGinsTT (NM_003676.3, chromosomal position
chr1:224378025-224378026 on hgl19), was not observed in either ClinVar or

gnomAD results.

Supplemental Figure 2. [soform and Bulk Tissue Expression of DEGS!
(ENSG00000143753.12; GTEX). (A) Isoform expression of DEGS1,
delta-4-desaturase, sphingolipid 1 [HGNC:13709]. (B) Bulk tissue gene expression

for DEGS1. (C) Transcript table for DEGS1 (DECIPHER).

Supplemental Figure 3. SHAPE-derived secondary structural models for WT
DEGS]I exon 2 and flanking intron sequences, as assayed in splicing reporter assays.
Bases are colored according to their normalized 2A3 SHAPE reactivity. All
nucleotide position numbering shown is based on the IVT RNA template used for

SHAPE probing, from the 5’ to 3 orientation.

Supplemental Figure 4. SHAPE-derived secondary structural models for the

HL-linked variant of DEGS! exon 2 and flanking intron sequences, as assayed in
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splicing reporter assays. Bases are colored according to their normalized 2A3 SHAPE
reactivity. All nucleotide position numbering shown is based on the IVT RNA

template used for SHAPE probing, from the 5’ to 3’ orientation.

Supplemental Figure 5. Examining the structural accessibility of splice sites
between the WT and HL-linked sequence context corresponding to DEGS| exon 2.
The figure zooms into the splice sites for the WT, as shown in Panel (A), and for the
HL-linked variant, as shown in Panel (B). Respective splice sites are indicated with a

black arrow and are also boxed in red.

Supplemental Figure 6. Cross-referencing RBPmap analysis results to SHAPE and
ASO data. RBPmap prediction results for two putative binding sites for splicing
factors known to enhance splicing are depicted, showing their motif confidence score
and their position within our sequence context assayed (as indicated following the
light blue arrow), and the effect an ASO has in interfering with these putative splicing

enhancers (as indicated following the red arrow).

Supplementary Table 1. Primer sequences used to generate DEGS1 exon 2 WT and

HL-linked variant inserts for cloning into HBB splicing reporters.

Supplementary Table 2. The sequence context and chemical modifications of

antisense oligonucleotides targeting DEGS1 exon 2.
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Figure 1. Homozygous non-canonical DEGS1 splice site variant detected in two unrelated
probands. (A) IGV plots from whole exome sequencing showing homozygous variants in two unre
lated probands, and heterozygous variants in available parents, that map to the 5’ splice site of
exon 2 from the DEGS1 gene (NM_003676.3, chromosomal position chr1:224378025-224378026
on hg19). The position of the HL-linked variant is boxed. (B) A schematic depicting the gene archi
tecture of DEGS1. The position of the non-canonical DEGS1 splice site variant, ¢.825+4_825+5de
IAGInsTT, is also shown at a single-nucleotide resolution. (C) Sanger sequencing readouts, in
forward and reverse directions, confirming the identity and presence of homozygous 5’ splice site
variants in both unrelated probands presenting symptoms consistent with HL, relative to synthetic
wild-type controls. The position of the HL-linked variant is boxed.
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Figure 2. 5' splice site variant of DEGS1 exon 2 produces novel transcripts in HL probands. (A, B)
IGV plots of RNA-seq data showing splice junction reads from one control patient and one proband
aligning to the DEGS1 genes, respectively in (A) and (B). Density of read coverage across each
coding-sequence of DEGS1 is displayed and indicated. Track indicating reads supporting the
canonical DEGS1 mRNA transcript is indicated (blue arrow). Track indicating reads supporting a
novel DEGS1 mRNA transcript that is predominant and unique to the HL-linked variant is indicated
(red arrow). (C, D) Isoform plot depicting the relative abundance of each DEGS1 mRNA transcript
detected in the control patient and proband, respectively. Relative expression of each transcript is
represented on the Y--axis. DEGS1 exon 2 boundaries are indicated with vertical dashed black
lines. The canonical reference transcript (blue) is indicated in blue. All novel transcripts that do not
align to reference gene models and available gene annotations are indicated in red. Isoforms are
only shown on the plot if they comprise more than 5% of DEGS1 transcripts detected.
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Figure 3. HL-linked splice site variant is sufficient to induce aberrant splicing and drive intramolecu-
lar refolding of RNA secondary structures of DEGS1 exon 2. (A) A schematic depicting the heterolo-
gous splicing reporter system used to assay the functional impact the novel splice site variant has
on DEGS1 exon 2 splicing, relative to the wild-type (WT). DEGS1 exon 2 and flanking intronic
sequences corresponding to either the WT or HL-linked variant sequence context were cloned in
between exon 1 and exon 2 of the HBB minigene (B) A representative agarose gel showing the
effects the HL-linked variant has on DEGS1 exon 2 splicing. As shown in the annotation above the
representative agarose gel, controls include a no template reaction (lane 1) and a positive control
for exon skipping (lane 2). Lanes corresponding to the splicing reporters assaying the WT or
HL-linked variant sequence context of DEGS1 exon 2 are indicated respectively. Expected mRNA
isoforms including or excluding the DEGS1 exon 2 are also annotated to the left of the agarose gel.
(C) Percent-spliced-in (PSI) plot for splicing reporters shown in (B) measuring the splice site
variant’'s impact on DEGS1 exon 2 inclusion. PSI refers to the fraction of mMRNA reporter isoforms
that include the exon of interest, relative to the total population of mRNA reporter isoforms. Statisti-
cal significance between comparisons is denoted by asterisks that represent P-values with the
following range of significance: * = P < 0.05, ** = P <0.01, *** =P < 0.001, **** = P < 0.0001.
Statistical significance was determined using analysis of variance (ANOVA), and Dunett’s post-hoc
test. Each condition tested and presented contains nine independent/biological replicates. (D) A
normalized SHAPE reactivity vs structure prediction plot comparing the RNA folding profiles for the
WT and HL-linked variant sequence context of DEGS1 exon 2 (depicted in blue and red, respec-
tively). The top part of the plot shows the normalized SHAPE reactivity for each nucleotide. The
bottom part of the plot shows SHAPE-constrained structure predictions represented by intramolecu-
lar base pairing interactions; secondary structure formation is denoted by arcs joining different
regions of the RNA sequence context. A schematic model of DEGS1 exon 2 and its flanking introns
is also shown at the bottom of the plot to illustrate relative positions of RNA structure data. All
SHAPE data analysis was performed in RNA Framework.
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Figure 4. HL-linked splice site variant of DEGS1 exon 2 is sufficient to inactivate DEGS1 desatu
rase function in probands. (A) A plot quantifying saturated:unsaturated (DhCer:Cer) ratios of various
sphingolipids detected from control patient samples or proband-derived samples (depicted in red
and blue, respectively). Statistical significance was determined using the two-tailed Student’s test
(t-test), with a P < 0.05 as the cutoff for significance. (B) A schematic depicting a data-supported
model of how this novel HL-linked splice site variant of DEGS1 exon 2 drives HL pathogenicity.
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Figure 5. DEGS1 exon 2 is highly dependent on exonic splicing enhancers for its splicing. (A) A mock schematic of the ASO walk
conducted in this study. All ASOs tile across DEGS1 exon 2 and its flanking introns. Each ASO used in our walks are 18 nucleotides
in length and are designed using ribose sugars that are modified with a 2'-methoxyethyl group (2'-MOE, highlighted in light orange),
and the phosphate backbone is modified to a phosphorothioate backbone (highlighted in light blue). Black boxes represent 18-mer
ASOs that are contiguous by design, whereas purple boxes represent 18-mer ASOs that have 10nt overlaps between the preceding
and proceeding ASO. (B) A representative agarose gel demonstrating no significant difference between conditions with and without a
non-targeting ASO being co-transfected with our WT or HL-linked splicing reporter. Expected mRNA isoforms including or excluding
DEGS1 exon 2 are also annotated to the left of the agarose gel. (C) PSI plot quantifying the non-targeting ASO’s impact on DEGS1
exon 2 splicing as shown in (B). (D, E) PSI plots quantifying our ASO walk data on the sequence context corresponding to the WT or
HL-linked variant of DEGS1 exon 2, respectively. A schematic model of DEGS1 and its flanking introns are shown at the bottom of
each PSI plot to illustrate relative positions of ASOs, and for which sequence context. ASOs that significantly inhibit splicing are
indicated in red, whereas those that significantly enhance splicing are indicated in green. The control ASO is depicted in yellow, and
non-significant ASOs are depicted in black. Statistical significance between comparisons is denoted by asterisks that represent
P-values with the following range of significance: * = P <0.05, ** = P < 0.01, *** = P <0.001, **** = P < 0.0001. Statistical significance
was determined using analysis of variance (ANOVA), and Dunett’s post-hoc test. Each condition tested and presented in this figure
contains a minimum of three independent/biological replicates.
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Supplemental Figure 1. Region search for novel HL-linked splice site variant using ClinVar and
gnomAD database. The pathogenic variant detected from HL probands, c.825+4_825+5delAGinsTT
(NM_003676.3, chromosomal position chr1:224378025-224378026 on hg19), was not observed in
either ClinVar or gnomAD results.
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Isoform Expression of DEGS1: 14375312 delta 4-d 1 Symbol:AccHGNG:13709]
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Transcript © Location size Type Protein Exons
ENST00000323699.9 - DEGS1-201 - NM_003676.4 1 B 10.20 kb Protein coding 32322 A
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0013215422
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Supplemental Figure 2. Isoform and Bulk Tissue Expression of DEGS1
(ENSG00000143753.12; GTEX). (A) Isoform expression of DEGS1, delta-4-de-
saturase, sphingolipid 1 [HGNC:13709]. (B) Bulk tissue gene expression for
DEGS1. (C) Transcript table for DEGS1 (DECIPHER).
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Supplemental Figure 3. SHAPE-derived secondary structural models for WT DEGS1 exon 2 and
flanking intron sequences, as assayed in splicing reporter assays. Bases are colored according to
their normalized 2A3 SHAPE reactivity. All nucleotide position numbering shown is based on the
IVT RNA template used for SHAPE probing, from the 5’ to 3' orientation.
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Supplemental Figure 4. SHAPE-derived secondary structural models for the HL-linked
variant of DEGS1 exon 2 and flanking intron sequences, as assayed in splicing reporter
assays. Bases are colored according to their normalized 2A3 SHAPE reactivity. All nucleo-
tide position numbering shown is based on the IVT RNA template used for SHAPE probing,

from the 5’ to 3’ orientation.
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Supplemental Figure 5. Examining the structural accessibility of splice sites between
the WT and HL-linked sequence context corresponding to DEGS1 exon 2. The figure
zooms into the splice sites for the WT, as shown in Panel (A), and for the HL-linked
variant, as shown in Panel (B). Respective splice sites are indicated with a black arrow

and are also boxed in red.
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Supplemental Figure 6. Cross-referencing RBPmap analysis results to SHAPE and ASO data.
RBPmap prediction results for two putative binding sites for splicing factors known to enhance
splicing are depicted, showing their motif confidence score and their position within our sequence
context assayed (as indicated following the light blue arrow), and the effect an ASO has in interfer-
ing with these putative splicing enhancers (as indicated following the red arrow).
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