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Abstract
Disease-Causing Mutations in α-Galactosidase Induce Aberrant Splicing in vivo
by
Michael Blanco

Precursor messenger RNA (pre-mRNA) splicing is a critical posttranscriptional process in eukaryotic cells. The large, dynamic ribonucleoprotein
(RNP) complex known as the spliceosome must assemble onto the nascent pre-mRNA
and precisely excise introns and ligate exons for every splicing event. This process is
largely regulated by cis-elements within the RNA transcript, such as splicing enhancers
and silencers, and trans-elements such as RNA binding proteins (RBPs).
Approximately 10% of all disease-causing mutations affect consensus splice site
sequences, resulting in aberrant splicing, but the effects of mutations located within
other splicing regulatory elements (SREs) remains poorly understood. Recent studies
suggest that roughly 26% of disease-causing and nonsense mutations interfere with
splicing regulatory cis-elements (Sterne-Weiler et al. 2011). In the present study, we
focus on characterizing the molecular impact of mutations within exons 5 and 6 of the
α-galactosidase gene (GLA) which encodes the lysosomal hydrolase alphagalactosidase (Masson et al. 2004). Mutations in GLA can lead to a deficiency in the
enzyme, resulting in Fabry Disease, a debilitating lysosomal storage disorder. Taken
together, the data reveal these mutations disrupt functional elements involved in
splicing regulation.
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Chapter 1
Introduction
1.1 Splicing
One of the most unexpected discoveries in molecular biology was the finding
that eukaryotic genes are discontinuous and consist of coding DNA (exons) separated
by intervening sequences of non-coding DNA (introns)(Chow et al. 2000; Berget et al.
2000). Accurate gene expression in eukaryotes requires the efficient removal of introns
and joining of exons from the nascent precursor messenger RNA transcript (premRNA) to construct a mature mRNA that is recognized by the ribosome and
subsequently translated into a polypeptide. In Humans, genetic sequences make up only
33.4% of the genome, and only 3.66% of those are protein-coding exonic sequence
(Harrow et al. 2012; Sterne-Weiler and Sanford 2014) . The sequence for many genes
is therefore majorly comprised of introns which exist in the regions between adjacent
exons. To create a continuous protein-coding RNA transcript, the introns must be
efficiently removed from the pre-mRNA and the exons joined together in a reaction
called pre-mRNA splicing which is catalyzed by repeated assembly of the spliceosome
on every exon-intron boundary.
Nuclear pre-mRNA splicing is catalyzed by the spliceosome, a large
macromolecular RNA-protein complex (Will and Luhrmann 2010). The spliceosome
is highly dynamic in both conformation and composition, allowing incredible
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flexibility as well as accuracy in recognition of pre-mRNA substrates (Fu and Ares
2014). This large ribonucleoprotein (RNP) complex has a highly regulated and
functional cycle found in all eukaryotes (Wahl et al. 2009). Each cycle of splicing
involves two sequential transesterification steps: branching and ligation of exons
(Figure 1.) (Shi 2017). These two reactions catalyzed by the spliceosome ultimately
yield two products: an excised intron lariat that is released from the transcript, and
ligated exons (Figure 1.1) (Fica et al. 2013). One of the most complex macromolecules
in eukaryotic cells, the spliceosome is composed of more than 300 different proteins
(Jurica et al. 2002; Nilsen 2003) and five small nuclear RNAs (snRNAs) U1, U2, U4,
U5, and U6. Each snRNA binds numerous proteins forming small nuclear
ribonucleoprotein particles (snRNPs) (Berget et al. 1977; Chow et al. 1977; Shi 2017a).

Figure 1.1 Schematic representation of the two-step transesterification reaction of premRNA splicing. Blue and purple boxes represent the exons (E1, E2) and solid lines
represent the introns. Adapted from Will and Luhrmann 2010.

The spliceosome assembles de novo on each intron from the five snRNPs and
non-snRNP protein factors. The first stage of spliceosome assembly is dependent on
the definition of exons by three conserved sequences: the 5’ splice site (SS), the branch
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point (BP) and the 3’ SS (Frendewey and Keller 1985; Aebi et al. 1986; Lamond et al.
1987). The upstream 3’ SS sequence AG is recognized by U2 snRNP auxiliary factor
(U2AF) while the U1 small ribonucleoprotein particle (U1 snRNP) associates with the
5’ SS sequence GU while the branch sequence is recognized by splicing factor 1 (SF1)
also known as the branch point binding protein (BBP), all of which bind pre-mRNA
via RNA-RNA interactions with their snRNA in an ATP-independent manner, forming
the early (E) or commitment complex (Grewal et al. 2017). Initially, U2 is only weakly
associated with the pre-mRNA in the E complex and the A complex is formed by a
more stable, ATP-dependent association of U2 snRNP. U2 snRNA forms a duplex with
the pre-mRNA branch region which bulges out a conserved adenosine as the
nucleophile for the first transesterification step of the splicing reaction (Query et al.
1994). Then, U5-U4/U6 tri-snRNP join resulting in base-pairing between the 3’ end of
U6 RNA and the 5’ end of U2 RNA (Nilsen 1994). Subsequently, RNA-RNA
interactions are formed by the occurrence of conformational changes which juxtaposes
the splice sites if the introns. Completion of the splicing reaction occurs later in the
pathway when these interactions are replaced by intron-bridging reactions that remove
the intron lariat and connect the 5’ and 3’ splice sites (Schneider et al. 2010).
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Figure 1.2. The spliceosome assembly and disassembly cycle. Shown are the
stepwise interactions of the small nuclear ribonucleoproteins (snRNPs) U1, U2, U4,
U5, and U6 (colored circles). The intron being removed from the pre-mRNA is depicted
as a solid blue line while the adjacent exons are blue and purple rectangles. The first
and second catalytic steps are indicated as well as electron-microscopy-derived
spliceosomal complex structures are shown with indicated names: the purified prespliceosome (complex A) (Behzadnia et al. 2007), the U4/U6.U5 tri-snRNP (Sander et
al. 2006), the precatalytic spliceosome (complex B) (Boehringer et al. 2004; Wolf et
al. 2009), and the catalytic step 1 spliceosome (complex C) (Fabrizio et al. 2009; Jurica
et al. 2004). Adapted from Lee and Rio 2015.

1.2 Alternative Splicing
The spliceosome has incredible flexibility in recognizing substrates and is able
to integrate different combinations of a pre-mRNA transcript into the mature mRNA.
Sequences that define exon-intron boundaries are nearly invariant, but the strength of
individual splice sites depend on the influence of many regulatory proteins (Fu and
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Ares 2014). This process is known as alternative splicing (AS) and is widely regarded
as a major contributor to proteomic diversity (Graveley 2001). In humans, alternative
splicing is extremely prominent with recent studies suggesting that >95% of genes with
multiple exons undergo alternative splicing (Lee and Rio 2015; Merkin et al. 2012).
Although there are only approximately 20,000 protein-coding genes in the human
genome, alternative splicing of multi-exon protein-coding genes is estimated to
generate up to 10-12 unique mRNA isoforms each ((ENCODE Project Consortium
2012; Djebali et al. 2012) The basic modes of alternative splicing include exon
skipping, mutually exclusive exons, alternative 5’- and 3’- splice sites, intron retention,
and alternative first and last exons (Figure 1A). In addition to these basic patterns of
alternative splicing, there are several more complex patterns observable in the human
transcriptome (Figure 1B) with varying levels of exon inclusion and exclusion leading
to a wide array of mRNA isoforms (Park et al. 2018). Many of these isoforms will be
translated into functional polypeptides by the ribosome thereby expanding the diversity
and function of the human proteome. The large amount of research in AS has helped
to elucidate the mechanisms by which multiple pre-mRNA transcripts can be derived
from a single gene (Lee and Rio 2015).

5

Figure 1.3 Patterns of alternative splicing. (A) Basic patterns of alternative splicing. (B)
Complex alternative splicing patterns. Dark blue rectangles represent constitutively spliced
exons. Light blue, green, and red rectangles represent alternatively spliced exons. Introns are
shown as solid straight black lines between exons. Solid black lines extending out from exons
depict alternative splicing patterns, joining the 5’-SS of one exon with the 3’-SS of another
exon and removing the intervening sequence. Adapted from Park et al 2018.

Given the complexity of higher eukaryotic genes, pre-mRNA splicing
remarkably occurs with incredibly high fidelity under normal conditions (Fox-Walsh
and Hertel 2009). The apparent degeneracy of these splice sites suggests that auxiliary
cis-acting elements are required for exon recognition by splicing factors such as U1
snRNP and U2AF (Fox-Walsh and Hertel 2009; Sterne-Weiler et al. 2011). These are
typically described as either exonic or intronic splicing regulatory elements (ESRs or
ISRs) and are further classified by their location within the transcript as exonic or
intronic splicing enhancers (ESEs or ISEs) or silencers (ESSs or ISSs) based on their
ability to regulate splicing of adjacent exons (Sterne-Weiler et al. 2011). Trans-acting
RNA Binding Proteins (RBPs) such as serine- and arginine-rich RBPs (SR proteins),
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and heterogeneous nuclear ribonucleoproteins (hnRNPs) play key roles in the
definition of exon and intron boundaries (Zahler et al. 1992). SR proteins function to
enhance exon recognition and recruit pre-spliceosome components such as U2AF and
U1 snRNP to the 3’ and 5’ splice sites, respectively (Kohtz et al. 1994; Graveley et al.
2001). Contrastingly, hnRNPs can function as splicing silencers and can repress the
recruitment of spliceosome components to their respective splice sites, thereby
promoting the exclusion of a potential exon (Zhu et al. 2001). ESEs and ESSs work in
concert with their RBPs and splice site sequences to define exons and influence the
assembly of the spliceosome.
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Figure 1.4 Regulation of alternative splicing. (A) Definition of 5’- and 3’ splice
sites are regulated by cis-acting splicing regulatory elements (SREs) highlighted in
green and red in the transcript, and trans-acting splicing factors depicted as green and
red ovals bound to the transcript. SREs are classified based on their location in the
transcript as exonic splicing enhancers (ESEs), intronic splicing enhancers (ISEs),
exonic splicing silencers (ESSs) or intronic splicing silencers (ISSs). These SREs
specifically recruit trans-acting splicing factors to enhance or silence recognition of
nearby splice sites. Common splicing factors are shown, including SR proteins, which
recognize ESEs to promote splicing, as well as heterogeneous nuclear
ribonucleoproteins (hnRNPs), which typically recognize ESSs to inhibit splicing. The
consensus motifs of splice sites are shown in the colored pictograph, with the height of
each letter representing nucleotide frequency in each position. The dashed arrow
represents the formation of the exon definition complex. (B) The activity of cis-acting
SREs and associated trans-acting splicing factors is context-dependent. Four wellcharacterized examples are shown. Adapted from Matera et al. 2014.

Although hnRNPs and SR proteins are commonly known to act as negative and
positive splicing regulators, respectively, it is not possible to strictly define them as an
ESS or ESE based on their identity alone because their activity often depends on the
location of the specific binding site relative to the exon (Martinez-Contreras et al. 2007;
Long and Caceres 2009; Fu and Ares 2014). Several tissue-specific proteins, such as
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nova, neuronal PTB/hnRNPI, Rbfox, and muscleblind/CELF have been found to play
a role in splicing regulation and can act as either repressors or activators depending on
where they bind the nascent transcript (Lee and Rio 2015). These RBPs all share the
ability to recognize short RNA sequence motifs of both introns and exons of pre-mRNA
transcripts. SR proteins can promote inclusion of an exon when bound to regions within
the exon, but when an SR protein binds its target sequence within an intron of the premRNA transcript, the opposite activity is observed, and the adjacent exon is more likely
to be excluded from the mature mRNA (Änkö 2014). RNA motifs are also recognized
by hnRNP proteins which often function as silencers, promoting exon skipping, but
there are examples of hnRNPs acting as splicing enhancers, such as hnRNPL
(Martinez-Contreras et al. 2007). With these observations, it is apparent that the activity
of splicing factors in pre-mRNA splicing is dependent, at least in part, on the location
of their specific binding motif within the pre-mRNA.
1.3 Aberrant Splicing and Disease
Disease mutations have long been known to affect splicing via alteration of
either of the splice sites or of the regulatory motifs in exons and introns (Orkin et al.
1982). Recent analysis of disease-causing mutations that are reported in the Human
Gene Mutation Database suggests that splicing mutations at the 5’ and 3’ splice sites
make up 13.4% of the sequence variants (Stenson et al. 2012). One of the earliest
examples of human disease mutations affecting splicing was identified within the
human β-globin gene from a fetus diagnosed with beta thalassemia. Sequencing of the
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gene revealed two mutations compared to a normal β-globin gene, one being a common
polymorphism and the other occurring at position 1 within the gene, altering the 5’ GT
splice site and leading to a inefficiently spliced transcript (Treisman et al. 1982).
More recently, studies involving disease-causing mutations that induce aberrant
splicing have led to an effective drug for treating spinal muscular atrophy (SMA) (Hua
et al. 2010; Hua et al. 2007). SMA is a relatively common fatal autosomal recessive
disease that is caused by homozygous loss of the survival motor neuron 1 (SMN1)
gene. This disorder is characterized by degeneration of motor neurons leading to
muscular atrophy and paralysis which is ultimately fatal (Lefebvre et al. 1995).
Humans possess SMN1 as well as a linked, nearly identical gene SMN2 which
produces a functional SMN protein although not at sufficient levels to counterbalance
the loss of SMN1(Monani et al. 1999). The two SMN genes differ by only a single
nucleotide: a C-T transition in exon 7 that functions to create an ESS motif and recruit
hnRNP A1 which causes skipping of exon 7 in SMN2 (Lorson et al. 1999; Kashima
and Manley 2003). Thus, the mRNA from SMN2 differs from that of SMN1 by the
exclusion of exon 7 caused by a single mutation. This discovery presented a novel
target for treatment of SMA where a drug could be designed to influence the
incorporation of exon 7 from SMN2 to produce enough functional protein. Adrian
Krainer’s group successfully discovered an antisense oligonucleotide that sufficiently
blocked association of hnRNP A1 with the nascent pre-mRNA transcript, disallowing
it to act as a silencer, and rescuing the production of functional SMN protein (Hua et
al. 2007; Hua et al. 2010). This ASO was first used to treat SMA in mouse models and
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later was developed for use in humans by Ionis Pharmaceuticals. The drug, Spinraza
(Nusinersen), is administered by injection into the spine once every four months and
has shown promising results in alleviating symptoms of SMA and improving life
expectancy of affected individuals (Farrar et al. 2018).
Although splicing mutations are often located at the canonical splice sites or
branchpoint, they can also occur within exonic sequences, altering ESE or ESS
sequence motifs (Rhine et al. 2018). Because of the multitude of ESR motifs and
associated proteins, predicting exonic splicing mutations (ESM) has proven to be
incredibly challenging. It is becoming increasingly apparent that new tools and
methods will need to be developed to classify mutations within exons as ESMs (Rhine
et al. 2018). William Fairbrother et al. sought to develop a computational method to
identify ESE hexamer motifs and predict their activity (Fairbrother et al. 2002). The
authors utilized a sequence analysis method called RESCUE (Relative Enhancer and
Silencer Classification by Unanimous Enrichment) to identify sets of oligonucleotide
motifs that enhance or repress specific processes such as splicing. ESEs are commonly
believed to be located in close proximity to splice sites and function to enhance splicing
when positioned downstream of a 3’ SS or upstream of a 5’ SS, but represses splicing
when located within an intronic region (Bourgeois et al. 1999; Berget 1995; Kanopka
et al. 1996). Thus, constitutive exons are expected to contain strong ESE motifs near
splice sites and the flanking introns should lack these sequences. These observations,
along with other experimental constraints, were used to develop RESCUE-ESE which
identified 10 distinct ESE motifs and all of them displayed ESE activity in minigene
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splicing assays. Figure 1.5 summarizes the overall RESCUE-ESE approach including
the splicing assay to validate predicted ESR activity (Fairbrother et al. 2002).

Fig.1.5: Schematic of RESCUE-ESE approach. Exon-intron structures of human genes
are derived by spliced alignment of cDNAs to the assembled genomic sequence.
Colored letters chosen to reflect the composition of each hexamer according to IUPAC
nomenclature are depicted at points in the scatterplot to represent each hexamer.
Hexamers containing homonucleotide runs of three or more bases (e.g., AAA) are
represented by capital letters, all other hexamers by lowercase letters. Each letter is
colored proportional to the relative content of A (red), C (green), G (blue), and T (black)
of the hexamer. A 19-base sequence containing an enhancer hexamer predicted to act
as an enhancer in in a weak exon is chosen and inserted into the SXN splicing reporter
construct as indicated. A point mutant predicted to disrupt ESE activity is also chosen.
Transient transfection of the reporter construct followed by quantitative RT-PCR with
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flanking primers is used to assay inclusion of the test exon for the candidate ESE and
its mutant. Adapted from Fairbrother et al. 2002. (Fairbrother et al. 2002)

To screen for potential ESS motifs, Wang et al developed a reporter system in
which they utilized a three-exon minigene construct as a reporter for exon silencing
where exons 1 and 3 form a complete mRNA for enhanced GFP protein. Exon 2 in this
system is the test exon containing a cloning site to insert oligonucleotides. When the
oligonucleotides in exon 2 induce exon skipping, a complete eGFP protein is created,
indicating that the inserted oligonucleotide sequence may contain an ESS motif. Using
this method, which they call fluorescence-activated screen for exonic splicing silencers
(FAS-ESS), the authors were able to establish a database containing ESS hexamer
motifs (Figure 1.6) (Wang et al. 2004).
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Figure 1.6: Diagram of strategy used to screen for ESS sequences. GFP exons are
depicted as green rectangles and the test exon with a 10mer insert is depicted as a blue
rectangle with a black portion for the 10mer. !0mers that cause skipping induce GFP
activity in cells are sorted, cloned, and sequenced to identify the ESS.

1.4 Human Inherited Disease-Causing Mutations Alter Exonic Splicing Signals
Disease-causing mutations are known to overlap with the splicing code.
Consensus 5’- or 3’ splice sites have been shown to be altered by at least 10% of all
mutations identified as causing inherited disease in humans and induce aberrant
splicing of the pre-mRNA (Krawczak et al. 2007) The functional overlap between cisacting regulatory elements and the protein coding sequences makes determining how
disease-causing mutations affect ESR motifs and pre-mRNA splicing considerably
challenging.
To identify exonic mutations that potentially induce aberrant splicing, 238 ESE
hexameric sequences derived from the RESCUE-ESE data set and 176 hexameric
sequences from the FAS-ESS data set (Fairbrother et al. 2002; Wang et al. 2004) were
analyzed against 8601 exonic single nucleotide polymorphisms (1000 Genomes Project
Consortium et al. 2010) and 27,681 exonic disease-causing mutations from the Human
Gene Mutation Database (Table 1.1 & 1.2) (2008), (Sterne-Weiler et al. 2011). Disruption
of ESE motifs was found to be strongly associated with mutations in the HGMD data
set compared to neutral SNPs while much less data supported the gain of ESEs by
disease mutations. On the other hand, disease-causing mutations from the HGMD data
set were strongly associated with the gain of ESS motifs with less evidence for the
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association of disease mutations with the loss of ESS motifs. These data suggest that
the loss of enhancers as well as the gain of silencers may contribute to exon skipping
in human inherited diseases (Figure 1.7) (Sterne-Weiler et al. 2011).

Table 1.1: Summary of putative splicing-sensitive mutations (missense and nonsense),
exons, and genes associated with genetic disease. These mutations were extracted from
the Human Gene Mutation Database (HGMD). Adapted from Sterne-Weiler et al 2011.

Table 1.2: Summary of common genetic variants extracted from the 1000 genomes
project. Adapted from Sterne-Weiler et al 2011.
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Figure 1.7: Patterns of exonic splicing regulator loss or gain among pathological
mutations (HGMD) as compared to neutral SNPs. Bar height corresponds to odds ratio
of HGMD/SNPs for the loss or gain of enhancers (A) and silencers (B). Adapted from
Sterne-Weiler et al 2011 (Sterne-Weiler et al. 2011).

Of the 27,681 exonic mutations known to cause human inherited disease, 7154
(~25%) are expected to induce exon skipping either through the loss of conserved
enhancers or through the creation of silencers (Sterne-Weiler et al. 2011). Along with
the previously stated estimate of about 10% of disease mutations impair 5’- or 3’ splice
site consensus sequences, it is now estimated that nearly one-third of inherited diseasecausing mutations have the potential to induce aberrant pre-mRNA splicing. It is clear
that these predicted splicing-sensitive mutations must be experimentally validated,
however, due to the finding that one of the mutant hexamers that Sterne-Weiler et al
tested, ACUAGG, effectively induced aberrant splicing in minigene constructs from
three different disease genes, while it did not promote exon skipping of exon 13 from
MYH7 (Sterne-Weiler et al. 2011). Their data suggests that the ACUAGG hexamer
acts as a splicing silencer and works in concert with other trans-acting elements that
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function in exon skipping. Understanding the mechanisms of these mutations and their
impact ESR motifs and pre-mRNA is a crucial first step towards developing and
optimizing personalized treatment options for many diseases.
From this data set, we have selected inherited disease mutations in the Fabry
Disease gene Galactosidase Alpha (GLA) that are expected to cause aberrant premRNA splicing. One of the major factors used when deciding which gene to select was
the number of possible splicing-sensitive disease mutations within individual exons of
the gene. A large number of mutations in a single exon simplifies the creation of
minigene splicing reporter constructs and allows examination of many RBP motifs
within the same exon. We also chose exons that were of average size (<200bp) and
amenable for cloning into splicing reporter constructs (Sakharkar et al. 2004). The
seven exon GLA gene encodes an enzyme of the same name responsible for
metabolism of glycosphingolipids. Mutations within GLA cause Fabry Disease, an xlinked

lysosomal

storage

disorder

the

results

in

the

accumulation

of

globotriaosylceramide in lysosomes throughout the body (Chan and Adam 2018).
Because this gene is located on the X-chromosome, heterozygous females typically
carry the disease without symptoms, but males who carry a disease mutation (1/40,000)
tend to develop severe multisystem disease during adolescence. Symptoms include skin
lesions, stroke, seizures, heart failure, and kidney failure. As much as 80% of patients
report attacks of pain located in the hands, feet, joints, muscles, and abdomen with
attacks lasting anywhere from minutes to days (Masson et al. 2004). Currently, the
main form of treatment is enzyme replacement therapy which provides patients with
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functional enzyme to restore metabolism of the lipids and alleviates symptoms
associated with FD, but tends to be expensive with patients requiring administration of
the enzymes every two weeks (Chan and Adam 2018). Two exons within GLA have a
considerable number of potentially splicing-sensitive disease mutations: exon 5 with
twenty-one mutations, and exon 6 with 18 mutations. The high number of mutations in
these two exons will allow for characterization of many mutations in different motifs
and contexts within the same gene to further elucidate the role of ESR motifs in
regulation of pre-mRNA splicing and how disease-causing mutations alter their
function.
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Chapter 2
Materials and Methods
2.1 Cloning Minigene Reporters
To assess the effects of disease mutations on pre-mRNA splicing in vivo, DNA
inserts containing the wild type exon were created and included between 40 and 250
bases of flanking intronic sequences. NdeI and BglII restriction recognition sites were
included at the 5’- and 3’- ends of the inserts, respectively. These inserts were amplified
from human genomic DNA by PCR with primers designed for In-Fusion Cloning. The
5’ end of the primer contained 15 bases homologous to the vector followed by the
restriction site and the 3’ end of the primer was specific to the introns of the GLA gene
[Clonetech]. Primers were ordered from Integrated DNA Technologies [IDT], and

annealing temperatures optimized in a gradient thermal cycler using Titanium Taq
DNA polymerase under the following reaction conditions: 1X Titanium Taq PCR
buffer, 0.5µM forward and reverse primers, 200µM dNTPs, 1X Titanium Taq, and
50ng human genomic DNA. Following primer optimization, PCR was performed using
Phusion HF polymerase [NEB] with the following reaction conditions: 1X Phusion HF
master mix, 0.5µM forward primer, 0.5µM reverse primer, 50ng human genomic DNA,
and 3% dimethyl sulfoxide (DMSO). The entire volume of each PCR product was
loaded into a 1% agarose gel in 1X TAE separated by electrophoresis. PCR products
were extracted from the agarose gel and purified using NucleoSpin Gel and PCR clean-
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up kits [Clonetech].
To clone the PCR products, the pACT7_SC14 vector was first linearized by
NdeI and BglII restriction enzymes [NEB] overnight at 37°C. The entire reaction was
loaded into a 1% agarose gel in 1X TAE to separate the linear vector from the region
excised by nuclease digestion. The gel was stained with SYBR Green (SG) [Thermo
Fisher] and visualized under UV light to check for complete digestion and linearization
of the vector. Linear vector was extracted and purified as previously described.
Ligation of the insert was performed using In-Fusion Enzyme using 200ng of vector
and 50ng of PCR amplified insert, in accordance with the optimal molar ratio
prescribed by the manufacturer ([CSL STYLE ERROR: reference with no printed
form.]). Mix & Go E. coli competent cells were prepared with Mix & Go! E. coli
Transformation Kit and Buffer Set [Zymo Research] with XL1 Blue super-competent
cells [Agilent]. The In-Fusion reaction was added directly to thawed competent cells
and were very briefly mixed by flicking before plating the entire volume onto LB
ampicillin agar petri dishes. Bacterial colonies were grown overnight at 37°C. Three
colonies from each transformation were grown in small 3mL LB + ampicillin cultures
8hr-overnight. Plasmid DNA was prepared from the bacterial cultures using plasmid
DNA miniprep kit [Zymo]. To verify the correct sequences, two plasmid DNA samples
per construct containing either the forward sequencing primer “Globin Assay F” 5’GCAACCTCAAACAGACACCA-3’ or the reverse sequencing primer “Globin Assay
R” 5’-AGCTTGTCACAGTGCAGCTC-3’ were sent to the UC Berkeley DNA
sequencing facility. Using both forward and reverse sequencing primers allowed
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accurate confirmation that the appropriate DNA sequences had been incorporated into
the plasmid. Following confirmation of the wild type sequences for plasmids
containing exon 5 and 6 of GLA, the corresponding colonies were grown in large LB
Amp cultures overnight and plasmid DNA was extracted and purified using plasmid
DNA maxiprep kit according to manufacturer’s protocol [Qiagen].
2.2 Site-Directed Mutagenesis
Mutagenesis

oligonucleotide

primers

were

designed

to

be

exactly

complementary to the wild type sequence except a single nucleotide mutation which
was designed to be as close to the middle of the primer sequence as possible with about
10-15 bases flanking each side depending of GC content. Two mutagenesis primers
were required for each mutation and were exactly reverse complements of each other.
Two stages of PCR were used to introduce single nucleotide mutations into the exons
(Figure 2.1).
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Figure 2.1: Site-directed mutagenesis by overlap extension. Double stranded DNA and
synthetic oligonucleotides are represented by solid lines with arrows indicating 5’-to3’ orientation. The mutation is indicated by a small solid black box. Oligonucleotide
primers are labeled with lower-case letter ‘a’ and ‘d’ for flanking WT primers and ‘b’
and ‘c’ for mutagenesis primers. PCR fragments are labeled with upper-case letters
corresponding to the primers used for their creation: AB and CD. Reactions are denoted
by numbers 1-3 with reaction 1 and 2 occurring simultaneously in stage one followed
by reaction 3 in stage 2. The boxed portion represents the intermediate steps taking
place during reaction 3. Adapted from Ho et al. 1989 (Ho et al. 1989).
During the first stage, two PCR fragments were amplified in two independent
PCR reactions using the WT plasmid as template DNA and each reaction containing
either the flanking WT forward primer and an internal mutagenesis reverse primer or
the flanking WT reverse primer with the internal mutagenesis forward primer. This
creates two PCR products, each only a portion of the full-length WT sequence,
dependent on where in the exon the mutation is located. Each fragment now contains
the mutation of interest located within the mutagenesis primer, and they must be
combined to create the full-length DNA insert. The two fragments are loaded into a
1% agarose gel for electrophoresis and purified as previously described. These
fragments are then fused together by PCR using only flanking WT primers with the
fragments serving as the template DNA rather than the WT plasmid as in the first stage
of primer extension (Ho et al. 1989). During this reaction, the fragments denature and
anneal at the overlap created by the reverse complementary mutagenesis primers and
are extended by the polymerase to create the mutant fusion product (Figure 2.1).
Because of the overlap, these fragments prime each other for extension and the addition
of the flanking primers amplifies the full-length product. The inserts were purified,
cloned, and sequence-verified as previously described.
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Table 2.1
Primer ID

Sequence

GLA_ex5 Fwd

CCAATAGAAACTGGGCATATGGGCCTACTTCTGAAGCAAAC

GLA_ex5 Rev

TGTCTCCACATGCCCAGATCTCCTCCTCCCAGGAACTTTACC

GLA_ex5_mut1 Fwd

GCTGACATTGATGATTCCTTGAAAAGTATAAAGAG

GLA_ex5_mut1 Rev

CTCTTTATACTTTTCAAGGAATCATCAATGTCAGC

GLA_ex5_mut2 Fwd

GCTGACATTGATGATTCCTGCAAAAGTATAAAGAG

GLA_ex5_mut2 Rev

CTCTTTATACTTTTGCAGGAATCATCAATGTCAGC

GLA_ex5_mut3 Fwd

GGGGGTTGGAATGACCCAAATATGGTAAAAACTTGAGCCC

GLA_ex5_mut3 Rev

GGGCTCAAGTTTTTACCATATTTGGGTCATTCCAACCCCC

GLA_ex5_mut4 Fwd

GGGGGTTGGAATGACCCATATATGGTAAAAACTTGAGCCC

GLA_ex5_mut4 Rev

GGGCTCAAGTTTTTACCATATATGGGTCATTCCAACCCCC

GLA_ex5_mut5 Fwd

GGGGGTTGGAATGACCCAGTTATGGTAAAAACTTGAGCCC

GLA_ex5_mut5 Rev

GGGCTCAAGTTTTTACCATAACTGGGTCATTCCAACCCCC

GLA_ex5_mut6 Fwd

GGGGGTTGGAATGACCCACATATGGTAAAAACTTGAGCCC

GLA_ex5_mut6 Rev

GGGCTCAAGTTTTTACCATATGTGGGTCATTCCAACCCCC

GLA_ex5_mut7 Fwd

GGACTGGACATCTTTTAACCAGTAGAGAATTGTTGATGTTGC

GLA_ex5_mut7 Rev

GCAACATCAACAATTCTCTACTGGTTAAAAGATGTCCAGTCC

GLA_ex5_mut8 Fwd

AAAGAGTATCTTGGACTAGACATCTTTTAACCAGG

GLA_ex5_mut8 Rev

CCTGGTTAAAAGATGTCTAGTCCAAGATACTCTTT

GLA_ex5_mut9 Fwd

GGACTGGACATCTTTTAACTAGGAGAGAATTGTTGATGTTGCTGG

GLA_ex5_mut9 Rev

CCAGCAACATCAACAATTCTCTCCTAGTTAAAAGATGTCCAGTCC

GLA_ex5_mut10 Fwd

GGACTGGACATCTTTTAACCCGGAGAGAATTGTTGATGTTGCTGG

GLA_ex5_mut10 Rev

CCAGCAACATCAACAATTCTCTCCGGGTTAAAAGATGTCCAGTCC

GLA_ex5_mut11 Fwd

CCGACAGTACTGCAATCGCTGGCGAAATTTTGC

GLA_ex5_mut11 Rev

GCAAAATTTCGCCAGCGATTGCAGTACTGTCGG

GLA_ex5_mut12 Fwd

CCGACAGTACTGCAGTCACTGGCGAAATTTTGC

GLA_ex5_mut12 Rev

GCAAAATTTCGCCAGTGACTGCAGTACTGTCGG

GLA_ex5_mut13 Fwd

CCGACAGTACTGCGATCACTGGCGAAATTTTGC

GLA_ex5_mut13 Rev

GCAAAATTTCGCCAGTGATCGCAGTACTGTCGG

GLA_ex5_mut14 Fwd

GATGTTGCTGGACTAGGGGGTTGGAATGACCC
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GLA_ex5_mut14 Rev

GGGTCATTCCAACCCCCTAGTCCAGCAACATC

GLA_ex5_mut15 Fwd

GGACCAGGGGGTTGGAGTGACCCAGATATGG

GLA_ex5_mut15 Rev

CCATATCTGGGTCACTCCAACCCCCTGGTCC

GLA_ex5_mut16 Fwd

GCTGACATTGATGAGTCCTGGAAAAG

GLA_ex5_mut16 Rev

CTTTTCCAGGACTCATCAATGTCAGC

GLA_ex5_mut17 Fwd

GCTGACATTGATGATTCCTAGAAAAGTATAAAGAG

GLA_ex5_mut17 Rev

CTCTTTATACTTTTCTAGGAATCATCAATGTCAGC

GLA_ex5_mut18 Fwd

GCTGACATTGATGATTTCTGGAAAAGTATAAAGAG

GLA_ex5_mut18 Rev

CTCTTTATACTTTTCCAGAAATCATCAATGTCAGC

GLA_ex5_mut19 Fwd

GCTGACATTGATGATTGCTGGAAAAGTATAAAGAG

GLA_ex5_mut19 Rev

CTCTTTATACTTTTCCAGCAATCATCAATGTCAGC

GLA_ex5_mut20 Fwd

GCTGACATTGATGATTCCCGGAAAAGTATAAAGAG

GLA_ex5_mut20 Rev

CTCTTTATACTTTTCCGGGAATCATCAATGTCAGC

GLA_ex5_mut21 Fwd

CCGACAGTACTACAATCACTGGCGAAATTTTGCTGAC

GLA_ex5_mut21 Rev

GTCAGCAAAATTTCGCCAGTGATTGTAGTACTGTCGG

GLA_ex6 Fwd

CCAATAGAAACTGGGCATATGGCCCTCCTTGTTCAAGACCCTGCG

GLA_ex6 Rev

TGTCTCCACATGCCCAGATCTGGCCCTGTTAGTTTGGCATTC

GLA_ex6_mut1 Fwd

GTAACTCAGACGGCCCTCTGG

GLA_ex6_mut1 Rev

CCAGAGGGCCGTCTGAGTTACTTGCTG

GLA_ex6_mut2 Fwd

GCAAGTAACTCCGATGGCCCTC

GLA_ex6_mut2 Rev

GAGGGCCATCGGAGTTACTTGC

GLA_ex6_mut3 Fwd

GTAACTCAGATGCCCCTCTGGGC

GLA_ex6_mut3 Rev

GCCCAGAGGGGCATCTGAGTTAC

GLA_ex6_mut4 Fwd

GGCTATCATGACTGCTCC

GLA_ex6_mut4 Rev

GGAGCAGTCATGATAGCC

GLA_ex6_mut5 Fwd

CAGCTGGAATCGGCAAGTAACTC

GLA_ex6_mut5 Rev

GAGTTACTTGCCGATTCCAGCTG

GLA_ex6_mut6 Fwd

CAGCTGGAATGAGCAAGTAAC

GLA_ex6_mut6 Rev

GTTACTTGCTCATTCCAGCTG

GLA_ex6_mut7 Fwd

GCAAGGGTACTAGCTTAGACA

GLA_ex6_mut7 Rev

TGTCTAAGCTAGTACCCTTGC
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GLA_ex6_mut8 Fwd

CCAGCTTAGATAGGTAAATAA

GLA_ex6_mut8 Rev

TTATTTACCTATCTAAGCTGG

GLA_ex6_mut9 Fwd

GGCCTCAGCTAGAATCAGCAA

GLA_ex6_mut9 Rev

TTGCTGATTCTAGCTGAGGCC

GLA_ex6_mut10 Fwd

GTTAGTGATTAGCAACTTTGG

GLA_ex6_mut10 Rev

CCAAAGTTGCTAATCACTAAC

GLA_ex6_mut11 Fwd

GGCAAGCAAGCGTACCAGCTT

GLA_ex6_mut11 Rev

AAGCTGGTACGCTTGCTTGCC

GLA_ex6_mut12 Fwd

TTTGGCCTCAACTGGAATCAG

GLA_ex6_mut12 Rev

CTGATTCCAGTTGAGGCCAAA

GLA_ex6_mut13 Fwd

CTCCTTCAGTATAAGGACG

GLA_ex6_mut13 Rev

CGTCCTTATACTGAAGGAG

GLA_ex6_mut14 Fwd

GCCATCAATCGGGACCCCTTG

GLA_ex6_mut14 Rev

CAAGGGGTCCCGATTGATGGC

GLA_ex6_mut15 Fwd

GCCATCAATGAGGACCCC

GLA_ex6_mut15 Rev

GGGGTCCTCATTGATGGC

GLA_ex6_mut16 Fwd

GCCATCAATTAGGACCCC

GLA_ex6_mut16 Rev

GGGGTCCTAATTGATGGC

GLA_ex6_mut17 Fwd

GCCATCAATCTGGACCCCTTG

GLA_ex6_mut17 Rev

CAAGGGGTCCAGATTGATGGC

GLA_ex6_mut18 Fwd

GCCATCAAGCAGGACCCC

GLA_ex6_mut18 Rev

GGGGTCCTGCTTGATGGC

Table 2.1: Synthetic oligonucleotide primers. All primers were obtained from IDT
DNA Technologies. Wild type primers are designed to amplify genomic DNA and
contain 15 bases complementary to the plasmid sequence. Each pair of mutagenesis
primers contain a single mutation. For simplicity, mutation numbers were assigned
based on the order they appeared in the original data set.

2.3 Minigene Splicing Reporter Assays
To assess splicing of the WT and mutant minigene constructs in vivo, human
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embryonic kidney 293T (HEK293T) cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C
in a CO2 incubator. Splicing reporters were transiently transfected into HEK 293T cells
in six-well plates at 90-100% confluency using Lipofectamine 2000 (L2000)
transfection reagent. In each well of a 6-well plate, 2.5µg of plasmid DNA and L2000
were mixed and added to cells following manufacturer’s instructions [Thermo Fisher].
Transfected cells were placed in a CO2 incubator at 37°C for 24 hours. Cells were then
lysed using Tri-Reagent [Sigma-Aldrich] which simultaneously isolates DNA, RNA,
and protein. RNA was prepared from cell lysate using RNA miniprep kit following
manufacturer’s instructions [Zymo Research].
Total RNA was primed with random primers consisting of random hexameric
oligonucleotides that anneal to random sites within mRNAs. Multiscribe reverse
transcriptase [Thermo Fisher] was used to synthesize complementary DNA (cDNA) in
a two-step reverse transcription reaction. In the first step, 2µl RT random primers and
1µg RNA are mixed and incubated at 65°C for 10 minutes to allow the primers to
anneal to the RNA. The second step reaction consists of the entire reaction from step
one with 1X RT buffer, 5mM dNTPs, 1 unit multiscribe reverse transcriptase, and 0.5
units Superase RNase inhibitor. The reactions are incubated at 25°C for 10 minutes,
then 37°C for 2 hours, and finally at 85°C for 5 minutes. cDNA is then diluted 1:200
cDNA:deionized H2O prior to endpoint PCR.
To amplify reporter DNA introduced by transfection, and processed by HEK

26

cells, PCR was performed on cDNA samples using forward and reverse Globin Assay
primers described in section 2.2. DNA was amplified by Titanium Taq polymerase
(1X) with 1X Titanium Taq buffer, 200µM dNTPs, 0.2µM of each primer, and 1.25ng
cDNA. PCR products were dyed with SYBR Green and separated by electrophoresis
in a 1% agarose gel in 1X TBE followed by visualization with UV light.
2.4 Quantification of Spliced Isoforms
Endpoint PCR reactions were purified and concentrated using the DNA Clean
& Concentrator -5 (DCC-5) kit from Zymo Research. DNA concentrations were
analyzed by nanodrop and diluted to 30ng/µl if concentrations exceeded 50ng/µl
because of the quantitative range of 0.5-50ng/µl that is recommended by Agilent.
Purified PCR products were loaded onto the chip following the manufacturer’s
instructions.
Molarity of the correctly spliced isoform was divided by the molarity of the
skipped isoform to determine the percent of exon inclusion for each sample. To
determine significance of a change in exon inclusion, a two-tailed, unpaired t-test was
performed comparing the average of percent inclusion for each mutant with that of the
wild type. These calculations were performed on GraphPad prism software after
manually entering data from the bioanalyzer runs. Significance was determined by Pvalue: (*) P<0.05; (**) P<0.01; (***) P<0.005; (****) P<0.001.
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2.5 Cloning of mutants for in vitro assays
Inserts with mutations that were determined to have a significant impact of premRNA splicing in GLA exon 6 were cloned into a new plasmid pBluescript KS (+)
[Addgene] for T7 transcription. It was necessary to create two different plasmids from
each of the splicing reporters that induced significant exon skipping: one for in vitro
splicing experiments where the beta globin exons 1 and 2 were retained and another
that excluded the beta globin exons but retained intronic sequence flanking the exon
for UV crosslinking experiments. Two sets of primers were required to create two
plasmids for the WT sequence and each of the mutants: for the set destined for in vitro
splicing,

the

primers

were:

Forward

GLA6_pBSKS_BG

5’-

ATTCGATATCAAGCTTCTGACTCCTGA-3’ and Reverse GLA6_pBSKS_BG 5’CGGTATCGATAAGCTTACCCTGAAGTT-3’ while the primers for the reporters
that were used in UV crosslinking reactions were as follows: Forward GLA6_pBSKS
5’-ATTCGATATCAAGCTTGCCCTCCTTGTTCAAGACCC-3’

and

Reverse

GLA6_pBSKS 5’-CGGTATCGATAAGCTTGGCCCTGTTAG-3’. All four primers
were designed for In-Fusion cloning as previously described. Mutant splicing reporters
were used as templates for PCR with Phusion HF polymerase and gel purified as
previously described. The pBSKS (+) vector was linearized by HindIII restriction
enzyme [NEB] overnight at 37°C followed by agarose gel purification. Bacterial
transformation was performed as with the splicing reporters using Mix & Go XL1 Blue
competent cells. Sequences were verified by sending mini-prepped plasmid DNA
samples to UC Berkeley using T7 sequencing primers provided by UC Berkeley. Once
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plasmid sequences were confirmed, plasmid DNA was maxi-prepped as previously
described.
2.6 In vitro Transcription
pBlueScript KS (+) plasmids containing mutant GLA exon 6 sequences were
linearized with XhoI restriction endonuclease [NEB] overnight at 37°C. 1µl of the
reaction was run on a 1% agarose gel to ensure the plasmid was completely linearized.
The remainder of the linear plasmid was purified by phenol: chloroform extraction.
Nucleic acid concentration was determined by nanodrop. RNA probes with high
specific activity were created using the T7 MEGAscript kit [Ambion] with the
following conditions: 1µg linearized plasmid DNA, 7.5mM ATP/GTP/CTP, 3.75mM
UTP, 15µM α-32P UTP, 1X transcription buffer, and 1X enzyme mix. The reaction was
incubated at 37°C for 3 hours. RNA was purified with Acid-Phenol: Chloroform (APC)
by first diluting the transcription reaction to a final volume of 200µl and adding an
equal volume of APC. This was mixed by vortexing at max speed ~20-30 seconds
followed by centrifugation at 16,000 rpm for 5 minutes in a microcentrifuge. The top
aqueous layer was transferred to a new tube and equal volume of chloroform added
following the same vortex and centrifuge procedure. Again, the aqueous layer was
added to a new tube and RNA eluted by adding 2.5 volumes of 100% ethanol and 0.3M
NaoAC. RNA was precipitated on dry ice for ~20 minutes followed by centrifugation
at max speed for 10 minutes to pellet the nucleic acids. The pellet was resuspended in
gel loading buffer II [Thermo Fisher], denatured at 95°C, and electrophoresed through
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a denaturing 7M urea 5% polyacrylamide gel. X-ray film was used to visualize the
radioactive RNA in the gel. In vitro transcribed pre-mRNA was extracted from the gel
and eluted in RNA elution buffer (10% phenol, 0.3M NaoAC) overnight at 25°C. The
RNA elution buffer was then separated from the gel and RNA was extracted using the
Acid-Phenol: Chloroform procedure described previously. RNA pellets were eluted in
deionized water and concentrations analyzed by nanodrop.
2.7 In vitro Splicing
Splicing reactions were performed using in vitro transcribed RNA with high
specific activity comprised of GLA exon 6, intronic regions, and flanked by globin
exons 1 and 2. Splicing reactions were set up under the following conditions: 3mM
MgAc pH 7.5, 100mM potassium glutamate pH 7.5, 2mM ATP, 5mM creatine
phosphate, 1% RNase inhibitor, 10 ng RNA substrate, 60% nuclear extract. The
reaction was set up on ice, mixed gently, and incubated at 30°C. Reactions were
stopped by the addition of Splicing Dilution Buffer (SDB) which consisted of 100mM
Tris pH 7.5, 10mM EDTA, 1% SDS, 150 mM NaCl, 0.3 M NaAc pH 5.2. Reactions
were carried out at 30°C for up to 90 minutes. A control of 0 minutes was used for each
reaction and was kept on ice until addition of splicing dilution buffer to stop the
reaction. RNA was extracted with Acid-Phenol: Chloroform followed by ethanol
precipitation as previously described. Samples were then loaded onto a denaturing 7M
Urea 12% polyacrylamide gel. The gel was dried on a gel dryer at 80°C for 1 hour
following electrophoresis and exposed to a phosphor imaging screen overnight. The
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phosphor imaging screen was imaged using a Typhoon 9410 variable mode imager
[GE].
2.8 Prediction of Affected trans-Acting Factors
Prediction of trans-acting factors that are potentially affected by splicingsensitive mutations was performed using ATtRACT (A daTabase of RNA binding
proteins and AssoCiated moTifs) (Giudice et al. 2016). WT and mutant hexamer motifs
were used as the input for the “search motif” function available on the database which
retrieves all motifs that exactly match the input sequence or contain the input sequence.
RNA binding proteins that are expected to bind to the WT sequence motifs were
predicted to be lost upon mutation of the motif while RBPs that bind to mutant
hexamers were predicted to be gained by the mutant.
2.9 UV crosslinking
RNA substrates that did not contain globin exons were incubated in nuclear
extract under splicing reaction conditions described previously. Proteins were
crosslinked to RNA substrates in a UV Stratalinker 2400 with a UV dose of 3000 µJ.
1.25 units RNase T1 and 0.5µg RNase A [Thermo Scientific] were added to each
sample and incubated at 37°C for 5 minutes. Reactions were diluted with SDS sample
buffer and heated to 95°C for 2 minutes. Samples were loaded on an SDS
polyacrylamide gel (12% lower and 10% upper). SDS-PAGE gels containing
radiolabeled proteins were fixed before drying. The fixing solution used is comprised
of 10% (v/v) glacial acetic acid, 20% (v/v) methanol, 3% glycerol, and H2O. After
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electrophoresis, the gel was removed from the supporting glass plates and placed in a
glass dish. Fixing solution was poured into the dish to cover the gel and placed on a
rotary shaker for 30 minutes. Fixing solution was removed and washed with H 2O and
the gel transferred to Whatman 3MM filter paper. The gel was dried on a gel dryer at
80°C. A phosphor screen was used to image the gel for 24 - 48 hours and later by
exposing to x-ray film overnight at -20°C.
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Chapter 3
Results
3.1 Development of an effective reporter system for ESR screening
In order to study the effects of disease mutations in exons 5 and 6 of the GLA
gene in human cells, it was necessary to develop robust and effective splicing reporters.
Wild type oligonucleotide sequences for both exons were amplified from human
genomic DNA and cloned into a plasmid between Beta globin exons 1 and 2 (Figure
3.1). Initially, primers for amplification of these sequences were designed to include
about 150-200 nucleotides of flanking intronic sequence on both sides of each exon.
Subsequent transfection and RT-PCR revealed a cryptic splice site that was being
preferentially used in one of the exons (data not shown). It was decided that it would
be best to decrease the length of that intron to 42 nucleotides to exclude the cryptic
splice site sequence.

Figure 3.1: Schematic of wild-type splicing reporter constructs. Black rectangles
labeled GloE1, GloE2, and GloE3 depict beta-globin exons 1-3 in the plasmid. The
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actin promoter is shown as a black arrow. Non-coding DNA sequence in the plasmid
is depicted as a thin solid black line. NdeI and BglII restriction sites are shown as pairs
of slanted lines. GLA exons 5 and 6 are depicted as gray rectangles with introns shown
as solid black lines. Nucleotide length of the introns and exons are indicated.
Once both wild type reporters were successfully cloned, site-directed
mutagenesis was used to introduce point mutations in each exon. Single nucleotide
disease mutations in each exon were named according to their associated human gene
mutation database identification number (HGMD ID) (Figure 3.2 A and B). Mutations
in these two exons are predicted to lie within both ESE and ESS cis-acting regulatory
motifs and are each expected to perform one of four functions: gain or loss of an ESS
or ESE. These mutations were introduced by overlap primer extension with primer sets
containing the mutation of interest (Ho et al. 1989). Through this method, 34 total
mutant DNA fragments were created (18 in exon 5 and 16 in exon 6), each with a single
nucleotide mutation from the wild type sequence and were successfully cloned into the
same splicing reporter plasmid described previously.
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Figure 3.2: UCSC Genome Browser images of GLA exons 5 (A) and 6 (B). Exons
are shown as black rectangles and introns as solid lines with arrows indicating
directionality. Each disease mutation in this study is shown as a single vertical
black line labeled by HGMD ID. Disease mutations are directly above their
position within the exon.

3.2 In vivo Splicing Assays
Wild type and mutant minigene splicing reporters were transiently transfected
into HEK293t cells in triplicate to assess the efficiency of exon 5 and 6 inclusion in
mature mRNA. After transfection, RNA was isolated and converted into cDNA to test
for reporter RNA splicing efficiency. PCR primers were designed to include
constitutively spliced beta-globin exons 1 and 2 which yield a 301 nt amplicon when
the intervening exon is spliced out of the mRNA. When the exon is included, the
amplicon for exon 5 is 464 nt while the amplicon of the included exon 6 isoform is 500
nt in length. Separation, sizing, and quantification of cDNA amplicons using an
Agilent 2100 Bioanalyzer revealed a wide range of inclusion of both exons in this study
depending on the presence or absence of single nucleotide mutations (Figures 3.3 and
3.4).
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Figure 3.3: Single nucleotide mutations influence GLA exon 5 inclusion. Mutations
are separated by event type: ESE Loss (A), ESS Loss (B), and ESS Gain (C). On the
left panel are virtual gel representations of an Agilent Bioanalyzer DNA 1000 assay of
RT-PCR products corresponding to wild type (WT) and mutant reporters transfected in
HEK293t cells. Diagrams depicting the included and skipped isoforms are depicted to
the left of each graph with the test exon represented by a black rectangle and betaglobin exons 1 and 2 represented by grey rectangles. On the right panel are bar graphs
depicting mean exon inclusion (%) for WT and mutant splicing reporters quantified
using Agilent 2100 Bioanalyzer with standard deviation bars. (*) P<0.05, (**) P<0.01,
(***) P<0.005, (***) P<0.001.
Out of the eighteen total mutations tested in exon 5, twelve resulted in
significantly different exon inclusion compared to the constitutively spliced wild type
exon. Interestingly, CM083702, which is predicted to disrupt an ESE motif, resulted in
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a significant increase in exon 5 inclusion with 100% inclusion (P-value = 0.0002)
across all replicates compared to an average of 93.04% inclusion for WT (Figure 3.3A).
Of the five mutations predicted to disrupt splicing silencer motifs, three produced
significantly more skipped exon isoforms than WT, with as little as 42.57% exon
inclusion (P-value < 0.0001) caused by CM993656 (Figure 3.3B). The only mutation
predicted to create a motif that acts as a splicing silencer, CM993659, resulted in nearly
a complete loss of exon 5 in the mRNA with only 12.17566% inclusion (P-value <
0.0001)(Figure3.3C).
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Figure 3.4: Single nucleotide mutations influence GLA exon 6 inclusion.
Mutations are separated by event type: ESE Loss (A), ESE Gain (B), ESS Gain
(C), and ESS Loss (D). On the left panel are virtual gel representations of an
Agilent Bioanalyzer DNA 1000 assay of RT-PCR products corresponding to wild
type (WT) and mutant reporters transfected in HEK293t cells. Diagrams depicting
the included and skipped isoforms are depicted to the left of each graph with the
test exon represented by a black rectangle and beta-globin exons 1 and 2
represented by grey rectangles. On the right panel are bar graphs depicting mean
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exon inclusion (%) for WT and mutant splicing reporters quantified using Agilent
2100 Bioanalyzer with standard deviation bars. (*) P<0.05, (**) P<0.01, (***)
P<0.005, (***) P<0.001.

Only three mutant variants of exon 6 failed to produce a significant difference
in the percentage of exon inclusion in the spliced mRNA transcript. The remaining 13
mutants increased exon skipping with varying degrees of severity. None of these
mutants resulted in a higher level of exon inclusion than the WT. In contrast to exon 5,
the most extreme mutation, CM993661, disrupted an ESE motif ultimately resulting in
an average exon inclusion of a mere 4.366% (P-value <0.0001) (Figure 3.4A). Creation
of a silencer by CM051538 also nearly abolished mRNA isoforms containing exon 6
with only 5.08% (P-value <0.0001) exon inclusion. CM034522 and CM066864 were
also expected to create silencers of splicing and resulted in a large decrease of exon
inclusion compared to WT: 27.02% (P=0.0004) and 54.81% (P=0.0003), respectively
(Figure 3.4C). Interestingly, ESE gain mutation CM051531 and ESS loss mutation
CM066849 both slightly increased exclusion of exon 6, with 92.82% (P=0.0042) and
90.6% (P=0.0149), respectively.
Overall, 25 total mutants induced a significant change in exon inclusion among
the 34 mutants tested in this study (Table 3.1). Notably, some mutations that are
expected to disrupt silencer motifs or cause the creation of an enhancer motif induced
exon skipping compared to WT even though these events would presumably have no
effect on splicing of the exon, or even increase spliced-in product due to either removal
of an RBP that inhibits spliceosome activity, or recruitment of an enhancing RBP that
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promotes the spliceosome’s ability to recognize the specific exon and remove adjacent
introns.

Table 3.1
Exon 5
HGMD ID Mutation Event type Dist. From SS Exon Inclusion (%)

P-Value

CM085978 G-T

ESE Loss

6

90.06

0.0454

CM930331 A-T

ESE Loss

5

85.82

0.0002

CM016083 G-T

ESE Loss

51

45.14

< 0.0001

CM024292 G-A

ESE Loss

68

18.73

< 0.0001

CM012374 C-T

ESE Loss

54

44.58

< 0.0001

CM083702 A-C

ESE Loss

53

100

0.0002

CM003749 A-G

ESE Loss

32

28.06

0.0004

CM980940 A-G

ESE Loss

31

58.46

0.0003

CM960769 G-C

ESS Loss

69

89.86

0.0175

CM080392 C-T

ESS Loss

65

64.56

0.001

CM993656 C-G

ESS Loss

65

42.57

< 0.0001

CM993659 C-T

ESS Gain

26

12.18

< 0.0001

Dist. From SS Exon Inclusion (%)

P-Value

Exon 6
HGMD ID Mutation Event type
CM993661 G-A

ESE Loss

29

4.37

< 0.0001

CM930335 G-T

ESE Loss

63

25.8

< 0.0001

CM066851 A-G

ESE Loss

38

95.28

0.035

CM993663 C-G

ESE Loss

39

43.03

< 0.0001

CM051535 C-T

ESE Loss

39

32.49

< 0.0001

CM080387 A-T

ESE Loss

38

83.97

0.022

CM051531 G-A

ESE Gain

26

92.82

0.0042

40

CM051538 C-T

ESS Gain

12

5.08

< 0.0001

CM034522 C-T

ESS Gain

3

27.02

0.0004

CM066864 G-A

ESS Gain

10

54.81

0.0003

CM066849 A-C

ESS Loss
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90.6

0.0149

Table 3.1: Exon 5 and 6 mutations that induce aberrant splicing in vivo. Mutations are
separated according to exon and listed in the order of appearance on gels in figures 3.3
and 3.4. Percent inclusion is an average of the fraction of included isoform across 3
replicates per mutant. P-values were calculated using an unpaired parametric t-test
comparing the average inclusion of each mutant to WT.

3.3 In vitro Splicing
Characterization of these disease-causing mutations of ESR activity, resulting
in various degrees of exon skipping, prompted further investigation into the mechanism
by which these mutations inhibit splicing of otherwise constitutive exons. The first step
taken to help uncover the mechanism of each mutant was to perform pre-mRNA
splicing reactions in vitro. Minigene constructs were transcribed in vitro radiolabeled
with α-32P UTP and incubated in HeLa cell nuclear extract. Visualization of the
products of these splicing assays can be used to study the machinery involved in the
splicing reaction. This will allow for characterization and identification of trans-acting
factors that function to regulate splicing activity(Movassat et al. 2014). Any differences
between the wild type sequence and the mutant minigene splicing products will lead us
closer to uncovering which splicing factors are affected by the disease mutations.
Unfortunately, however, the transcripts that were created for these splicing assays do
not splice efficiently. Several attempts at optimizing the reactions have been made such
as using various concentrations of in vitro transcribed pre-mRNA probes. Initially, the
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minigene constructs were linearized to contain beta-globin exon 1, the test exon, and
beta-globin exon 2 and absolutely no splicing activity could be seen. The same
sequences were then shortened by removing beta-globin exon 2 from the transcript.
Shortening the sequence in this way removes a splice site from the transcript so the
spliceosome would only need to assemble to remove one intron instead of two.
Although the introns were decreased, there was no visible increase in splicing activity
of any of the transcripts. To ensure that the reaction itself was working as intended, we
included pre-mRNA known to splice well in vitro (provided by Andrew MacRae from
Melissa Jurica’s Lab at UCSC) as a positive splicing control. As expected, this premRNA transcript spliced well under the conditions being used to assess splicing of
GLA exons. This suggests that further optimization of the transcripts must be done to
continue studying splicing in vitro. (Data not shown).
3.4 Prediction of RNA Binding Proteins
To begin asking how splicing might be affected by mutations that disrupt
endogenous cis- splicing regulatory elements, we attempted to make predictions of
specific RBPs that are either lost or gained by each mutation compared to WT. A
daTabase of RNA binding proteins and AssoCiated Motifs (ATtRACT) was searched
to identify experimentally validated motifs and their associated RBPs that match
hexamers (Giudice et al. 2016). The motif search on the ATtRACT database allows for
no mismatches but does allow use of ambiguous IUPAC notation, however, because
the differences between wild type and mutant hexamers is only a single nucleotide,
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IUPAC notation was not utilized and only exact matches to the input sequence were
accepted.
The data set from which mutations in GLA exons were derived provides
between one and four hexamers per mutation (Sterne-Weiler et al. 2011). The
ATtRACT database (Giudice et al. 2016) was first searched by inputting each hexamer
with the original WT sequence. RBPs that are identified in this manner have the
potential to be lost upon disruption of the nucleotide sequence by the mutation. Next,
hexamers were changed to exactly match the mutant sequence and the database was
searched by inputting each of the mutated hexamers. The resulting RBP motifs from
the database search of mutant hexamers are hypothesized to be gained by the mutant
sequence compared to WT. Performing these two searches with WT and mutant
hexamer sequences resulted in a wide array of potentially affected RBP motifs (Table
3.2).

Table 3.2
Exon 5
HGMD ID

Codon Sub

Event

Hexamer

CM085978

GAT-TAT

ESE Loss

CM930331

GAT-GTT

ESE Loss

CM016083

GAG-TAG

ESE Loss

RBP Lost

RBP Gained

gatatg

N/A

N/A

gatatg

N/A

N/A

SRSF1, SRSF2, SRSF9,
SNRPA, LIN28A

RBM28, SRSF2

aggaga
gagaga

SRSF7, SRSF2, SRSF10,
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SRSF7

CM024292

CM012374

CM083702

TGG-TAG

CAG-TAG

CAG-CCG

ESE Loss

ESE Loss

ESE Loss

actgga

SRSF1

tgacat

N/A

HNRNPA1, HNRNPA2B,
HNRNPDL, SRSF2, SRSF7
NOVA2

aaccag

SRSF2

N/A

accagg

N/A

HNRNPDL

aggaga

LIN28A, SNRNPA,
SRSF1, SRSF2

LIN28A, SRSF2

aaccag

SRSF2

N/A

CM003749

AAT-AGT

ESE Loss

caatca

IGF2BP2, IGF2BP3

N/A

CM980940

AAT-GAT

ESE Loss

caatca

IGF2BP2, IGF2BP3

N/A

CM960769

TGG-TGC

ESS Loss

tcctgg

SRSF6

N/A

tggaaa

SRSF1

SNRPA, SRSF2, YTHDC1, ZFP36

CM080392

TCC-TTC

ESS Loss

ttcctg

SNRNPA, SRSF2

SRSF6

tcctgg

SRSF6

SRSF6

CM993656

TCC-TGC

ESS Loss

ttcctg

SNRNPA, SRSF2

MBNL1

tcctgg

SRSF6

N/A

accagg

N/A

HNRNPDL

ccaggg

SRSF1, SRSF2

SRSF1

cagggg

N/A

SFPQ

RBP Lost

RBP Gained

CM993659

CCA-CTA

ESS Gain

Exon 6
HGMD ID

Codon Sub

Event

Hexamer

CM993661

TGG-TAG

ESE Loss

tggaat

N/A

N/A

CM930335

GAT-TAT

ESE Loss

tcagga

N/A

A1CF

aggata

G3BP2, DAZAP1

A1CF, DAZAP1

caatca

IGF2BP2, IGF2BP3

N/A

aatcag

N/A

N/A

tcagga

N/A

N/A

tcagga

N/A

FMR1

caatca

IGF2BP3, IGF2BP2

N/A

aatcag

N/A

N/A

CM066851

CM993663

CAG-CGG

CAG-GAG

ESE Loss

ESE Loss
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CM051535

CM080387

CAG-TAG

CAG-CTG

ESE Loss

ESE Loss

tcagga

N/A

HNRNPD, PCBP1, PCBP2

caatca

IGF2BP3, IGF2BP2

PCBP1, PCBP2

aatcag

N/A

N/A

atcagg

N/A

HNRNPDL

tcagga

N/A

SFPQ

caatca

IGF2BP2, IGF2BP3

N/A

aatcag

N/A

N/A

agctgg

FMR1

N/A

gctgga

SAMD4A, SRSF1

SRSF1

CM051531

AGC-AAC

ESE Gain

CM051538

CAG-TAG

ESS Gain

taccag

SRSF2

SF1

CM034522

CAG-TAG

ESS Gain

tcagat

N/A

HNRNPA1

CM066864

GGC-AGC

ESS Gain

gattgg

ZCRB1

SRSF2, HNRNPA1, HNRNPDL

CM066849

CAG-CCG

ESS Loss

agatgg

SRSF1

HNRNPF, SRSF1

Table 3.2: RNA binding protein motifs predicted by ATtRACT (Giudice et al. 2016).
Mutations are named according to HGMD ID and listed in the order of appearance in
Figures 3.3 and 3.4. In each row, hexamers are aligned with their corresponding binding
proteins. N/A indicates that ATtRACT was unable to find RBP matches for the
particular hexamer.
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Chapter 4
Discussion
Many computational methods have been implemented in an effort to elucidate
the so-called ‘splicing code’ of specific RNA sequences that are recognized by a
substantial number of regulatory RNA binding proteins (Fu 2004; Sterne-Weiler and
Sanford 2014; Fairbrother et al. 2002; Wang et al. 2004). The splicing code has proven
to be incredibly complex, however, and functional characterization of variants within
the code remains a considerable challenge (Sterne-Weiler and Sanford 2014). To fully
and correctly interpret the splicing code will at minimum require a complete database
of cis-acting binding site and their associated splicing regulatory proteins. With
advances in in vivo and in vitro assays, data is continually accumulating on the RNA
binding domains for a vast number of RBPs. This growing amount of primary data has
allowed generation of several databases for RBP motifs with some of the latest and
most comprehensive being the RNA Binding Protein Database (RBPD), RBPmap, and
A daTabase of RNA binding proteins and AssoCiated moTifs (ATtRACT) (Cook et al.
2011; Paz et al. 2014; Giudice et al. 2016). A complete RBP database will help to
decipher the splicing code and ultimately improve the accuracy of in silico prediction
and characterization of splicing sensitive disease mutations.
There are a few major challenges that must be overcome to generate a
comprehensive database. One of the most imposing problems is that binding site
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specificity is influenced by several different factors including the genomic sequence,
the tissue and cell type, and the presence of other regulatory RBPs which often form
complexes that can positively or negatively regulate splicing. To make the problem
worse, many RNA motifs may be recognized by more than one protein (Fu and Ares
2014). Additionally, RNA secondary structures influence the accessibility of RNA
binding motifs and ultimately makes some genes more sensitive to aberrant splicing
induced by mutations than others (McManus et al. 2011). Because of these obstacles,
experiments such as those in the present study that shed light on splicing regulatory
motifs and mechanisms of disease variants remain vital to understanding splicing
regulation. Furthermore, understanding mechanisms of disease mutations has the
potential to lead to development of therapies aimed at correcting aberrant splicing by
altering protein-RNA interactions (Sterne-Weiler and Sanford 2014).
Through the use of minigene splicing assays, the consequences of 34 Fabry
Disease mutations on pre-mRNA splicing have been characterized. We observe a wide
range of exon skipping ranging from significantly increased exon inclusion (Figure
3.3A) to nearly complete elimination of each exon (Figure 3.3 C and 3.4 A&C). Of all
mutations tested in this study, only ~74% (25/34) induced a significant change in exon
inclusion (Table 3.1). The computational approach performed previously in our lab was
therefore not completely accurate in prediction of splicing sensitive mutations within
exons. Furthermore, unexpected results involving increased exon skipping resulting
from the disruption of predicted splicing silencers and creation of enhancers. These
types of mutations are hypothesized to increase the strength of proximal splice sites
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due to either the removal of an inhibitory trans-acting factor, or recruitment of an
enhancing RBP. These data reinforce the difficulty of predicting consequences of
disease mutations via computational methods and emphasize the need for a large
amount of experimental data to elucidate binding preferences of RBPs and understand
the mechanisms of splicing regulation.
Because regulatory motifs are known to act in a context-dependent manner,
characterization of mutations in a single gene will not sufficiently provide enough
information to significantly improve our understanding of the splicing code. In an effort
to gain further insight to the mechanisms of disease mutations and bolster our
understanding of splicing regulation, this study has opened the door to develop an
undergraduate research laboratory at UC Santa Cruz. This laboratory class functions
not only to increase the scale of the project and produce data in large quantity, but also
serves to provide students with the opportunity to learn essential laboratory skills and
think critically about their research.
Importantly, these assays were all performed using minigene splicing constructs
consisting of only a single exon from the GLA gene. As mentioned previously, the
secondary structure of pre-mRNA transcripts plays a role in regulating the availability
of sequence motifs to which regulatory proteins bind ((McManus et al. 2011). It can be
reasonably assumed that any secondary structure formed by the minigene pre-mRNA
may differ greatly from the naturally occurring secondary structure of the full GLA
pre-mRNA. Additionally, only HEK 293t cells were used in this study and since some
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splicing factors may be expressed differently in different tissues, the conclusions made
about these mutations are limited.
Future experiments for this project are aimed at uncovering the exact
mechanism of each splicing mutation in both GLA exons examined in this study.
Development of an efficient in vitro splicing assay for these mutants may provide
interesting insights into how they affect assembly of splicing machinery, potentially
providing clues about how they function to repress exon inclusion. Additionally,
crosslinking of in vitro transcribed mutant sequences in nuclear extract followed by
immunoprecipitation and sequencing (CLIP-Seq) could provide detailed information
of the differences in RBPs binding to the nascent transcript between wild type and
mutant sequences. These experiments would identify exactly which RBPs are affected
by these mutations and could classify them as silencers or enhancers depending on their
activity. With CLIP-Seq data, we may also gain further insight to the context of the
affected cis-acting motifs and transacting factors.
We intend to share our data set with the Critical Assessment of Genome
Interpretation (CAGI) community which has the goal of developing and evaluating
computational methods to make useful predictions of molecular, cellular, or organismal
phenotypes from genomic data (Hoskins et al. 2017). Data from our study would be
used to construct a problem set for participators of the CAGI experiment will be
challenged with the task of developing computational methods to accurately predict
whether an exonic mutation will cause skipping of the exon and to what degree. The
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long-term goal of this collaboration would be to computationally prioritize
identification of the effects of disease-causing mutations prior to experimental
validation and we expect this to have major impacts in understanding the pathogenic
basis of disease-causing mutations.
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