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Abstract

Protein-coding sequences of eukaryotic genes are often interrupted by non-coding
sequences called introns. Introns must be removed from mRNA precursors, and retained
segments known as exons are then ligated together to form mature messenger RNA. This
essential process in eukaryotic gene expression is called mRNA splicing. Splicing is carried out
by a large complex that contains small nuclear RNAs (snRNAs) and many proteins. Due to the
complexity of the spliceosomal machinery in other eukaryotes, studying splicing has been very
challenging. Cyanidioschyzon merolae is a unicellular red alga with only 39 introns in its
genome and a much simpler set of splicing machinery than in humans. It has been estimated that
the ancestral red alga contained ~1700 introns, from which we can infer that C. merolae has lost
almost all of its introns. This raises the possibility that splicing is no longer essential for this

organism.

I addressed whether this vestigial splicing system is biologically important by inhibiting
splicing in various ways. If splicing is not required for the survival of this organism, inhibiting
this process should not impact cell survival. In contrast, if splicing is essential, a deleterious
phenotype and cell death are expected upon inhibition. I attempted to inhibit splicing using
antisense RNA and degron techniques. In the first approach, which seeks to silence a target by
base pairing the transcript to inactivate it, I transiently expressed the antisense version of three
essential splicing factors under the control of a nitrate inducible promoter by transforming an
engineered plasmid with a selectable marker into the cells. Additionally, I integrated antisense
versions of two splicing factors in the genome under the control of the same inducible promoter.
The antisense RNA should bind the target RNAs in both cases, leading to their degradation or

sequestration. The nitrogen source for C. merolae in rich media is ammonium, where the
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antisense promoter will be off. By shifting cells to nitrate media, I activated antisense
expression, after which I expected splicing to be inhibited and cell death to occur. Control
experiments showed that the inducible promoter works, but I could not demonstrate the antisense

strand induction.

In the second approach, I implemented an inducible degron system to degrade splicing
proteins. Degrons are motifs that target proteins for degradation, and they can be fused to target
genes to allow the corresponding protein to be degraded by adding rapamycin. This small
molecule activates the degradation system. I targeted Prp8 and CIfl1, both core spliceosomal
proteins. The degron results were consistent with protein degradation and splicing inhibition, but
for technical reasons, I cannot conclude whether splicing is essential for C. merolae . Despite
numerous attempts with morpholino oligos, gene deletion, splicing inhibitors, etc., the only
experiment in our lab to date consistent with Cm splicing being essential was our failure to delete

the gene for the splicing protein Cefl.

Key Words: Splicing, pre-mRNA, inhibition, antisense RNA, degron, northern blot, western blot,

RT-gPCR.
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Abbreviation Glossary

PCR: Polymerase Chain Reaction

RT-qPCR: Reverse Transcription- Quantitative Polymerase Chain Reaction

NRT: Non- Reverse Transcriptase control

NTC: Non-Template Control or Nineteen Complex

Pre-mRNA: pre-messenger RNA

mRNA: messenger RNA

5’SS:5’ splice site

3’SS: 3’ splice site
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FKBP12: FK506 binding protein 12

TOR: Target of Rapamycin
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NRp: nitrate reductase promoter

NIRp: nitrite reductase promoter

XVI



Gene nomenclature (C. merolae)

C. merolae genes are named serially, starting with the species CM (Cyanidioschyzon

merolae), then the chromosome letter (A, B, C... T), then the serial number of the gene along the

chromosome, ending with a letter designating whether the gene is protein-coding (C), transcribed

(T), or a hypothetical transcript (Z). To simplify the gene references and make it easier to follow

this work, I refer to the genes below using only the chromosome letter and serial number, as

shown in Table 0-1. If an intron is deleted from a gene, the gene name is followed by Ai. CSR

(C. merolae from Stephen Rader’s lab) represents the name for biological replicates of the intron

deletion or other modified strains in the Rader lab. Each biological replicate (CSR) has a specific

number, as Table 0-2 shows.

Table 1: Gene nomenclature for C. merolae genes used in this project.

Gene Gene nomenclature
NRp (nitrate reductase (CM)GO19C
promoter)
NIRp (nitrite reductase G021C
promoter)
UBQ (ubiquitin) 3’ UTR
(untranslated region) Terminator R
Cefl R0O98C
Dibl S018C
CIf1 K252C
Prp8 H168C
Neutral locus D184/185
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Table 2: CSR numbers for C. merolae strains used in this project.

Strain (Biological replicate CSR number
number)
CIfl-1 100
CIf1-2 101
Prp8-2 103
mVenus-FRB-1 90
HA-FKBP-SKP1 (parent
. 87
strain)
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1. Chapter One- Introduction



1.1. Precursor Messenger RNA Splicing

Eukaryotes possess “genes in pieces,” in which protein-coding sequences are often
interrupted by non-coding sequences called introns (Koonin et al., 2012). Introns must be
removed from mRNA precursors (pre-mRNAs), and protein-coding segments, known as exons,
must be ligated together to form mature messenger RNAs. This essential process in eukaryotic

gene expression is called pre-mRNA splicing (Wilkinson et al., 2020).

Decades of biochemistry and genetic studies, combined with recent studies of the
spliceosome structure, have produced a detailed view of the splicing mechanism (Wilkinson et
al., 2020). Biochemical characterization of splicing intermediates has elucidated a two-step
phosphorylation transfer mechanism of splicing. Introns are defined by three important sites: the
57 splice site (5°SS), the branch point (BP) adenosine, and the 3’ splice site (3’SS) (Figure 1a). In
the first reaction, called branching, the 2° hydroxyl group of the BP adenosine attacks the
phosphodiester group at the 5’SS, producing a cleaved 5’ exon and a lariat-intron-3’exon
intermediate in which the 5’ phosphate of the first intron nucleotide is linked to the 2’ oxygen of
the BP adenosine (Wilkinson et al., 2020) (Figure 1b and c). In the second step (exon ligation),
the newly exposed 3’ hydroxyl group of the 5’ exon attacks the phosphodiester group at the 3’SS,
ligating the 5’ and 3’ exons to form mRNA and releasing the lariat intron. The spliceosome

mediates these two reactions.

The 5’ splice site (5°SS), the branch point (BP) adenosine, and the 3’ splice site (3’SS) are
all short, conserved sequences in introns. In yeast, for example, the 5’SS is followed by a highly
conserved sequence (GUAUGU), and the 3’SS is preceded by a YAG trinucleotide (Figure 1a).
The BP adenosine is commonly located 18-40 nucleotides upstream of the 3’SS in a highly

conserved sequence (UACUAAC), in which the last A of the sequence denotes the BP adenosine



(Wilkinson et al., 2020). In humans, the sequences surrounding the 5°SS and the BP adenosine

are less stringently conserved, and the 3’SS trinucleotide is preceded by a poly-pyrimidine tract
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Figure 1-1: Chemistry of splicing (adapted Wilkinson ef al., 2020). a) Introns are
characterized by three conserved sequences: the 5°SS, BP sequence, and 3’SS. Branch Point
adenosine is highlighted in purple. Human and yeast intron-conserved sequences are shown.
b) and c¢) Representation of the two transesterification reactions involved in splicing. d)The
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The spliceosome is not a preassembled enzyme (holoenzyme) but is assembled de novo
for each splicing reaction from 5 small nuclear RNAs (snRNAs — U1, U2, U4, US, and U6) and
approximately 100-300 proteins (Wilkinson ef al., 2020). During spliceosome assembly,
activation, catalysis, and disassembly, large ribonucleoprotein (RNP) complexes associate and
dissociate in an ordered and stepwise manner (Hegele ef al., 2012) (Figure 1d). Seven
homologous Sm proteins assemble into a ring around the U-rich sequence at the 3’ end of U1,
U2, U4, and US snRNAs, and seven paralogous LSm proteins (LSm2-8) forming a preassembled
ring attach to a U-rich sequence at the 3’ end of the U6 snRNA (Wilkinson e al., 2019). These
snRNAs bind a specific set of additional proteins and form a small nuclear ribonucleoprotein
(snRNP). Several other non-snRNP-associated proteins and protein complexes, including

splicing factors and eight ATP-dependent helicases, are also involved in the splicing process.

Within the spliceosome, the snRNAs perform the essential roles of substrate recognition
and catalysis (Wilkinson et al., 2020). The U1 and U2 snRNPs recognize the 5’SS and the BP
sequence, respectively, and form the pre-spliceosome or A complex. The A complex then
associates with the preassembled U4/U6-US tri-snRNP to generate the B complex in a reaction
catalyzed by the Prp28 ATP-dependent helicase (Matera & Wang, 2014) (Figure 1d). The tri-
snRNP structure remains unchanged when joining the pre-spliceosome to form the pre-B
complex. During pre-spliceosome formation, binding of U2 to the BPS releases the 5’ end of U2
snRNA, enabling it to pair with an exposed sequence at the 3’ end of U6 snRNA. This forms the
U2/U6 snRNA stem II within the pre-B complex. The Prp28 DEAD-box helicase releases the
5’SS from the Ul snRNP and transfers it to the ACAGAGA box in the U6 snRNA. Formation of

the 5’SS/U6 duplex induces extensive conformational changes and remodelling of the



spliceosome. The RNA helicase Brr2 separates U4 snRNA from U6 snRNA on its U4 snRNA
loading site, which was base paired with U6 to form stem III, making it single-stranded and
exposed as the U6 half of stem III anneals with the 5’SS. This allows Brr2 to get ready to unwind
the U4/U6 duplex for spliceosome active site formation,

The B complex is activated in a subsequent step involving large rearrangements in which
the Ul and U4 snRNPs are destabilized or released, yielding the Bact complex (Hegele ef al.,
2012). U6 snRNA is extensively base-paired with the U4 snRNA within the tri-snRNP and folds
to form the active site of the spliceosome. U4/U6 unwinding allows the U6 snRNA sequence
adjacent to the 5’SS-bound ACAGAGA box to fold and associate with part of U2 snRNA to
yield the active site harbouring two catalytic metal ions (M1 and M2) (Wilkinson et al., 2019).
The 5°SS is positioned at the M1 metal ion. When the BP adenosine is joined to the active site,
the branching reaction produces the cleaved 5’ exon and the lariat-intron intermediate. The 5’
exon remains in the active site, but the BP adenosine must leave the active site for the 3’SS to
join and the exon-ligation reaction to occur. Finally, the 5’ and 3’ exons are ligated, and the

resulting mature mRNA is released from the active site (Wilkinson et a/, 2019) (Figure 1b and c).

1.2. Intron density and spliceosomal complexity

Evolutionary reconstructions using maximum likelihood methods suggest intron-rich
ancestors for each major group of eukaryotes. For the last common ancestor of animals, the
highest intron density of all extant and extinct eukaryotes was inferred at 120-130% of the
human intron density (Koonin et al., 2012). Furthermore, an intron density within 53-74% of the
human values was inferred for the last eukaryotic common ancestor (LECA) (Koonin et al.,
2012). According to this, the evolution of eukaryotic genes in all lines of descent involved

primarily intron loss, with a remarkable gain only at the base of several branches, including



plants and animals. The biological implication of these conclusions is that the common ancestor
of all modern eukaryotes was a complex organism with a gene architecture resembling that of
multicellular organisms.

That said, intron density differs widely between eukaryotic lineages, from 6 to 8 introns per
kilobase (kb) of the coding sequence in vertebrates, some invertebrates, and green plants to only
a few introns across the entire genome in many unicellular eukaryotes (Koonin et al., 2012). In
the yeast Saccharomyces cerevisiae, there are approximately 5,000 protein-coding genes, of
which approximately 300 contain an intron with an average length between 100 and 400
nucleotides (Parenteau et al., 2008). On the other hand, in humans, there are 233,785 exons and
207,344 introns in the 26,564 annotated genes in the human genome (Sakharkar et al., 2004). Of
the 26,564 genes, 25,877 contain introns, representing more than 97.4% of all genes. On average,
there are 8.8 exons and 7.8 introns per gene (Sakharkar ef al., 2004). Only 1.1% of the human
genome is spanned by exons, whereas about 24% is spanned by introns, and 75% is intergenic
(Venter et al., 2001). About 80% of the exons on each human chromosome are less than 200 bp
long, less than 0.01% of the introns are less than 20 bp long, and less than 10% are more than 11
kb long. These numbers demonstrate the challenge for the splicing machinery to splice out very
long or short introns (Sakharkar et al., 2004). The cell faces a massive challenge in correctly
identifying the exons within an ocean of intron sequences and correctly ligating them together
(Wilkinson et al., 2020).

In addition to this challenge, most of the human introns (95%) are not spliced in the same
way every time but alternatively spliced, which means that a single gene can produce multiple
protein isoforms either by including or skipping exons or by choosing an alternative exon

(Wilkinson et al., 2020). This enormously increases the proteome derived from a limited number



of genes, contributing to the incredible complexity of metazoans (Wilkinson et al., 2020).

The spliceosome is a protein-rich molecular machine. In humans, more than 200 proteins
are associated at one or more stages with spliceosomes assembled on pre-mRNAs. Based on
their known function in splicing and the fact that they always copurify together, 141 of these
proteins are designated core components of the human spliceosome (Agafonov et al., 2011). A
set of more than 100 non-core proteins, including mRNA binding and regulatory proteins, is also
part of the human spliceosome.

Mass spectrometry studies have revealed that more than 50 snRNP core spliceosomal
proteins and more than 100 non-snRNP proteins are contained within the human spliceosome
(Fabrizio et al., 2009). These studies have shown that the spliceosome’s protein complement
varies substantially between one splicing stage and another. Under similar conditions, the human
and Drosophila spliceosomal B complexes contain ~110 proteins, whereas the yeast B complex
comprises ~60 proteins (Fabrizio et al., 2009). The C complex contains ~110 proteins in most
metazoans versus only ~50 in yeast (Fabrizio ef al., 2009). The total number of proteins per
spliceosomal complex in yeast is ~90, representing less than half of the core spliceosomal
proteins in humans and other metazoans (Fabrizio ef al., 2009). Although new proteins are still
being found (Lipinski et al., 2023), the total number of proteins involved in splicing will
probably be less than 100 in yeast, in contrast to the ~170 in humans and ~190 in Drosophila
(Fabrizio et al., 2009). In addition, most of the proteins with critical regulatory roles in
alternative splicing are absent in yeast, yielding the conclusion that yeast rarely undergo
alternative splicing (Hudson et al., 2015).

Hagele et al., 2012 performed a study that systematically investigated the protein-protein

interactions (PPIs) among 224 human spliceosomal core and non-core proteins. A total of 632



interactions were found, 242 of which were interactions between human spliceosomal core
proteins. The splicing process is very complex and dynamic, and what dictates the protein-
protein interactions is the large number of components involved. Many non-core human
spliceosomal proteins and their interactions are required for alternative splicing. Therefore, these
proteins or their interactions are not found in organisms like yeast that do not alternatively splice
because they have almost exclusively single intron-containing genes.

Besides this, the S. cerevisiae genome contains only 296 introns in 283 genes (out of more
than 6,725), accounting for only 5% of yeast genes. As mentioned above, in the vast majority of
cases, only one intron per gene is found in yeast, and it is thought that both intron distribution
and splicing regulation seem to be much simpler in yeast than in higher eukaryotes. The length of
introns in yeast is about 100 - 400 nucleotides compared to the more than 10,000 nucleotide
introns found in some human genes (Parenteau ez al., 2008). All of these attributes make yeast a
very suitable organism for studying splicing. Nevertheless, the yeast spliceosome is still a highly
complex system for more incisive experiments. Even though the yeast spliceosome has fewer
spliceosomal proteins than in humans, it remains complex, with ~90 core proteins and another
~100 associated proteins (Stark et al., 2015).

The data presented earlier sharply differ from the organism studied in this thesis. This
organism contains only 39 introns in 38 genes out of 5,331 genes (Matsuzaki et al., 2004), and
there is no evidence of alternative splicing. Furthermore, a significantly reduced spliceosomal

machinery has been identified (Stark ef al., 2015).

1.3. Is splicing essential?

The removal of introns from pre-mRNA and its regulation by alternative splicing are key

processes for eukaryotic gene expression and cellular function, as evidenced by the numerous



pathologies induced or caused by splicing alterations. Splicing and alternative splicing play
essential roles in all aspects of human physiology (e.g. mutations that affect the splicing process
of T-cell factors contribute to abnormal T-cell function and the development of autoimmune

diseases) (Banerjee et al., 2023)

Mutations affecting splicing significantly contribute to the development of rare diseases.
Variants such as stop-gained and frameshift gene mutations lead to spliceosomal misfunction,
including changes to the canonical splice sites (Lord & Baralle, 2021). Non-coding point
mutations causing splicing defects account for approximately 13.5% of hereditary disease alleles.
Alterations in splice site recognition are associated with a wide range of human diseases
(Fredericks et al., 2015). The highly conserved GU/AG motifs mark the beginning and end of
99% of introns. Mutations in these motifs prevent the interaction of core spliceosomal proteins
and allow non-coding regions to be transcribed, thereby producing truncated proteins (Fredericks
et al., 2015). Mutations in RNA species that increase interaction stability with core spliceosomal
components have been shown to cause diseases, particularly neurological and muscular
degenerative disorders (Fredericks ef al., 2015). Mutations of splicing factors also contribute to
the development of splicing-related diseases. In neurons, the combination of two splicing factors
regulates alternative events, and the mutation or loss of either leads to severe pathogenesis
(Fredericks et al., 2015). Additionally, RBFOX1, a neuron-specific splicing factor, serves as a
crucial splicing regulator in the early development of neurons, and its loss negatively affects
most neurodevelopmental pathways (Fredericks et al., 2015). In vitro splicing analyses have
demonstrated that the depletion of IKAP, a component of the neuronal Elongator complex, due to
mutations in the intron 20 splice sites, which causes its skipping, leads to neurological

dysfunction, resulting in Familial Dysautonomia (FD) (Ward & Cooper, 2010).



Several techniques developed to study the effects of missplicing on the development of
various diseases have supported the pathobiology of splicing. Computational software such as
SpliceAl has been used to predict the impact of variants on splicing trained on pre-mRNA
sequence alone. These findings have been supported by experimental methods such as RT-qPCR
and mini gene-based confirmations. RNA-sequencing has played a big role in splicing-related
disease diagnostics and it has helped clarify the effects of splicing in disease development. A
study performed by Cummins et al. (2017) showed the effect of splicing in the development of
muscle disorders. In 25 patients with muscular dystrophy, RNA-seq methods established a
diagnostic for 36% of the cases, confirming that the disease was caused by splicing conditions in

all of them (Gonorazky et al., 2019).

Although the evolutionary eukaryotic trend goes towards intron-loss, some eukaryotic
organisms have retained a small number of introns in specific gene groups, such as the ribosomal
protein (RP) genes, despite losing most of their introns. This preservation of introns and the
complete splicing machinery required to remove them could be attributed to several factors: (i)
the role of introns in regulating gene expression, (ii) the presence of crucial non-coding elements
within the introns (e.g., snoRNAs, sisSRNAs), and (iii) the constraints of the intron loss process,
with the second reason being particularly relevant to this research project. Recent studies in yeast
have demonstrated that most of the introns in RP genes have been preserved throughout
evolution because they regulate responses to changes in environmental and growth conditions
(Parenteau & Abou Elela, 2019). Intron retention occurs in yeast under stress conditions (osmotic

stress), suggesting that splicing regulation is essential in yeast (Lukacisin et al., 2022).

Studies in yeast revealed that the accumulation of introns helps the organism to cope with

nutrient deprivation (Parenteau et al., 2019). In yeast, two major categories of upregulated genes

10



can be identified when intron-deleted strains are exposed to nutrient depletion. One category
contains translation-related genes, including RP genes, while the other contains genes associated
with cellular respiration (Parenteau et al., 2019). The deleted introns specifically upregulate a set
of genes associated with ribosome production, which are in part regulated by the nutrient-
sensitive target of the rapamycin (TOR) pathway (Parenteau ef al., 2019). Excised introns
enhance the repression of TOR—dependent RP genes during starvation. The introns’ effects
include inhibiting TOR pathways for repressing ribosomal biosynthesis, which is required for
translation in response to nutrient concentration changes (Parenteau et al., 2019). Accumulated
introns sensitize the TOR nutrient-sensing pathway, which sends the appropriate repression
signals to its RP-regulated genes. These examples suggest why introns must be preserved in
every eukaryote in at least one gene, and splicing is an essential biochemical process.

For the starvation-dependent repression of ribosome biogenesis to work, only a few genes
need to be spliced, and it is not relevant to the gene to which the accumulated introns belong.
The only requirement is the accumulation of just one intron in a sufficient amount during the
starvation period to sequester the spliceosome and repress the splicing of RP genes, thereby
preventing their translation (Parenteau & Abou Elela, 2019). The expression of a group of highly
expressed RP genes is enabled by the reduction of the splicing efficiency under starvation
conditions in an intron-dependent manner (Parenteau et al., 2019). This suggests that splicing is
essential for yeast cells to survive under starvation conditions regardless of the significant
metabolic cost to a cell of transcribing, excising and degrading introns.

In yeast, introns in ribosomal protein genes resolve the evolutionary conflict between
precise expression control and environmental responsiveness. The primary source of debate is

whether introns represent a burden or an evolutionary advantage to eukaryotic organisms. Both

11



sides of the hypothesis have been tested. In exponentially growing cell cultures in rich media,
introns confer a high energetic cost and, for instance, reduce the cell growth rate significantly
(96% intron deleted strains outcompeted the WT in rich media). Conversely, introns provide a
net advantage under stress and starvation conditions (31% of yeast introns enhance growth under
stress conditions) (Parenteau & Abou Elela, 2019), highlighting the importance of splicing for
cell survival under these conditions.

The information discussed above suggests that splicing is essential for organisms such as
humans and yeast. However, considering that some eukaryotes have lost all of their introns,
along with the splicing machinery associated with their removal, the question remains whether
splicing is essential for organisms with a handful of introns in their genomes and a highly
reduced splicing machinery, such as Cyanidioschyzon merolae. It has been shown that intron
accumulation occurs under stress conditions (high temperature) in C. merolae, but the function of
those introns still needs to be elucidated. If intron accumulation under high-temperature stress
occurs as a regulatory measurement for handling cell survival, then splicing would also be an
essential process for the alga. Several other reasons why splicing might be essential for this

organism will be discussed below in section 1.5.

1.4. Cyanidioschyzon merolae as a model organism

As mentioned, yeast has been an attractive and productive organism for studying splicing,
with only around 295 introns located in 280 genes and only nine genes with more than one
intron. Nevertheless, the acidothermophile alga Cyanidioschyzon merolae was found to have
only 39 introns in its genome and a highly reduced spliceosome, which makes it a potentially
tractable and simplified organism for investigating intron function and evolution as well as the

splicing mechanism.
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C. merolae is a small, unicellular organism that inhabits sulphate-rich hot springs (pH three
and lower, 42 °C). Of all the photosynthetic eukaryotes whose genomes have been sequenced, C.
merolae is one of the smallest, with only 16.5 Mbp (Wong et al., 2022), containing 4,775
protein-coding genes divided into 20 chromosomes. Widespread intron loss has occurred during
the alga’s evolution, leaving just 39 introns in 38 genes from a starting pool estimated at 1700
(Wong et al., 2022). The small number of introns conserved in C. merolae raised the question of
whether the full complexity of the canonical splicing machinery has been maintained over the
evolutionary process or whether it has lost most of its splicing factors along with its introns
(Stark et al., 2015). In fact, with only 49 predicted core splicing proteins and only four of the five
snRNAs (no Ul has been identified), C. merolae appears to have been exposed to intense
selective pressure to reduce its spliceosomal complexity, along with its complement of introns
(Stark et al., 2015). This organism has a dramatically smaller set of splicing machinery than has
been found in other organisms. Perhaps due to this reduction, the few remaining introns are
spliced inefficiently. As mentioned above, several functions have been discovered for introns
besides augmenting proteome diversity by enabling alternative splicing. As in other eukaryotic
organisms, any of these functions could be the main reason why C. merolae still conserves the
remaining 39 introns.

Fortunately for my work, C. merolae is a genetically tractable organism. A genetic
modification procedure via homologous recombination has been established (Fujiwara et al.,
2021). Based on this procedure, various genetic techniques such as gene knockout, gene knock-
in, stable expression of a transgene without any silencing activity, and inducible/repressible
expression of an endogenous gene or transgene have all been developed (Fujiwara ef al., 2021).

To manipulate the C. merolae nuclear genome, the uracil synthase (URA) gene and
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chloramphenicol acetyltransferase (CAT) gene have been used as selectable markers. When
multiple modifications are required on different chromosomal loci in a single strain, they can be
achieved by a two-step transformation with URA and CAT markers (Fujiwara et al., 2021). This

makes C. merolae a tractable organism for performing genetic modifications.

1.5. Hypothesis and Thesis Objectives

Since the ancestral red alga is known to have been intron-rich (~1700 introns), this raises
the question of why its modern counterpart has conserved only 39 introns and the associated
machinery to splice them. Are these introns conserved because they have some important
biological function for the cells’ survival, or will they eventually disappear? The entire splicing
landscape of C. merolae may have degraded, so neither the remaining intron-containing genes
nor the splicing machinery are needed. This raises the question of whether splicing is essential in
this organism. The Rader Lab has demonstrated that splicing occurs in this alga, but, to date,
there is no evidence that this process is required for cell viability, either under normal or stress
conditions.

I hypothesized that splicing is essential for C. merolae to survive. It would be shocking if
this were not the case, as splicing is an essential process in all other eukaryotes where it has been
studied. The presence of intronic stop codons that produce truncated and non-functional proteins
if not removed is a primary reason why splicing is normally essential. Additionally, the Rader lab
has discovered sisRNAs (stable intronic sequence RNAs) in C. merolae introns (unpublished)
that may play important roles in various biochemical processes. The presence of the RNase MRP
(involved in ribosomal biogenesis) in the intron of CMK142T is also noteworthy. It remains
uncertain whether RNase MRP synthesis and processing is splicing-dependent, but if it is,

splicing would become an essential process for C. merolae. This would explain why, despite its
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reduced number of introns and minimal splicing machinery, it still retains the core components
of the splicing machinery. In Table 1-1 a list of the genes in C. merolae that have been
discovered to contain intronic stop codons and their respective function can be seen. Note that
many of the genes code for proteins involved in biochemical processes essential for cell survival.
If C. merolae s intron-containing genes are essential, as their retention suggests, inhibiting core
spliceosomal components will lead to deleterious cell effects and cell death. However, if splicing
is not essential in C. merolae, we will have discovered a novel and exciting phenomenon! By
inhibiting essential splicing factors, such as snRNAs and some core spliceosomal proteins (such
as Prp8), my aim in this research project was to inhibit the splicing process in C. merolae and
address the question of whether splicing is essential for these cells to survive. Using RT-qPCR, I
analyzed the splicing of 5 intron-containing genes following induction of antisense RNA and
protein degradation by degron mechanisms to confirm that my inhibition of splicing was

successful.
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Table 1-1: Genes that have been discovered to contain intronic stop codons in C. merolae. The

function of each gene is described.

Gene name (CM) Gene function
C053C 60S ribosomal protein L35
D067C Probable prohibitin protein
E034C Similar to calmodulin
F072C Glutamate decarboxylase
F136C Similar to UDP-N-
acetylglucosaminepyrophosphorylase
J129C Histone deacetylase
K245C ATP phosphoribosyltransferase
K260C Probable rpltochondnal processing
peptidase alpha subunit
L049C Glutamate dehydrogenase
M175C Similar to divalent cation tolerance protein
3-isopropylmalate dehydratase small
009%4C subunit
Similar to ATP-dependent RNA
helicase/Partially identical sequence is
s found as CMGO001C
Eukaryotic translation initiation factor elF-
Ql17C 1A
Q163T Hypothetical transcript
0270C Mitochondrial chaperonin hsp60 precursor
Q382C Similar to U3 snoRNP component Utp15p
NADH dehydrogenase I (Complex I) iron-
R289C sulfur protein 75kDa subunit N-terminal
fragment, and the corresponding C-terminus
is coded as CMMO034C
$262C 60S ribosomal protein L.23
Chaperonin containing TCP1, subunit4
S270C (delta)
Similar to electron-transfer-flavoprotein,
S315C beta polypeptide, mitochondrial precursor
TA76C Probable phosphate transporter Pht2
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In chapter two, I describe my attempts to inhibit splicing using antisense RNA. Several
antisense RNA techniques have been developed in the past years with the main aim of gene
silencing. One of these techniques is RNAi-mediated gene silencing. Due to C. merolae's
simplicity, the main components of the RNAi mechanism are absent in C. merolae cells, making
this technique unsuitable. Therefore, I proposed to express the antisense version of spliceosomal
genes both transiently from a plasmid and permanently through integration in C. merolae cells. It
is expected that if the antisense expression is successful, the antisense transcript encounters and
base pairs with the endogenous sense transcript of its target, resulting in splicing inhibition and
cell death. This is the first time this technique has been employed with spliceosomal genes in C.
merolae.

In Chapter 3, I explain how I used degron techniques to attempt to inhibit splicing. Degron
techniques have been broadly used to achieve protein degradation in several organisms such as
zebrafish, humans, Drosophila, and bacteria (Willmington & Matouschek, 2016; Banaszynski et
al., 2006; Caussinus et al., 2012; Yamaguchi et al., 2019). Therefore, for this dissertation, I
proposed targeting core spliceosomal proteins for degradation to inhibit the spliceosome
assembly and the splicing reaction. I successfully transformed C. merolae cells with genomic
constructs containing a degron and attempted to activate protein degradations, therefore splicing
inhibition with the small molecule rapamycin. I demonstrated a decrease in splicing and protein
degradation in the control strain, but not my experimental ones. The splicing decrease was not,

however, sufficient to kill the cells.

V7



2. Chapter 2- Splicing Inhibition by Antisense RNA
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2.1. Introduction

Antisense-mediated gene silencing is a post-transcriptional silencing method that uses
sequence-specific (antisense) molecules that, through complementary base pairing, suppress the
translation of specific target mRNAs (Nielsen & Nielsen, 2013). Gene silencing directed by RNA
molecules (RNA interference or RNAI) is one of the best-known pathways for repressing gene
expression (Nielsen & Nielsen, 2014). Antisense gene suppression is a powerful tool for analyzing
gene function, as the effects generated by silencing a specific target gene can be evaluated in a
specific organism. Furthermore, it can be used to silence a particular gene even if it is essential,
1.e., when it would not be possible to remove or mutate the gene from the genome or mutate the
gene from the genome.

Antisense RNA has been shown to suppress the expression of target genes in C. merolae
(Ohnuma et al., 2009). However, the C. merolae genome does not encode RNAi machinery
components such as Dicer. It has been shown that algal species with small nuclear genomes like
that of C. merolae completely lack Dicer machinery, demonstrating that the RNAi mechanisms
have been lost during algal evolution (Casas-Mollano et al., 2008). For this reason, gene
expression knockdown by antisense RNA has been achieved by transient induction of plasmids
encoding the entire antisense sequence of the gene of interest rather than just using antisense RNA
oligonucleotides, which activate the RNAi1 and Dicer machinery (Sumiya, 2014; Ohnuma et al.,
2009). As C. merolae lacks Dicer machinery, it is possible that dSRNAs are not degraded. Instead,
the sense/antisense complex could be rendered inert by its inability to fold appropriately, interact
with binding partners, or participate in the splicing reaction.

CMP164C and CMS219C are two genes in C. merolae that encode similar RNAse III
proteins (ribonucleases that cleave dsSRNA) (UniProt Protein Database, 2022). Dicer is a type of

RNAse III-like protein. The protein encoded by CMS219C seems related to dsRNA processing
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and degradation and could be able to process and degrade dsSRNA. However, no pathway has been
described in C. merolae to deal with dsSRNA degradation.

I chose U2 and U4 snRNAs, and Cefl (Figure 2-1 a) and Dibl (Figure 2-1 b) mRNA as
targets for antisense RN A gene knockdown, as they are all essential to pre-mRNA splicing. Within
the spliceosome, the snRNAs perform the essential roles of substrate recognition and catalysis
(Wilkinson et al., 2020). The U2 snRNP recognizes the BP sequence to form the pre-spliceosome
or A complex. Cefl is part of the Nineteen Complex (NTC), which associates with the spliceosome
and is essential for the two steps of splicing. The NTC regulates the formation and progression of
essential spliceosome conformations required for the two steps of splicing, and it is known as an
integral component of spliceosomes from yeast to humans (Hogg et al., 2010). Studies have shown
that in the absence of the NTC, the U5 and U6 interactions and associations with the active
spliceosome are destabilized (Hogg et al., 2010). For the spliceosome to be catalytically activated,
U4 snRNA must be unwound from U6 snRNA and depart from the spliceosome. Upon U4 snRNP
departure, a host of proteins also depart, including Dib1. These departures allow the NTC complex
to bind to the spliceosome and perform the needed conformational changes for catalytic activation.
Dibl is essential for preventing premature spliceosomal activation in yeast and C. elegans. Dibl
must depart from the spliceosome so that the interaction between the pre-mRNA and U6 and the

US the loop can occur. These interactions trigger spliceosome activation (Schreib et al., 2018).
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I tried two different approaches to block the splicing process using antisense RNA. In the
first approach, I induced transient gene expression from a plasmid containing the target genes'
antisense version (U2 snRNA, U4 snRNA, and Cefl) (Figure 2-2a). In the second approach, I
integrated a copy of the antisense version of U2 and Dibl into a neutral genomic locus in C.
merolae. For both approaches, targets were under the control of an inducible promoter. The
fundamental idea is that our antisense constructs will encounter the endogenously expressed sense
version of the same gene and bind to it through base-pair complementarity, blocking any binding
sites to other essential splicing factors and inhibiting splicing. As I mentioned, double-stranded

RNA is often targeted for degradation, but we do not know whether that is true in C. merolae.

Figure 2-1: a) Cryo-EM structure of the spliceosome immediately after branching, in which
Cefl can be observed as part of the NTC as a core spliceosomal protein (Hogg et al., 2010)
(Permission to use the figure, cropped from original). b) Cryo-EM structure of Dib1 as part of
the spliceosomal B complex (Schreib ef al., 2018) (Permission to use the figure, cropped from
original).
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With plasmid transformation for transient gene expression, two markers, CAT and the
fluorescent protein mVenus, were included in the vector for transformant selection, whereas for
integrated gene expression, only the CAT-selectable marker was included. Selecting for
transformed cells relied on antibiotic resistance, with confirmation by cell fluorescence for the
transient expression approach and only on antibiotic resistance for the integrated expression
approach.

Transient gene expression provides a powerful tool for studying gene function. Transient
genes are expressed for short periods after the exogenous nucleic acid, most of the time in the form
of a plasmid, has been introduced into a cell. The exogenous genetic material does not fuse with
the chromosomal genetic material of the host, resulting in an inevitable loss of the exogenous
genetic material after several replication cycles if selection is not maintained. Besides this,
inducing transient gene expression under the control of an inducible promoter (which will be
activated under certain environmental conditions) is a powerful tool to control at what point and
under what conditions the gene will start its expression. Additionally, confirmatory tests were
unnecessary for the transient expression approach as the antibiotic resistance selection marker
included in the transformed plasmid assured transformed cell survival and death of non-
transformed. Overall, this technique offers flexibility and speed for research purposes.

Integrating foreign DNA into an organism's genome can cause genomic destabilization,
disrupt cell function, and adversely affect cells if not integrated at the desired locus (Fujiwara et
al., 2015). Neutral genomic loci are intergenic regions between coding sequences that do not
disrupt endogenous gene expression when exogenous DNA fragments are integrated and are not
subject to silencing that would prevent exogenous gene expression. The CMD 184/185 intergenic

region is a recognized genomic locus in C. merolae that has been extensively used to insert
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different types of genes (e.g., antibiotic resistance genes). This locus is short and does not contain
promoter activities that would affect gene expression (Miyagishima & Tanaka, 2021; Fujiwara et
al., 2015). My target genes were integrated into this neutral locus for the integrated expression
approach, taking advantage of C. merolae’s efficient homologous recombination machinery.
Compared to transient gene expression, the advantage of this procedure is that a single copy of the
exogenous DNA will be integrated into the targeted genomic locus, assuring just one copy of the
antisense version of the target gene and avoiding any overexpression. A 1:1 ratio is expected for
endogenous and exogenous gene expression, so there will be one exogenous antisense copy per
endogenous sense transcript for the antisense strains. In contrast, when transforming plasmids into
cells, the plasmid uptake varies across the population, making it challenging to keep the antisense
genes' expression levels uniform. The plasmid uptake affects the number of antisense transcripts,
making splicing inhibition more likely in the cells with more plasmid copies. In the Rader Lab,
plasmid-transformed cells are not frozen for future use, as it is uncertain if the plasmid will remain
intact and unmutated after freezing and thawing, for instance, so when replicating experiments,
cells need to be retransformed. With the integration approach, this is not necessary as the foreign
DNA is stably integrated into the targeted locus. A disadvantage of this method is that extensive
confirmatory tests are required as it is essential to ensure that the integration occurred in the
targeted genomic locus and not randomly across the genome.

I needed my transient expression to be inducible for several reasons. First, the antisense
versions of our target genes cannot be controlled by a constitutive promoter because we anticipated
that antisense expression would cause cells to slow down or die before I could observe and evaluate
the effect caused by the expression of the antisense gene. Besides this, studying what happens

before and after the induction would be difficult. Second, the fully recovered and selected cells
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needed to grow at a standard rate, as for the original strain, and a growth assay needed to be carried
out before inducing the antisense gene expression to have good reference data for comparison to
the antisense gene expression. Third, RNA samples of the cells must be taken to have comparable
data between the RNA composition in the cells before and after induction. This helped us to check
for adequate gene expression. Additionally, it was helpful to analyze whether base-pairing
occurred between sense and antisense sequences of the target genes, whether dsSRNA has been
degraded after induction, or if dsSRNA was just inert without interacting with other spliceosomal
components. Notably, in both cases, splicing was expected to be inhibited. However, this gene
must be silent to analyze splicing efficiency before induction. After the antisense target gene
expression was induced, splicing efficiency was analyzed, and comparable data was generated.

A nitrogen source-dependent inducible and repressible promoter achieved induced
expression (Fujiwara et al., 2015; Figure 2-2b). C. merolae is usually grown in media containing
ammonium, but when ammonium is replaced by nitrate, the cells change their metabolism and
adapt. Using nitrate as the primary nitrogen source represents an additional energetic cost for cells
as nitrate needs to be reduced to ammonium to be assimilated. Transcriptome analysis in C.
merolae showed transcriptional induction of essential nitrogen assimilation genes when the cells
are switched from ammonium to nitrate media (Fujiwara et al., 2014). When this switch occurs,
NRT (nitrate/nitrite transporter), NR (nitrate reductase), and NIR (nitrite reductase) genes are
stimulated. Using the promoters of these nitrate-assimilation genes, it is possible to regulate gene
expression reversibly (Fujiwara ef al., 2015). These promoters are turned on in nitrate media and

are off in the presence of ammonium.
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Figure 2-2: a) Plasmids used in Ohnuma et al., 2009 for the expression of the antisense RNA of
the catalase gene. GFP was fused in frame to the 3’ end of the catalase gene as a reporter for
transformant selection (CC BY licenced, cropped from original). b) Nitrogen source-dependent
inducible and repressible gene expression system DNA constructs used by Fujiwara ef al.,
2015. NRp, NIRp or NRTp + sfGFP constructs were recombined upstream of the URA 5.3
locus in C. merolae M4, a strain containing a point mutation in the URA 5.3 gene (CC BY
licenced, cropped from original).

For the first antisense approach, I combined the techniques applied by Ohnuma et al. in 2009
and by Fujiwara ef al. in 2015 to create a nitrate-inducible transient gene expression system. The
transient vector contained a nitrate inducible promoter driving the expression of the antisense
versions of the U2 and U4 snRNAs and the Cefl mRNA, plus a selectable marker (CAT gene). As
a control, vectors containing the sense strand of our target genes were created and transformed
along with the antisense constructs to measure the following effects: induced expression,
phenotype generated in cells, cell death, and splicing efficiency. According to the Fujiwara study,
I chose to use the NRp for the transient gene expression approach because it is the promoter with
the weakest activity (Fujiwara et al., 2015). In this way, I hoped to avoid the over-expression of
the core splicing genes in the control (sense) strains, preventing possible deleterious effects on the

cells. As previously mentioned, over-expression of the sense strand may also cause a reduction in
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splicing efficiency and negatively affect the cells. Having more copies of a specific snRNA in the
cells could lead to an unequal distribution of other splicing factors that interact with that snRNA
due to the mismatch between the copies of the snRNA compared to the number of components
available for spliceosomal assembly. This can prevent correct spliceosome assembly and
consequently inhibit splicing. Besides this, the plasmid copy number per cell is unknown, and
using a more potent promoter can cause over-expression in the cells that contain a higher copy
number. The backbone plasmid contained the fluorescent protein mVenus (a variation of YFP)
under the control of a constitutive promoter to keep track of cell fluorescence during transformant
selection. Figure 2-3 shows a detailed schematic representation of how the antisense experiments

were designed and are expected to work.
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Figure 2-3: a) Experimental setup for the antisense experiments. MA2G= Ammonium media,

MA2GN=Nitrate media, NR/NIRp= promoters. b) Representation of what is expected inside C.
merolae cells and how splicing will be inhibited by antisense mRNA targeting splicing proteins

(Cefl).

27



For the second approach, just the inducible gene expression described by Fujiwara et al.,
2015 was applied. The NIR promoter was chosen for this approach. As mentioned before, NIR is
the strongest promoter of all the nitrate-inducible promoters and was selected to ensure the
antisense gene expression without considering the possible over-expression of the control genes.
Linear DNA constructs containing the sense and antisense versions of the genes, the CAT
selectable marker, and homologous recombination arms for the CMD184/185 neutral loci were
designed for transformation into C. merolae cells. It was expected that homologous recombination
would occur at the targeted locus, resulting in the integration of the constructs. In this approach,
copy number is a minor concern as it is unlikely for the integration to occur randomly across the
genome. Nevertheless, several screening and confirmatory tests were performed to ensure the
desired results.

If the antisense RNAs were expressed, I expected to see a decrease in cell growth and
possibly cell death. On the other hand, no decrease in cell growth or cell death was expected for
the stains expressing the control sense strands of the genes. Conversely, the absence of a phenotype
would suggest that splicing is not essential so long as I could demonstrate the expected molecular

effect, namely that the target transcript was degraded or inactivated.
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2.2. Materials and Methods

2.2.1. Preparation of C. merolae genomic DNA

C. merolae 10D strain (NIES-1332) was provided by the Microbial Culture Collection at the
National Institute of Environmental Sciences in Tsukuba, Japan (mcc.nies.go.jp). C. merolae

genomic DNA was prepared by Martha Stark as described in Stark et al. (2015).

2.2.2. Construction of antisense RNA expression vectors

2.2.2.1. Amplification of genomic sequences of the genes of interest by

Polymerase Chain Reaction (PCR)

I performed PCRs (polymerase chain reaction(s)) from C. merolae genomic DNA for the
NR promoter (NRp) and the UBQ 3’UTR terminator from GO19C and K296C, respectively. The
NRp PCR reaction was performed with the oligos 0SDR2191 and 0SDR2192 (Appendix 1)
using Q5' DNA Polymerase (following the manufacturer’s guidelines). This primer pair's
annealing temperature was 67 °C, and the extension time was | minute. The UBQ 3’ UTR
terminator PCR was performed with 0SDR2193 and 0SDR2194 (Appendix 1) using Q5 DNA

Polymerase. This primer pair's annealing temperature was 68 °C, and the extension time was 30

seconds.

! The manufacturer’s (New England Biolabs) recommended extension time for Q5 is approximately 30 seconds per
kilobase of DNA (kb).
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I ran the PCR products on a 1% agarose gel to check for the correct band size. All PCR
products along this work were cleaned up with E.Z.N.A Cycle Pure Kit from Omega Bio-Tek to
remove primers and dNTPs from the PCR reaction, and their concentrations were measured with

the nanodrop spectrophotometer (NanoDropOne® from Thermofisher Scientific).

I performed PCR reactions for U2 and U4 sense and antisense snRNAs (unannotated
genes, but location reported in Stark ef al., 2015) and Cefl sense and antisense (R098C) from C.
merolae genomic DNA as previously described for NRp and UBQ 3° UTR. The primers used and

their melting temperatures were as follows:

Table 2-1: Primers used for the amplification of U2, U4 and Cef1 sense and antisense.

Gene oSDR number (F/R) Anneahng(:zn)lperaturez
U2 sense 2213/ 2214 64
U2 antisense 2215/2216 64
U4 sense 2205/ 2206 66
U4 antisense 2207/ 2208 66
Cefl sense 2201/ 2202 68
Cefl antisense 2203/ 2204 68

*I designed all these primers according to the primer design protocol for LIC (Appendix 3). For
their description and sequence, refer to Table A1 in Appendix 1.

The extension times for U2, U4, and Cefl sense and antisense were 15 seconds, 20

seconds, and 2 minutes, respectively.

I ran U2 and U4 PCR products in a 1.5% agarose gel for 40 minutes and Cefl ina 1%

agarose gel for 40 minutes. I then purified the PCR products and measured their concentration.

2 This annealing temperature corresponds to Q5 DNA Polymerase. The annealing temperatures for the primers vary
between the enzymes used for the PCR reaction (i.e.: the annealing temperature for Taq DNA Polymerase for the
same primer pair is different from the one for Q5).
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2.2.2.2. Insertion of the NR promoter into the transformation vector (pSR1008)

Following the previous procedure, I performed restriction enzyme digestion of the

plasmid backbone pSR1008 and the NRp PCR product using Xbal and Ncol (Appendix 2).

Following the digestion reactions, I ran a 2.5 uL sample of the digested backbone plasmid
pSR1008 in a 0.7% agarose gel for 2.5 h with an undigested plasmid sample as a control.
Following the confirmation of correct digestion, I ran the remainder of the digestion reaction on
a 0.7% agarose gel for subsequent gel purification with the E.Z.N.A. Gel Extraction Kit from
Omega Bio-Tek (all gel purifications were performed with this kit). The concentration was then
measured with the nanodrop. The NRp PCR product was purified to remove the cut pieces
produced by the restriction enzymes. Its concentration was measured with the nanodrop. Once
the two products were ready, I performed the first cloning reaction following the T4 DNA

Ligation and Transformation protocol (Appendix 4) (Figure 2-4).

After incubation, I counted and picked individual colonies and inoculated them in 3 mL
liquid LB + 1X ampicillin (stock at 1000X) overnight. I extracted plasmid DNA using the
E.Z.N.A. Plasmid DNA Mini Kit I from Omega Bio-Tek (all plasmids from this work were

purified as described). The plasmid concentration was measured with the nanodrop.
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Figure 2-4: Simplified representation of the cloning procedure for the NR promoter into
pSR1008.

To check for the correct insertion of the NRp into pSR1008, I performed two restriction
enzyme digestions in the plasmids extracted from the previous step with Xbal and Ncol and with
EcoRI. I digested 500ng of pSR1008 + NRp and 500ng of pSR1008 with Xbal and Ncol and
incubated the digestion for 15 minutes at 37 °C. On the other hand, I digested 200 ng of
pSR1008 + NRp and 200 ng of pSR1008 with EcoRI and the digestion reaction was incubated

for 15 minutes at 37 °C. I ran the two digestion reactions in a 1% agarose gel for 90 minutes.

2.2.2.3. Insertion of the UBQ 3’ UTR terminator into pSR1008 + NRp

The UBQ 3° UTR terminator was inserted into pSR1008 following the standard procedures

described in the previous section with the modifications shown in Figure 2-5.
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Figure 2-5: Simplified representation of the cloning procedure for the insertion of the UBQ 3’
UTR terminator into pSR1008 + NRp intermediate plasmid.

For plasmid confirmation, I digested 500 ng of pSR1025 and 500 ng of pSR1008 + NRp
(intermediate plasmid) with Ncol and Ndel. I incubated the reaction for 15 minutes at 37 °C and
ran it on a 1% agarose gel for 1 hour. In this step, I prepared a glycerol stock from the remaining
liquid bacterial culture corresponding to the correct plasmid for freezing at -80 °C. For the latter,
I mixed 80 uL of DMSO (Dimethyl Sulfoxide) and 1 mL of the liquid bacterial culture in a

cryotube labelled with the given name for the plasmid (pSR1025).
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2.2.2.4. Insertion of the sense and antisense versions of the target genes into

pSR1025

I digested 500 ng of pSR1025 with Pacl and performed the T4 DNA polymerase
treatment on the digested plasmid and the target genes PCR products as described in the LIC

Protocol in Appendix 3.

After T4 DNA Polymerase treatment, I set up the LIC reaction following the procedures
in Appendix 3. DHS5 alpha-competent cells were transformed and plated as described in previous
sections. I counted colonies, picked individuals and inoculated them in liquid media (LB) with

selection (1X ampicillin). Plasmid DNA was extracted and digested for confirmation.

2.2.2.5. Confirmation of transient gene expression vectors

I digested 500ng of each plasmid using HindlIII for pSR1025+U2 sense and antisense and
pSR1025+Cef1 sense and antisense, and Xbal and Ncol for pSR1025+U4 sense and antisense
following standard procedures. I ran the digestion reactions on a 0.7% agarose gel for 1 hour.

Glycerol stocks were prepared from these plasmids.

Table 2-2: Final plasmid names for the sense and antisense experiments engineered vectors.

Plasmid composition Given name
pSR1025 + U2 sense pSR1028
pSR1025 + U2 antisense pSR1029
pSR1025 + U4 sense pSR1030
pSR1025 + U4 antisense pSR1031
pSR1025 + Cefl sense pSR1034
pSR1025 + Cefl antisense pSR1035
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2.2.3. Construction of genetic constructs for genomic integration by homologous

recombination in the D184/185 neutral locus

As for the transient gene expression approach, the first step was performing the PCRs
(polymerase chain reaction(s)) from C. merolae genomic DNA for U2 sense and antisense
(unannotated) and Dib1 sense and antisense (SO18C). I performed the PCR reactions with Q5
DNA Polymerase. The primers used for these PCR reactions and their corresponding annealing

temperatures were the following:

Table 2-3: Primers used to amplify sense and antisense U2 snRNA and Dibl sense and antisense
mRNA.

Uzsense | g5, 53
U2 antisense ll; 5232 64
Dibl sense | g5 71
Dibl antisense ll; ‘;ii‘; 71

*For primer sequences, please refer to Appendix 1.

I ran the U2 snRNA PCR products on a 1.5% agarose gel for 35 minutes and the Dib1
PCR products on a 1% agarose gel for 40 minutes. I then purified them, and their concentration

was measured with the nanodrop.

3 This annealing temperature corresponds to Q5 DNA Polymerase. The annealing temperatures for the primers vary
between the enzymes used for the PCR reaction (i.e.: the annealing temperature for Taq DNA Polymerase for the
same primer pair is different from the one for Q5) and should be calculated for every specific case. NEB Tm
Calculator was used for this project.
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The U2 and Dibl sense and antisense were inserted into the plasmid backbone pSR979
following PCR amplification. I performed restriction enzyme digestion of pSR979 and the U2
and Dib1l PCR products using AflIl and Nhel restriction enzymes (Appendix 2). The following
cloning steps were performed as described in previous sections following standard procedures

(Figure 2-6). Table 2-4 shows the numbers of the resulting plasmids.

U2/Dib1
sense or
antisense

Nhel

pSR979

Figure 2-6: Simplified representation of the cloning procedure followed for the insertion of U2
and Dibl sense and antisense genes into pSR979.
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Table 2-4: Plasmid pSR numbers for the resulting engineered U2 and Dib1 sense and antisense
plasmids for genomic integration of C. merolae cells.

Description Pla:lslrlnnil(li)grSR
U2 sense + CAT 1096
U2 antisense + CAT 1097
Dibl sense + CAT 1099
Dibl antisense + CAT 1100

To check for the correct insertion of the sense and antisense versions of U2 and Dibl into
pSR979, I performed restriction enzyme digestions for pSR1096/97 and pSR1099/1100, with
HindIII and Aatll and Xbal and Kpnl, respectively. The digestions were performed following
standard procedures using pSR979 as a control. I prepared glycerol stocks from the confirmed

plasmids as previously described.

2.2.3.1. Amplification of the sequence of interest for genomic integration from

engineered vectors by PCR

I performed a PCR reaction to amplify the linear integration construct for transformation
and genomic integration from each plasmid containing the target genes (the construct needs to be
linear for homologous recombination to occur). I used 0SDR2440 as a forward primer targeting
the 5° HRA and 0SDR2441 as a reverse plasmid targeting the 3 HRA (for primer sequences,
refer to Appendix 1). Iused PaCeR Polymerase (Gene Biosystems) for this PCR reaction. I
prepared the reaction following the manufacturer's guidelines using an annealing temperature of

65 °C and an extension time of 4.5 minutes (1 minute per kb).

37



I ran 2.5 uL of the PCR reactions on a 0.7% agarose gel to confirm their correctness. I

then purified the PCR reactions and measured their concentration with the nanodrop.
2.2.4. Transformation of plasmids and linear constructs into C. merolae cells

I transformed the antisense experiment plasmids and linear constructs for transient gene
expression and integrated gene expression, respectively, following the PEG-mediated
transformation protocol described by Ohnuma et al., 2008 with some modifications (Appendix

5).

To prepare C. merolae cells for transformation, I grew wild-type cells (WT) in 50 mL
MA2G media in a graduated cylinder at 42 °C, 90 umol photons/ m?s, and 2% CO> until an
OD750 of 0.8 to 1. When the cells were ready to be transformed, I performed the subsequent steps

of the transformation protocol.

I carried out the transformations of the U2 sense and antisense, U4 sense and antisense,
and Cefl sense and antisense plasmids independently, one gene at a time. For each gene, |
performed four transformations: sense plasmid, antisense plasmid, empty vector control

(pSR1025), and control (no DNA, plasmid replaced with water).

I independently transformed U2 sense and antisense and Dib1 sense and antisense linear
constructs for genomic integration, one gene at a time. I performed three transformations for

each gene: sense gene construct, antisense gene construct, and control (no DNA).
2.2.5. Cell acclimation and transformant selection

For the acclimation procedure, I inoculated PEG-transformed cells in 50 mL of fresh liquid

MA2G media in a graduated cylinder at 42 °C, 90 umol photons/m?s, and 2% CO, without
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selection (no antibiotic) for 24 hours. After the 24 h period, I either reinoculated the cells in fresh
liquid media with selection (250 ug/mL chloramphenicol (Cp)) for plasmid transformation or

plated them in solid MA2G + Cp for linear construct transformation (genomic integration).

2.2.5.1. Plasmid transformed cells

After acclimation, the procedures explained in Appendix 5 section Day 2 were followed
for transformant selection. As described in Appendix 5, when working with plasmid-transformed
cells, the media must be replaced every three days, and fresh selection needs to be added. This
ensures proper transformant selection and prevents the cells from losing the plasmid after several

replication cycles.

As the plasmids engineered for transient gene expression experiments contained the
fluorescent protein mVenus, I performed fluorescence microscopy on day 12 after

transformation.

2.2.5.2. Genomic integrated cells

Plating in solid MA2G + Cp was required. I plated the transformations as described in the

CAT transformation protocol in Appendix 5, section Day 2.

After plating, colony screening needs to be performed. I performed the colony screening
as described in the Colony PCR to Test for Homologous Integrants protocol in Appendix 6. I ran
PCR reactions with Tag DNA Polymerase from New England Biolabs following the
manufacturer’s guidelines. I used two sets of primers to screen the colonies. The primers used

were the following:
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Table 2-5: Primers used for colony screening by PCR to check for correct genomic integration of
my target genes.

Annealing Temperature
Gene oSDR number (Taq DNA [%olymsrase) ©C)
CMD184 Forward: 1818 59
APCC promoter (CAT Gene) Reverse: 1816 34
Beta -tubulin terminator Forward: 1817 59
CMD185 Reverse: 1820 59

*For primer sequences, please refer to Appendix 1.

I set the annealing temperature for oSDR1818 and 1816 at 47 °C and for oSDR1817 and

1820 at 54 °C, with an extension time of 1 minute.

A colony PCR is less efficient than a DNA template PCR. For instance, the product for
colony screening should not be bigger than 1kb. This is why the two integration ends must be
screened separately. oSDR1818 and 1816 were used to screen the 5’ end integration, and
oSDR1817 and 1820 were used to screen the 3’ end integration. I ran the PCR products on a 1%

agarose gel for 40 minutes.

After the colony screening step, I let the correct colonies grow in a 48-well tissue culture
plate for a few days. Then, I isolated genomic DNA using the Quick Genomic DNA Isolation

protocol (Appendix 7).

I performed confirmatory PCR reactions for the final correct integrant selection. I
prepared three reactions: one spanning the 5’ end of the integration locus, one spanning the 3’ of
the integration locus, and one spanning the whole integrated locus (from the 5’ to the 3’ end). I

performed the PCR reactions with Tag DNA Polymerase. The primers used were the following:
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Table 2-6: Primers used for confirmatory PCR reactions to check for correct genomic integration
of my target genes

Annealing Temperature
Gene oSDR number (Taq DNA [%olymsrase) ©C)
CMD184 Forward: 1818 59
NOS Terminator Reverse: 2480 55
CAT Forward: 1524 61
CMD185 Reverse: 1820 59

*Please refer to Appendix 1 for the primer sequence. These primer sets were used in three
combinations to cover the previously mentioned regions.

For the 5’ end integration screening, I used oSDR1818 and 2480 with an annealing
temperature of 50 °C and an extension time of 2.5 minutes. For the 3’ integration screening, |
used 0SDR 1524 and 1820 with an annealing temperature of 54 °C and an extension time of 1
minute. For the 5’ to 3° end screening, I used 0SDR1818 and 1820 with an annealing
temperature of 54 °C and an extension time of 5 minutes. I included a WT genomic DNA control
for each primer pair. This allowed the comparison of the integrated locus with the WT locus. I
ran the PCR on a 0.7 to 1% agarose gel. I selected the colonies that appeared correct for the three
sets of primers for further sequencing and downstream experiments and chose two biological

replicates per gene.

For sequencing, I performed a PCR using oSDR1818 and 1820. I cleaned up the PCR
product and measured the concentration with the NanoDrop. oSDR 1588, 1818, and 2480
(Appendix 1) were used for sequencing the integrated locus. This step was performed as an extra
confirmatory test for adequate integration and for discarding any possible mutations in the DNA

sequence that might have occurred during the cloning procedure.
2.2.6. Growth assays in MA2G

To evaluate if the transformed plasmids in C. merolae cells had any phenotypic effect and

to discard the possibility of a leaky nitrate inducible promoter (promoting expression of the
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antisense genes even under nitrogen replete (ammonium) conditions), I performed growth assays
in MA2G + Cp media for each of the resulting strains (U2 sense, U2 antisense, U4 sense, U4

antisense, Cefl sense, Cefl antisense, pSR1025 control, and WT control).

I set up the growth assay for U2 sense and antisense strains with the pSR1025 empty
vector control and the WT control in 50 mL graduated cylinders at 42 °C, 2% bubbling CO,, and
90 umol photons/m?s. I grew the C. merolae strains to an OD of 1 the day prior to the start of the
growth assay. For the growth assay, I used a starting OD of 0.05. After setting up the initial
cultures and putting them in the incubator under the conditions previously mentioned, I measured
the OD after 4, 8, 12, 24, 28, 32, 36, and 48 hours. I then calculated the generation time from the
data collected. The generation time was determined by calculating the natural logarithm (LN) of
each optical density (OD) measurement at different time points for each strain and each technical
replicate. Subsequently, the following formula was applied: LN (2) / SLOPE (x, y), where x
represents the natural logarithm of the OD measurements and y represents the corresponding
time points at which these measurements were recorded. An average of the three technical

replicates per strain doubling times was then calculated for plotting.

I performed the growth assays for U4 and Cefl sense and antisense and the respective
pSR1025 and WT controls (U4 and Cefl were done independently) as previously described for
U2 with the following modifications: I used glass tissue culture tubes and a roller drum instead
of graduated cylinders; in this case, CO2 was not directly injected into the cultures, so the cells

depended on the CO» present in the incubator’s environment; I set up the initial OD to 0.2.
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2.2.7. Nitrate induction and growth assays in MA2G nitrate (MA2GN)

2.2.7.1. Transient gene expression experiments

For the induction of the U2, U4, and Cefl sense and antisense strains, I prepared 60 mL
of a fresh culture per strain and let it grow up in MA2G + Cp to OD 1 for the day of the
induction. I spun down 58 mL of cells at 2.000xg for 10 minutes and removed the media. I
washed the cells 3x in nitrate media to remove any remaining MA2G. After the final wash, I

resuspended the cells in 600 uL of MA2GN (nitrate).

I performed the nitrate induction in triplicate (three technical replicates per strain). I used
pSR1025 (empty vector), NIRCas9, and WT strains as controls. I prepared 50 mL graduated
cylinders with 50 mL MA2GN + Cp media (except for WT, for which no selection was used). I
equally split the previously washed 600 uL of cells per strain into three graduated cylinders. As a
result, I had three technical triplicates per strain with an initial OD of ~0.4. I then incubated the
cells at the same conditions mentioned above. I collected samples for RNA extraction after 4, 8,
12, 20, 24, 30, 42, 48, and 72 hours for U2 sense and antisense induction with controls, and after
4,10, 24, 28, 34, and 48 hours for U4 and Cef1 sense and antisense induction with controls. I
collected the samples from the NIRCas9 strain only at 24 and 48 hours for Western Blotting and
protein detection. I used the remaining 2 mL from the starting culture (previous to induction) as
uninduced controls for RNA extraction. I measured the OD for each culture at the same time
points as the sample collection and developed a growth curve from these data. After 48 hours, I
diluted the cultures to an OD of 0.4 and let them grow under the same conditions used across the

experiment for seven more days, adding fresh selection (Cp) every three days.
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2.2.7.2. Integrated gene expression experiments

I performed the nitrate induction for the integrated gene expression strains, U2 and Dib1
sense and antisense, following the same procedure as for the transient gene expression
experiments with the following variations: the experiment was carried out at a smaller scale,
using 6-well tissue culture plates and a shaker inside the incubator, I collected samples for RNA
extraction only at 24 and 48 hours and measured the OD at the beginning of the experiment and

after seven days, and I set up the initial OD for the cultures to 1.5.

2.2.8. RNA isolation and quality evaluation

I isolated RNA for the induced and uninduced samples and controls according to the
“RNA Isolation — Cm cold/hot phenol” protocol (Appendix 8), except for the U4 sense and
antisense 24-hour samples and their respective controls, in which I isolated the RNA using

HiPure™ Total RNA Mini Kit from Gene Biosystems.

I evaluated RNA quality by running a bleach gel with 500 ng RNA per sample following

the protocol “RNA Bleach Gel” (Appendix 9).

2.2.9. Northern Blotting

I analyzed sense and antisense RNA induction for transient gene expression and
integrated gene expression strains, as well as for the empty vector (pSR1025) and WT controls,

by fluorescent northern blot.

I performed Northern blots according to the protocol Fluorescent Northern blots in
Appendix 9 with the following modifications: 1) for U2 and U4 snRNA samples from antisense

induction of transient gene expression strains, I poured 6% 7 M urea (denaturing)
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polyacrylamide gels and loaded 2 ug total RNA; 2) for U2 snRNA samples from antisense
induction of integrated gene expression strains, I poured a 6% 7 M urea polyacrylamide gel and
loaded 5 ug total RNA per sample; 3) for Cefl antisense induction 34-hour time point samples, |
poured a 6% 7M urea polyacrylamide gel and loaded 20 ug RNA per sample, I increased the gel
running time from 45 minutes to 90 minutes, and I increased the transfer time from 30 minutes to
45 minutes; 4) for Cefl antisense induction 24-hour time point samples I poured a 1.5%
formaldehyde (denaturing) agarose gel (refer to section Agarose Northern blots in the protocol)
and loaded 20 ug total RNA per sample, I ran the gel for 6.5 hours, and let the capillary transfer
overnight; 5) for Dib1 antisense induction 24-hour time point samples, I applied the same
conditions as for the Cefl antisense induction 34-hour time point samples; 6) for Dib1 antisense
induction 48-hour time point samples, I applied the same conditions as for the Cefl 24-hour time
point samples, except that I loaded 25 ug total RNA per sample; 7) I used a yeast snRNA ladder
and U2 or U5 snRNAs as loading controls for Cefl transient gene expression northern blots and

for U2 and Dibl integrated gene expression northern blots.

I performed Northern blots stepwise, probing first with the sense or antisense probe for
the target genes, stripping the blot (if bands appeared), and reprobing with the remaining probe. I
included the loading control probe for both probing steps. I loaded four ug of the yeast snRNA
ladder into the first lane of the polyacrylamide or agarose denaturing gels. The ladder was
independently probed with probes against yeast U1, U2, U4, U5 and U6 snRNAs (see Appendix

1 for probe sequences).

2.2.10. Gene-specific primer reverse transcription and PCR

For the integrated gene expression antisense induction of U2 and Dib1 samples and

controls, I selected the RNA of one technical triplicate for each strain and performed a gene-
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specific reverse transcription with the BioRad Reliance Select cDNA Synthesis Kit. I performed

the reverse transcription with the following gene-specific primers for each strain:

Table 2-7: Gene-specific primers for integrated gene expression antisense induction samples

cDNA synthesis.
Gene oSDR number
U2 sense 2524
U2 antisense 2526
Dibl sense 2543
Dibl antisense 2545
CMK260C sense FUBI85
CMK260C antisense FUB184

*For primer sequence, please refer to Appendix 1.

I set up and performed the reactions according to the manufacturer’s protocol. I included

a non-reverse transcriptase (NRT) control per sample and one non-template control (NTC) per

gene-specific primer reaction set.

Using cDNA as a template, I performed an end-point PCR with specific primer pairs for

each gene. I did this to evaluate the RT reaction's efficiency and ensure proper cDNA synthesis. 1

used the following primer pairs:

46



Table 2-8: Gene-specific primer pairs used for endpoint PCR with U2 and Dib1 sense and

antisense cDNA + controls.

Gene oSDR number
U2 sense Eéggi
U2 antisense giggg
.
Dibl antisense 11; fgjg
CMK260C sense I}; lljgg 11 gg
CMK260C antisense P};}fggll gj

*For primer sequence, please refer to Appendix 1.

It is important to clarify that the reverse transcription reactions were performed with the

U2 sense gene-specific primer on the sense, antisense, and control strains RNA and with the U2

antisense gene-specific primer on the sense, antisense and control strains RNA. The same was

true for the Dibl sense and antisense strains and controls.
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2.3. Results

2.3.1. Inhibition of splicing factor expression via transient (episomal) antisense

expression

a)

(mVenus optimized! GSGS-linker!

U2 | pcpPCC | | pAPCC | | CMD185C HR flori |
UBQ 3' UTR from CMK296C CTP CMH166C NOS terminator FLAG Beta tubulin 3'UTR AmpRp promoter lacZ_a_KS

mVenus optimized! GSGS-linker:
GSGS-Linke! Strep-Tag 11
NR promoter from C CMG019C Start site \ | ‘ CMO0250C|
L ] L
‘ 2000 4000 6000 ‘ 8000‘
U2 | pCPCC pAPCC | | CMD185C HR | flori |
UBQ 3' UTR from CMK296C CTP CMH166C NOS termmator FLAG Beta tubulin 3'UTR AmpRp promoter lacZ_a_KS

Figure 2-7: Plasmids for the transient inducible gene expression of the antisense and
sense U2 snRNA (pink). Note the CAT (sky blue) and mVenus (yellow) markers. a)
Vector containing the sense version of U2 snRNA (pSR1028). b) Vector containing the
antisense version of U2 snRNA (pSR1029). Note: The plasmids for U4 snRNA and Cefl
are the same except for the target gene.

To attempt to knock down splicing by using antisense gene expression to inhibit the
expression of splicing factors, I generated plasmids expressing antisense U2 snRNA, U4 snRNA,
and Cefl under the control of an inducible promoter. Figure 2-7 represents the plasmids’

composition after completing all cloning steps.

48



2.3.1.1. Cloning

I constructed nitrate-inducible, plasmid-borne antisense genes and controls for C.
merolae transformation and nitrate induction for splicing inhibition attempts. I confirmed

successful construction by restriction digest (Figure 2-8).
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Figure 2-8: Restriction enzyme digestion checks for pSR1025. The digested plasmids
with Ndel and Ncol were run on a 0.7% agarose gel stained with EtBr for one hour.
The expected band sizes on the gel after restriction enzyme digestion with Ndel and
Ncol for the proper UBQ 3’ UTR insertion were 7282bp and 788bp (lanes 2-6). The
intermediate plasmid pSR1008+NRp was used as a control to compare band sizes to

confirm the insertion. Without the insertion, the expected band sizes were 7282bp and
935bp (lane 7).

Figure 2-9 a) and b) show the successful insertion of the target genes into the backbone

plasmid after restriction enzyme digestion checks.



ot U2 anti- u4 U4 anti-
i U2 sense sense sense sense
% S b N N P ND

6000bp
5000bp

4000bp
3000bp

2000bp

1500bp

1000bp

= 5176+3025bp 5257+2945bp 7219+1028bp

b)
<
bbo Cef1 sense Cef1 anti-sense q:s't’

> & > 2

aaaeee .“ -

3000bp
Zlupmens .
1500bp
1000bp ”

’ % y

6107+1801+1458 bp 6107+1801+
162 bp (not seen)

Figure 2-9: a) Restriction enzyme digestion check for pSR1028/1029 (U2 sense (s) and
antisense (as), and pSR1030/1031 (U4 s and as). 0.7% agarose gel, 1-hour run. b) Restriction
enzyme check for plasmids pSR1034/1035 (Cef1 s and as). 0.7% agarose gel, 40min run.

The expected band sizes were the following: for U2 sense snRNAs 5176bp and 3025bp (U2
sense .1-.4, Figure 2-9 a)), for U2 antisense snRNA 5257bp and 2944bp (lanes 6 and 7, Figure
2-9 a), for U4 sense and antisense 7219bp and 1028bp (lanes 8 to 11, Figure 2-9a), and Cefl
sense and antisense 6107bp, 1801bp and 1458bp (lanes 2-7, Figure 2-8 b). pSR1025(no
inserts) was included as a control and was digested with HindIIl. The expected band sizes
were 7348bp and 853bp. pSR1025 was also digested with EcoRI and Ncol. The expected
band sizes were 6107bp, 1801bp, and 162bp (not seen).
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One correct plasmid for each strain was used for C. merolae transformation and nitrate

induction antisense experiments.

2.3.1.2. Transformation of plasmids into C. merolae cells and transformant

selection

Antisense nitrate-induction plasmids for U2, U4, and Cefl were transformed successfully

into C. merolae cells using the standard methods described in the materials and methods section.
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pSR1025 - Empty Vector Control pSR1028 - U2 sense pPSR1029 - U2 antisense
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.
-
.

b)

WT

pSR1025- Empty Vector Controll [ pSR1030- U4 sense | | pSR1031- U4 antisense |

c)

|pSR1025 Empty Vector Controll l pSR1034- Cef1 sense pSR1035- Cef1 antisense |

Figure 2-10: Fluorescent micrographs of U2, U4, Cefl, pSR1025 and WT cells after 12 days
of transformation with the respective plasmids (FITC fluorescent filter).
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Transformed plasmids also contained the fluorescent protein mVenus, another transformant
screening strategy. I performed fluorescence microscopy, and cells were proven to be fluorescent
for all U2, U4 and Cefl sense and antisense strains (Figure 2-10 a, b and c, respectively). This
confirmed the successful transformation with all the experimental plasmids used. The empty
vector control strain (pSR1025) was also fluorescent. A WT negative control was observed under

the microscope. The latter showed the background fluorescence in the absence of mVenus.

2.3.1.3. Growth assays in MA2G

I performed a growth assay in MA2G with plasmid-transformed C. merolae strains (in
triplicate) to rule out any possible toxicity and phenotype caused by the presence of the
transformed plasmids that may alter normal growth rate (9-10 hours doubling time for WT) or by
a leaky promoter, which would allow transcription of antisense U2, U4, and Cefl in the absence

of induction. This would have complicated the analysis.

I did not expect to observe any growth rate change in the transformed experimental
strains compared to the WT strains when the cells were grown in MA2G. This is because the
promoter was supposed to be silent when not in nitrate media, and the sense and antisense genes

should not be expressed, so they would not have any effect on splicing.

I grew WT cells as a control to compare doubling times between them and the U2 and U4
experimental cells. On the other hand, I grew Z4 cells (a strain containing the Cefl protein
tagged with Z4) for the Cefl growth assay to compare the doubling times between them and the

experimental cells.
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Figure 2-11: Growth curve for U2 sense, U2 antisense, pSR1025, and WT strains in MA2G. The
points are the average of the technical triplicates used for the experiment.

U2 sense, U2 antisense, and pSR1025 (empty vector control) strains grew slower than the
WT strain (Figure 2-11). I performed the growth assay with chloramphenicol for the
experimental strains without selecting WT cells. The doubling times for U2 sense and antisense
were very similar, with a slightly faster growth rate for the empty vector control (pSR1025) and
an average growth rate for WT cells compared to previous measurements in our lab (Table 2-9,
Figure 2-12). Additionally, the calculated p-values do not show a significant difference between
the experimental strains and the empty vector growth rate (Table 2-9, Figure 2-12). Since the
experimental strains did not exhibit any signs of death or visible phenotype during the assay, the
observed growth rate reduction may be linked to antibiotic resistance. Notably, the empty vector
control, which lacked any target gene, also showed slower growth compared to the wild-type
control. This strongly suggests that the addition of chloramphenicol is contributing to the

reduced growth of the cells.
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Table 2-9: Doubling times for U2 sense, U2 antisense, pSR1025 and WT calculated from the
performed growth assay. Column 3: Calculated the p-value by comparing the U2 sense and U2
antisense doubling time with pSR1025 (empty vector) doubling time.

- * i
. Mean doubling Standard S el
e time (h) Deviskion(Sny | SO PSRIES
(empty vector)
U2 sense (+) 12.5 0.4 0.06
U2 antisense (-) 12.0 0.1 0.13
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Figure 2-12: Bar graph representing the doubling times for U2 sense, U2 antisense,
pSR1025 (empty vector), and WT in MA2G.
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Figure 2-13: Growth curve for U4 sense, U4 antisense, pSR1025 (empty vector), and
WT strains in MA2G.

As can be seen in Figure 2-13, the U4 sense, U4 antisense, pSR1025, and WT strains
grew at a very similar rate, with the doubling time for all the strains ~11h (Table 2-10, Figure 2-
14). The WT strain showed a slightly higher doubling time this time than in the U2 growth assay.
All the cultures were grown under the same conditions, except that chloramphenicol was added
to U4 sense and antisense and pSR1025 strains. The observation that the doubling time of the
experimental cultures closely mirrors that of the wild type (WT) suggests that the transformed
plasmids do not have any detrimental effects on the cells. This conclusion is further supported by
the calculated p-values in comparison to the empty vector, all of which are greater than 0.05,
indicating no significant difference in the growth rates between the WT and the experimental

strains.
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Table 2-10: Doubling times for U2 sense, U2 antisense, pSR1025 and WT calculated from the
performed growth assay. Column 3: Calculated the p-value by comparing the U4 sense and U4
antisense doubling time with the pSR1025 (empty vector) doubling time.

P-value* relative to
. Mean doubling time Standard
Strain (h) Deviation (SD) pSR1025 (empty
vector)
U4+ 11.2 0.3 0.19
U4- 11.6 0.4 0.76
pSR1025 11.5 0.1 1.00
WwT L1 0.3 ---
n=3
12.00
11.00
10.00
= 9.00
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2 3.00
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0.00
U4+ U4- pSR1025 WT

Figure 2-14: Bar graph representing the doubling times for U4 sense, U4 antisense, pSR1025
(empty vector) and WT in MA2G.
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Figure 2-15: Growth curve for Cefl sense, Cefl antisense, pSR1025 (empty vector), and WT
strains in MA2G.

The Cefl sense, Cefl antisense, pSR1025, and Z4 (WT) strains grew at slightly different
rates, with Cefl antisense being the strain with the most similar doubling time to Z4 (Table 2-11,
Figure 2-15 and 2-16). As for U2 and U4 growth assays, Cefl sense and antisense and pSR1025
strains were grown with selection. In this experiment, pSR1025 is transformed into the Cefl Z4
strain. The p-values calculated by comparing the Cefl sense, Cefl antisense doubling times with
those of the empty show no significant differences, as described above. There was no significant
difference in growth rates between these strains, demonstrating no adverse effect or toxicity due

to the plasmids.
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Table 2-11: Doubling times for Cefl sense, Cefl antisense, pSR1025 and WT calculated from
the performed growth assay. Column 3: Calculated the p-value by comparing the Cefl sense and
Cef1 antisense doubling time with pSR1025 (empty vector) doubling time.

P-value*
P Mean doubling time Standard relative to
(h) Deviation (SD) | pSR1025 (empty
vector)
Cefl+ 12.8 0.1 0.31
Cefl- 11.9 0.1 0.04
pSR1025 13.4 0.7 1.00
74 115 0.2
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Figure 2-16: Bar graph representing the doubling times for Cef1 sense, Cefl antisense, pSR1025,
and Z4 in MA2G.

Having demonstrated that the plasmids did not cause any change in growth rates, I next

addressed whether antisense induction had an impact on cell growth.
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2.3.1.4. Nitrate induction and growth assessment

To investigate whether antisense inhibition of splicing factor expression impacted cell
growth, I induced the antisense by switching C. merolae cells from MA2G to MA2GN (nitrate
media). The strains containing plasmids with the antisense versions of U2, U4, or Cefl were
expected to reduce their growth rate throughout the experiment and eventually die once the
proteins encoded by the intron-containing genes were sufficiently depleted. I expected the strains
containing the plasmids with the sense version of U2, U4, or Cefl to either grow at the same rate
as WT or Z4 cells or slightly slower, the latter, due to the possibility that overexpression of U2
and U4 could be deleterious. As splicing proteins are so limited in C. merolae, having more
copies pf these genes may reduce spliceosomal assembly. Due to all those extra copies, there will
not be enough spliceosomal components to assemble the U2 and U4 snRNPs. In this scenario,
splicing might be partially inhibited and growth rates might be partially reduced. The strains
containing the pSR1025 (empty vector control) were expected to grow similarly to the WT or Z4
control. An NIR-Cas9 strain was included in the experiments as a control for induction. The
doubling time in nitrate media is higher than in ammonium media due to the additional energetic

cost of reducing nitrate into ammonium for it to be assimilated by the cells.

U2 sense and antisense nitrate induction showed normal and uniform cell growth. As
shown in Figure 2-17, the growth rate of every strain is constant and stable. The U2 antisense
strain does not show any growth rate decrease. The doubling time for U2 sense and antisense
strains is ~16h, while the doubling time for the pSR1025 and WT strains is slightly lower at ~15h
(Table 2-12, Figure 2-18). Remarkably, the p-values calculated by comparing the doubling times
from U2 sense and U2 antisense strains with the empty vector showed a non-significant

difference between the experimental and control strains (Table 2-12), suggesting no growth
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differences between the empty vector control (no sense or antisense expression) and the sense
and antisense strains. This suggests a possible lack of induction. Additionally, the p-value
calculated by comparing the pSR1025 and WT doubling times indicated a non-significant
difference between the growth rates for these two strains (Table 2-12), meaning they are equally

growing in nitrate (not shown).
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Figure 2-17: Growth curve for U2 sense, U2 antisense, pSR1025, and WT strains in
MA2G.
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Table 2-12: Doubling times for U2 sense, U2 antisense, pSR1025 and WT calculated from the
performed growth assay. Column 3: Calculated the p-value by comparing the U2 sense and U2
antisense doubling time with pSR1025 (empty vector) doubling time in MA2GN.

Doubling time (h) - P-value* relative to
Strain (Average from Deviation (SD) pSR102S (empty
triplicates) vector)
U2+ 16.4 0.2 0.14
U2- 16.7 0.2 0.06
pSR1025 15.8 0.5 1.00
WT 15.7 0.3
*n=3
17
16 z -
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Figure 2-18: Bar graph representing the doubling times for U2 sense, U2 antisense, pSR1025,
and WT in MA2GN.

U4 sense and antisense nitrate induction showed normal and uniform cell growth during
the experiment for all the strains included. As shown in Figure 2-19, the growth rate of every
strain was constant and stable. The U4 antisense strain did not show any growth rate decrease.

The doubling time for the U4 sense strain was ~18h, while the doubling time for the U4
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antisense and pSR1025 strains was slightly faster at ~17.5h (Table 2-13 a, Figure 2-20). The WT
strain was not explicitly included in these experiments as it was included in the U2 sense and
antisense induction, and samples were already collected for RNA analysis. Also, the WT strain
growth in nitrate was already measured. The statistical significance of this assay was obtained
by calculating the p-value between the doubling times of U4 sense and antisense strains and the
empty vector control (pSR1025). The calculated p-values indicated no significant difference
between the U4 sense and antisense strains and the pSR1025 strain. This suggests that the
increased doubling time in nitrate media, compared to that in ammonium media, may simply
result from the fact that these strains are growing with nitrate as their primary nitrogen source.
The NIR-Cas9 strain was included in this experiment as an induction control (the same prepared
media was used for U2, U4 and Cef1 antisense experiments), and its growth rate was also
measured. As can be seen in Figure 2-19, the NIR-Cas9 strain grows normal and stable

throughout the induction.

63



10.00

40.00 50.00 60.00

Log OD750
o
)

O'OO ., ot — ~ ,,., p— : O.OO

0.10
Time (h)

OU4 sense U4 antisense  ApSR1025 X NIRCas9

Figure 2-19: Growth curve for U4 sense, U4 antisense, and pSR1025 strains in MA2GN.

Table 2-13: Doubling times for U4 sense, U4 antisense, pSR1025 and NIRCas9 calculated from
the performed growth assay. Column 3: Calculated the p-value by comparing the U2 sense and
U2 antisense doubling time with pSR1025 (empty vector) doubling time in MA2GN.

Doubling time (h) Standard deviation (SD) P-value* relative to
Strain (average of empty vector control
triplicates) (pSR1025)
U4+ 18.2 B2 0.36
Ud- 17.8 %l 0.72
pSR1025 0.6
I 17.8 1.00
NIRCas9 20 - ---
*n—3
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Figure 2-20: Bar graph representing the doubling times for U4 sense, U4 antisense, pSR1025
(empty vector), and NIRCas9 in MA2GN.

Cefl sense and antisense nitrate induction showed normal and uniform cell growth for all
the strains included during the experiment. As shown in Figure 2-21, the growth rate of every
strain was constant and stable. The Cefl antisense strain does not show any growth rate decrease.
The doubling time for the Cefl sense strain was ~18h, while the doubling time for Cef1
antisense and pSR1025 (empty vector) strains was slightly faster with ~16h (table 2-14 a, figure
2-22). The Z4 strain showed a doubling time of ~15 hours, with the fastest growth rate. Overall,
no defective growth or cell death could be recorded, especially with the antisense strain, at least
in the 48-hour time frame of the experiment duration. The calculated p-values comparing the
doubling times for Cefl sense and Cef1 antisense with pSR1025 (empty vector) showed that
there is not a significant difference between the growth rates of the experimental and control

strain for Cefl antisense and that there is a significant difference for Cefl sense (Table 2-14).
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Figure 2-21: Growth curve for Cefl sense, Cefl antisense, pSR1025, and WT strains in
MA2GN.

Table 2-14: Doubling times for Cef1 sense, Cefl antisense, pSR1025 and WT calculated from
the performed growth assay. Column 3: Calculated the p-value by comparing the Cef1 sense and
Cef1 antisense doubling time with pSR1025 (empty vector) doubling time in MA2GN.

1 TN - Standard Deviation | P-value* relative to
s ¢ (SD) pSR1025 (empty
(h)
vector control)

Cefl+ 17.8 0.1 0.2

Cefl- 15.8 0.7 0.97
pSR1025 (empty 158 0.7 -

vector)

74 16.1 0.9

*n=3
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Figure 2-22: Bar graph representing the doubling times for Cefl sense, Cefl antisense,
pSR1025, and Z4 in MA2GN.

After performing the nitrate induction experiments in a 48-hour time frame and
concluding that no growth defects could be seen in any of the strains for any of the three chosen
genes, | diluted the cells of all the strains back to OD 0.4. I left them in nitrate media for at least
one week to check for long-term effects. None of the U2, U4, or Cefl strains showed a decrease
in growth rate or cell death after a week of monitoring. I measured the OD once daily, and all the
strains grew to saturation. I added chloramphenicol (250 ug/mL) to the cultures every three days.
The final OD for each strain at day seven after re-dilution to OD 0.4 is shown in the following

table (table 2-15):
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Table 2-15: OD7s0 of U2, U4, and Cef1 antisense strains 7 days after induced in nitrate. WT and
psR1025 (empty vector) for each experiment are included.

S OD75 at (!a)i 7 (average of
triplicates)

U2 sense 6.4
U2 antisense 6.4
pSR1025 (U2 experiment) 6.1
WT 17:1
U4 sense 5.7
U4 antisense 59
pSR1025 (U4 experiment) 6.0
Cefl sense 6.1
Cefl antisense 6.1
pSR1025 (Cefl experiment) 6.4
74 9.0

The OD for all the experimental strains, sense, antisense, and empty vector control for all
three genes, oscillated between 5 and 6 on day seven after the induction (Table 2-15). On the
other hand, the control strains, WT and Z4, show very high ODs on the same day. First, these
strains were not exposed to chloramphenicol, and second, these strains were not transformed
with any plasmid, so in a long-term effect, when cultures achieve saturation, these cells have less
metabolic costs that will allow them to grow faster. Additionally, it was surprising that the
pSR1025 strain had not ended up with an OD like one of the WT or Z4 cells. pSR1025 is an
empty vector that does not contain the sense or antisense version of the genes of interest, and that
confers antibiotic resistance to the strains. Splicing will remain untouched in these strains. As the
OD of pSR1025 for all three experiments is similar to the OD of the sense and antisense strains,
we cannot attribute the decrease in growth rate compared to the WT or Z4 to splicing inhibition

but to other factors such as the ones previously mentioned.

If it is true that a lack of growth rate reduction or cell death could indicate that splicing is

not an essential process for C. merolae (assuming that antisense induction was successful),
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nothing could be said until actual antisense gene expression was proven by analyzing the RNA

for each strain by Northern Blot.

2.3.1.5. Northern Blotting

To test whether the antisense transcripts were successfully expressed upon nitrate
induction, I analyzed their expression by northern blot. For the 24 and 72-hour time points, when
probing with the U2 sense probe (0SDR2311), a clear band representing U2 snRNA can be seen
for all the samples analyzed (13 Int) (Figure 2-23). Assuming that C. merolae has no double-
stranded RNA nucleases, I expected the U2 sense band to be present in all the samples, as
endogenous U2 snRNA is present in all the cells. I expected that in the U2 sense strains, a more
intense U2 sense band would be seen due to the extra copy of this gene introduced by the
transformed plasmid(s) (when transforming plasmids, the copy number is uncertain). In contrast
to my expectations, there was no visible difference in band intensities in any strain (Figure 2-23),
which I confirmed by quantitation (Figure 2-24). To determine whether antisense U2 was
actually induced, I stripped the blot and reprobed it with the U2 antisense probe (0SDR2475). No

bands appeared for any of the samples in this case.
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Figure 2-23: Denaturing polyacrylamide northern blot for U2 antisense induction of
U2 transient gene expression strains. 24 and 72-hour time point samples were
analyzed. 2 ug RNA were loaded per lane, a 6% gel was run for 45 minutes, and the
transfer time was set to 30 minutes. For probe sequences, refer to Appendix 1.
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Figure 2-24: Band intensity quantification for U2 sense, U2 antisense, pSR1025 (empty
vector) and WT samples from the U2 antisense induction experiment 24-hour samples.
Each bar represents the average RFUs from the triplicates analyzed per strain. Band
intensity was measured in relative fluorescence units (RFUs).

The same as for U2 was expected for the U4 antisense induction experiment. In this case,
I processed and analyzed 24- and 48-hour samples. The results for the U4 induction match those

obtained with the U2 induction (Figure 2-25).

The U4 sense band (174nt) is present in all the samples when blots were probed with the
U4 sense probe (0SDR2476), and no bands could be detected for any of the samples when blots
were probed with the U4 antisense probe (0SDR2477). For the 24-hour U4 nitrate-induced
samples, the bands show intensity inconsistencies with even a band absence in sample 1025.1

(Figure 2-25).
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More consistent results were observed with the 48-hour time point samples analysis.
When probing with the U4 sense probe (0SDR2476), a single band corresponding to U4 snRNA
appeared for each sample, but, as for U2, no difference in band intensities between strains was

observed (Figure 2-25), which I confirmed by quantitation (Figure 2-26).

In conjunction with the 48-hour time point sample analysis, I analyzed the uninduced U4
sense, U4 antisense and pSR1025 (empty vector). The uninduced samples were not analyzed in
triplicate. A single band was observed for the three uninduced samples when probed with the U4
sense probe (Figure 2-25, Lanes 1-3), and their intensity was quantitated. These bands resulted

less intense than those from the experimental samples (Figure 2-26)

2



9.yZ¥aso
aqoud asuas pNn

24h nitrate induced
Kit RNA extraction

c
OA
@3
[~ K--
7]
ge
5
36
T
o
o
]
R -
T
= 9 c
S . > o =
° ?
S . o2
.85 b U4snRNA g;
’ N
°< F o .,?q , Oa
3= et -4
T 1 £ ‘.‘
c " L\
Sl = . o ~
o = P B -
< O
©
£%
Cg c
£ »
o
:Q @3
2 28
o
2 &a
o Jo
"
=]
o
o

Figure 2-25: Denaturing polyacrylamide northern blot for U4 antisense induction of
U4 transient gene expression strains. 24 and 48-hour time points were analyzed. 2 ug
RNA were loaded per lane, a 6% gel was run for 45 minutes. For probe sequences,
refer to Appendix 1.
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Figure 2-26: Band intensity quantification for U4 sense, U4 antisense, and pSR1025 induced
samples from the U4 antisense induction experiment 48-hour samples. U4 sense, U4 antisense,
and 1025 uninduced samples were also analyzed. Each bar represents the average RFUs from
the triplicates analyzed per strain. Band intensity was measured in relative fluorescence units
(RFUs). Note that no error bars exist for the uninduced samples because they were not
analyzed in triplicate, and no standard deviation between their values could be calculated.

To confirm whether Cefl antisense expression was successful upon induction, I
attempted two different approaches. First, as the fragment size I was looking for was bigger than
1kb (Cefl open reading frame is ~2kb), I performed a denaturing agarose northern blot. The blot
shows a very faint band for all the analyzed samples, running across the middle of the membrane
when probed with the Cefl sense probe (0SDR2484) (Figure 2-27). The bands were
unquantifiable due to their low intensity. It can not be said with absolute certainty that this band

corresponds to the Cefl sense.
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Figure 2-27: Denaturing agarose northern blot to analyze Cefl antisense nitrate induction
24-hour time point samples. The details of the experiment are included in the figure.

Transfer issues were taken into consideration in the agarose northern blot approach. For
this reason, I ran a northern blot using a polyacrylamide gel in the second approach. I performed
a 6% denaturing polyacrylamide northern blot with the 34-hour time point samples under the
conditions mentioned in the material and methods. U5 was used as a loading control (Figure 2-

28).
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Cef1 sense probe (0SDR 2484)

U5 snRNA (LC)

6% polyacrylamide gel

1.5h run

Semi-dry transfer at 2.5mA/cm2 of gel- 45 min
20ug RNA

Figure 2-28: Denaturing polyacrylamide northern blot to analyze Cef1 antisense nitrate
induction 34-hour time point samples. The details of the experiment are included in the figure.

No specific bands were detected for Cefl sense in the analyzed samples. The U5 band
shows consistency in how much RNA was loaded per lane. It demonstrates that the absence of a
Cefl sense band is not attributable to poor quality or degraded RNA but to other factors. A smear
can be observed at the top of the lanes on the blot when probed with a Cefl sense probe. The
smear is faint but could show the presence of the Cefl sense transcript in the analyzed samples.
The smear can be attributed to the different transcript sizes produced during pre-mRNA
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processing. The smear was not quantifiable, and once again, nothing could be concluded about
the expression of the Cefl sense or antisense genes. The Cefl antisense probe was never tried as

Cef1 sense detection was unsuccessful.

2.3.1.6. NIR-Cas9 Western Blot

When performing the nitrate inductions of the transient gene expression experiments, I
used the NIR-Cas9 strain as a control to ensure induction occurs and rule out any nitrate media
issues that would affect the induction effectiveness. According to previous experiments
performed in the Rader Lab, the induction peak for the NIR-Cas9 strain is reached at 24 hours. I
took samples from this strain 24 and 48 hours after induction and performed Western blots for
Cas9. At both, 24 and 48 hours, Cas9 is clearly induced, while the uninduced lane appeared
completely clear (Figure 2-29, Lane 2), which indicates the protein was only detectable when
cells were switched to nitrate. There is a doublet in the induced lanes, but I assume the top is the
correct band based on the expected size of 150 kDa. The other could be a phosphorylated form of
the protein. These results show that there was nothing wrong with the media and that, for
instance, the previous results in which it was not possible to detect any sense or antisense
induction for U2, U4, Cefl, and Dib1 experimental strains, are due to some other unknown

factors.
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NIR-Cas9

Nitrate induced

Figure 2-29: NIR-Cas9 western blot for the transient gene expression experiments.
Note that the uninduced sample does not show any band. An 8% polyacrylamide gel
was run in 5X Tris-Glycine buffer for 1 hour. The transfer time to a nitrocellulose
membrane was 1.5 hours at 1.5 mA/cm? of gel.
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2.3.2. Integrated gene expression experiments

To determine whether higher expression of antisense genes would inhibit splicing, I
placed U2 and Dib1 under the control of the NIR promoter, the most strongly induced of the
nitrate-inducible promoters. By modifying the pSR979 (NIR-Cas9-NOS terminator) backbone
plasmid using restriction enzyme cloning, expression vectors for the integrated gene expression

of the antisense U2 and Dib1 were successfully constructed (Figure 2-30).
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Figure 2-30: Engineered constructs for the genomic integrated gene expression of the
antisense and sense U2 snRNA and sense and antisense Dibl mRNA. Note the NIRp
(yellow), the CAT selectable marker (orange), and the HRA for CMD184/185 (purple).
a) Linear construct for U2 sense and antisense snRNA (pink) (pSR1096/97). b) Linear
construct for Dibl (sky blue) sense and antisense mRNA (pSR1099/1100).
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2.3.2.1.Insertion of U2 and Dib1 sense and antisense into pSR979

I successfully inserted the U2 and Dib1 sense and antisense genes into pSR979. The
confirmatory restriction enzyme check showed that the plasmids analyzed were correct for the
insertion of the U2 and Dibl sense and antisense genes (Figure 2-31). The plasmid digestion on
the first lane under pSR1100 resulted incorrect, with the lower band being smaller than what was
expected. The correct plasmids resulted in pSR1096 and pSR1097 for U2 sense and antisense,

respectively, and in pSR1099 and 1100 for Dib1 sense and antisense, respectively (Figure 2-31).

| Hindlll + Aatll | Xbal + Kpnl |

<
o s°®
oF _PSR1006  pSR1007 o pSR1099  pSR1100

N>

8030bp

8000bp 5149bp

6000bp

3000bp

Top band: 6744bp 6664bp 8030bp
Bottom band: 2999bp 3080bp 2008bp

Figure 2-31: Restriction enzyme digest check for pSR1096/1097 (U2 sense and antisense)
and pSR1099/1100 (Dib1 sense and antisense). The expected band sizes were the following:
for U2 sense 6744bp and 2999bp (lanes labeled pSR1096) and for U2 antisense 6664bp and
3080bp (lanes labeled pSR1097) when digested with HindIII; for Dib1 sense and antisense,
the expected band sizes when digested with Xbal and Kpnl were 8030bp and 2008bp (lanes
labeled pSR1099/1100). Note that the left lane under pSR1100 shows unexpected band sizes.
pSR979 (no inserts) was included as a control and digested with HindIII, Xbal, and Ncol. If
no insert, the plasmid will linearize when digested with HindIII (lane 6), and the expected
band sizes when digested with Xbal and Kpnl were 8030bp, 5149bp and 783 bp (lane 11).
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2.3.2.2. Linear construct transformation and transformant selection

Twenty-four hours after transformation, I plated the cells into MA2G media with
chloramphenicol and picked individual colonies after ten days. I screened the colonies by colony
PCR and chose positive colonies for further screening. I picked six positive colonies per strain
and performed PCR with extracted genomic DNA. I used WT genomic DNA as a control to
compare the band sizes from the integrated CMD184/185 and WT locus. When performing the
PCR with primers flanking the CMD184C (forward) and CMD185C (reverse) genomic locus
outside of the homology recombination construct (in our lab referred to as primers H+I (Figure
2-32)), the expected band size for U2 sense and antisense strains was 4190 bp and for Dib1 sense
and 4485 bp for Dibl antisense. On the other hand, the expected band for the WT locus was

1303 bp (Figures 2-33 a and b).

Primer |

S
Primer H

Figure 2-32: Representation of primers H and I location for confirmatory PCR screening.

I confirmed correct integration of my constructs by colony PCR using primers H+I

(Figure 2-33a and b).
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Figure 2-33: a) Confirmatory PCR with primers H+I for U2 sense and antisense and Dib1
sense and antisense strains showing the correct integration of the target genes into the
CMD184/185 neutral locus for the first six picked colonies shown positive in the colony
PCR screening. 0.7% agarose gel, 1 h run. b) Confirmatory PCR with primers H+I for U2
sense and antisense and Dib1 sense and antisense strains showing the correct integration of
the target genes into the CMD184/185 neutral locus for the additional two picked colonies

per strain shown positive in the colony PCR screening. 0.7% agarose gel, 1h run.



2.3.2.3. Sequencing

As a second confirmatory test I amplified the region of interest and sequenced it. For this
purpose, I performed a PCR with primers H+I from genomic DNA from all the positive colonies
from the first and the second confirmatory screenings (3 for U2 sense, 4 for U2 antisense, 3 for
Dibl sense, and 3 for Dibl antisense) and sent them for sequencing. Sequencing results
confirmed the appropriate integration of my target genes into the CMD184/185 neutral locus. I
analyzed the results after sequencing and selected two biological replicates per strain based on
the smaller number of sequence mismatches from the sequencing results. I used these biological
replicates for further experiments. The colony numbers chosen were the following: for U2 sense,
colonies 2 and 9; for U2 antisense, colonies 4 and 7; for Dib1 sense, colonies 2 and 7; and for
Dibl antisense, colonies 2 and 8.

Note that from now on, U2 sense 2 and 9 will be referred to as U2 sense A and B
respectively, U2 antisense 4 and 7 to as U2 antisense A and B respectively, Dib1 sense 2 and 7 to
as Dib1 sense A and B respectively, and Dib1 antisense 2 and 8 to as Dibl antisense A and B

respectively.

2.3.2.4. Nitrate induction

As for transient expression experiments, I expected that the induction of antisense
constructs would inhibit splicing with the integrated strains. When cells were switched to nitrate,
the expression of the antisense version of U2 and Dibl was expected to start, inhibiting splicing
and causing a growth rate reduction or cell death. As for the transient gene expression
experiments, the sense strains of U2 were possibly expected to show adverse effects on growth

for the same reasons explained before (overexpression).
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No growth assays were performed for the integrated gene expression nitrate induction
experiments. Growth was evaluated considering the initial OD at which the cultures were set up
and the final OD after seven days of induction. Samples were only collected 24 and 48 hours
after nitrate induction for RNA (U2 and Dibl) and protein (Dibl and NIRCas9). The initial OD
for these experiments was set up to 1.5. The final OD after seven days of nitrate induction can be

reviewed in Table 2-16.
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Table 2-16: OD7s0 of U2 and Dib1 sense and antisense strains 7 days after nitrate induction.

Sample name Day 7 OD7s0
U2+ A.l 151
U2+ A2 15.5
U2+ A3 10.0
U2+ B.1 12.5
U2+ B.2 14.2
U2+ B.3 15.5
U2-A.l 14.2
U2- A2 14.6
U2-A3 15.0
U2-B.1 15.5
U2-B.2 14.2
U2-B.3 15:1

Dibl+ A.1 15.7
Dibl+ A.2 17.7
Dibl+ A3 16.3
Dibl+ B.1 13.3
Dibl+ B.2 15.1
Dibl+ B.3 15.9
Dibl- A.1 14.2
Dibl- A.2 16.2
Dibl- A3 14.4
Dibl- B.1 10.4
Dibl- B.2 10.7
Dibl-B.3 8.70
WT.1 9.10
WT.2 10.9
WT.3 11.3
NIR Cas9.1 10.0
NIR Cas9.2 10.3
NIR Cas9.3 11.5




WT and NIRCas9 induction controls
48h after nitrate induction

Figure 2-34: U2 and Dibl sense and antisense, NIRCas9, and WT strains 48 hours after
nitrate induction. A 6-well tissue culture plate was used for nitrate induction. Each plate
contains the two biological replicates per strain and triplicates for each replicate shown.
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U2 and Dib1 sense and antisense strains 7d after nitrate induction

Figure 2-35: U2 and Dib1 sense and antisense strains seven days (d) after nitrate induction.

As for the transient gene expression experiments, [ induced the sense and antisense
experimental strains for U2 and Dibl1 in nitrate by adding chloramphenicol (250 ug/mL), and
selection was replenished every three days. The WT control strain was not selected. Most of the
experimental strains for both genes grew up to saturation, and no growth rate decrease or cell
death could be identified except for one of the U2+ A triplicates, which died after five days
(Figure 2-35). The other two U2+ A technical replicates grew normally. The OD for the U2
sense, antisense, and control strains ended up being very similar after day 7 (Table 2-16). The

Dibl antisense strain showed a lower OD than the Dib1 sense and WT control strains at day 7.
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2.3.2.5. Northern blotting

To test whether the antisense transcripts were successfully expressed upon nitrate
induction in the integrated strains, I analyzed their expression by northern blot. I processed U2
snRNA 24 h samples and performed a northern blot. These experiments used C. merolae U5
snRNA (451 nt) as a loading control. In these experiments, I included two biological replicates
for U2 sense and two for U2 antisense. When probing with the U2 sense probe (0SDR2311),
bands were present in all the samples analyzed for U2 and U5 snRNAs (Figure 2-36). I expected
an increase in band intensity for the U2 sense strains. Another possibility was observing a
reduction in band intensity for the U2 antisense strains due to dSRNA degradation. Again, as for
the U2 snRNA transient gene expression experiments, no difference in band intensity was
visually observed for the U2 sense snRNA bands between sense, antisense, and WT strains. |
quantified the U2 sense and U5 snRNA bands and normalized the band intensity values for U2
against the band intensity values for US. The normalization purpose is to discard that any
experimental (U2) band intensity variability is due to loading errors. If less RNA was loaded in
one lane compared to the other lanes, a reduction in the band intensity for both the experimental
and the control bands should be observed. By normalizing the values, the values for this lane can

be adjusted to all the other samples, and the variation will be removed.
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Figure 2-36: Denaturing polyacrylamide northern blot for U2 antisense induction of
U2 integrated gene expression strains. 24-hour time point samples were analyzed with
a U2 sense probe (0SR2311). Sug RNA was loaded per lane; a 6% gel was run for 45
minutes. For probe sequences, refer to Appendix 1.

The U2 sense band quantification results, once normalized against the loading control,

did not show marked variations between U2 sense, U2 antisense and WT strains (figure 2-37).
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Figure 2-37: Band intensity quantification for U2 sense, U2 antisense, and WT samples from
the U2 antisense induction experiment 24-hour samples. Each bar represents the average of
the triplicates normalized RFUs analyzed per strain.
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I stripped and reprobed the blots with a U2 antisense probe (0SDR2574) as U5 snRNA as

a loading control. No bands for U2 antisense appeared for any of the samples (Figure 2-38).
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Figure 2-38: Denaturing polyacrylamide northern blot for U2 antisense induction of U2
integrated gene expression strains. 24-hour time point samples were analyzed with U2
antisense (0SDR2574). 5 ug RNA was loaded per lane; a 6% gel was run for 45 minutes.
For probe sequences, refer to Appendix 1.

The U2+ A biological replicate shows a lower U2 sense expression than U2+ B (Figure 2-
37). Both biological replicates were supposed to behave the same way. However, U2+ A, U2- A

and B, and WT show similar U2 expression levels.

To ensure induction of the antisense expression was only driven when cells were induced
in nitrate, I analyzed the uninduced samples for each strain as controls. A single band for the U2
snRNA with visibly the same intensity appeared for all the uninduced strains when probing with
U2 sense probe (0SDR2311) (Figure 2-39). No bands besides those from the loading control

appeared on the blot when probed with the U2 antisense probe (0SDR2574). These results were
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the expected, as the cells were never switched to nitrate, and no induction from the sense or
antisense U2 genes was supposed to occur (Figure 2-39 a and b). These samples also helped
discard any leaky behaviour from the NIR promoter. The uninduced samples were not analyzed

in triplicate.
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Figure 2-39: a) Denaturing polyacrylamide northern blot for U2 antisense induction of U2
integrated gene expression strains. Uninduced samples for each strain were analyzed with a
U2 sense probe (0SR2311). b) Denaturing polyacrylamide northern blot for U2 antisense
induction of U2 integrated gene expression strains. Uninduced samples for each strain were
analyzed with a U2 antisense probe (0SR2475). 5 ug RNA was loaded per lane; a 6% gel
was run for 45 minutes. For probe sequences, refer to Appendix 1.
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Figure 2-40: Band intensity quantification for U2 sense, U2 antisense, and WT uninduced (UI)
samples from the U2 antisense induction experiment. Each bar represents the average of the
triplicates normalized RFUs for each strain. Note that no error bars are included in the graph.
This is because samples were not analyzed in triplicate, and no SD between their values could
be calculated.

To determine whether the band intensities of the uninduced samples were comparable to
those of the induced ones, I performed band quantification (Figure 2-40). Note that the RFU
normalized values for U2 sense and antisense uninduced strains are very similar to the values
obtained for the U2 sense and antisense induced strains when probing with U2 sense. The WT
uninduced strain shows a lower U2 sense expression than the U2 sense and antisense integrated
strains. As a loading control was used and data was normalized, this should not be attributed to

loading errors. However, as mentioned before, the normalized values between induced and
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uninduced sense and antisense strains for U2 sense gene expression levels are very similar, and
even the WT strain, when in nitrate, shows similar U2 sense levels as the induced and uninduced

U2 sense and antisense strains.

To determine whether Dib1 sense and antisense were expressed upon induction, I
processed 24h and 48h samples and performed northern blot in two different approaches. For the
24h samples, I performed a denaturing polyacrylamide northern blot and a denaturing agarose
northern blot for the 48h samples. For the denaturing polyacrylamide northern blot, I loaded 5 ug
RNA per lane (except for the Dib1 uninduced samples in which 2 ug were loaded), and C.
merolae U2 snRNA (131 nt) was used as a loading control. In these experiments, I included two

biological replicates for Dib1 sense and two for Dib1 antisense.

When probing with the Dib1 sense probe (0SDR2597), a smear could be seen at the top
of each lane (Figure 2-41). No specific bands appeared for the Dib1 antisense induced, Dibl
sense and antisense uninduced, and WT samples. A specific band appeared for Dibl+ B and
Dibl+ A, being the one for the former more intense than the latter. The band was just below the
568 nt band from the yeast snRNA ladder. The size for the Dibl open reading frame, part of the
gene integrated into the CMD184/185 neutral locus, is 474 nt. This band potentially shows the
appearance of Dibl open reading frame transcripts. Interestingly, this band does not appear on
Dibl sense uninduced, Dibl antisense induced and uninduced, and WT samples. This was
unexpected as the Dibl sense gene is endogenous to all the C. merolae strains used for these
experiments. Remarkably, the two Dibl sense biological replicates did not behave similarly, with
the Dibl sense expression higher in Dib1+ B than in Dib1+ A. The U2 snRNA bands,
representing the loading control, appeared for all the samples analyzed with visibly the same

intensity.
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Figure 2-41: Denaturing polyacrylamide northern blot for Dib1 antisense induction of
Dibl integrated gene expression strains. 24-hour time point samples were analyzed with a
Dibl1 sense probe (0SR2597). 5 ug RNA was loaded per lane; a 6% gel was run for 45
minutes. For probe sequences, refer to Appendix 1.
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To determine whether the amount of RNA loaded per lane was the same, I quantified the
data by taking the same portion of the smear (including the band for Dib1 sense strains) and
normalized it to the loading controls (Figure 2-42). This figure can not give accurate information
about what is occurring with the Dibl sense gene expression on the C. merolae strains analyzed,
as there is no specific band to show a consistent product for most strains. This graph helps show
that the data was appropriately normalized and that regardless the amount loaded, when the
experimental band intensity values are normalized against the control, the numbers are all similar

to each other.
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Figure 2-42: Band intensity quantification for Dibl sense, Dibl antisense, and WT-induced
and uninduced (UI) samples from the Dib1 antisense induction experiment. Each bar
represents the average triplicates of the normalized RFUs for each strain. Note that no error
bars are included in the graph for the uninduced strains. This is because samples were not
analyzed in triplicate, and no SD between their values could be calculated.
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To determine if Dib1 antisense was expressed in the antisense strains upon induction, I
stripped and reprobed the blot with the Dib1 antisense probe (0SDR2598). As for the Dib1 sense
probe blot, a smear appeared at the top of each lane, and no specific bands for any of the samples
could be identified (Figure 2-43). The smear for the antisense probe was less intense than the
sense probe. The band for U2 snRNA appeared for every sample at approximately the same
intensity. This band was previously quantified, showing that the amount of RNA loaded in each
lane was approximately the same for all the samples (except for uninduced samples). The
scenarios previously described in the U2 antisense nitrate induction from transient gene

expression experiments can also be considered.
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Figure 2-443: Denaturing polyacrylamide northern blot for Dibl antisense induction of
Dibl integrated gene expression strains. 24-hour time point samples were analyzed
with a Dibl antisense probe (0SR2598). 5 ug RNA was loaded per lane; a 6% gel was
run for 45 minutes. For probe sequences, refer to Appendix 1.
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To determine whether the Dib1 band absence and smear in the polyacrylamide gel
Northern blot was due to the methodology used (polyacrylamide has a high resolution for
fragments less than 1 kb — Dibl OREF is 474 nt but transcripts can include pre-mRNA, mRNA
and untranslated regions to up to more than 2 kb) I performed a denaturing agarose northern blot
with the Dib1 48-hour samples (Figure 2-44). I loaded 25 ug RNA. Four bands appeared for the
Dib1 sense-induced strains when the blot was probed with a Dib1 sense probe. Again, the bands
for the Dib1+ B strains were more intense than the ones for the Dib1+ A strain. Interestingly,
these bands appear only for these strains and are absent in all the Dib1 antisense-induced strains,
Dibl sense and antisense uninduced strains and WT controls. This result is inconsistent with the
result in the polyacrylamide northern blot. However, as agarose has lower resolving power than
polyacrylamide, it is possible that the bands do not run true to size. U2 snRNA was used as a
loading control, and the corresponding band appeared for every sample analyzed. The bands
were not quantified, as there were three additional bands to the one that possibly represents the
Dibl open reading frame. I could not determine what the other bands represent at a molecular
level. Additionally, the loading control shows equity in the amount of RNA between samples,

confirming that the two Dib1 sense strains are not behaving in the same way.
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Figure 2-45: Denaturing agarose northern blot for Dib1 antisense induction of Dib1
integrated gene expression strains. 48-hour time point samples were analyzed with a Dibl
sense probe (0SR2597). 25 ug RNA was loaded per lane, and a 1.5% gel was run for 6.5
hours; refer to Appendix 1 for probe sequences.
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To determine whether Dib1 antisense expression could be detected with this technique, I

stripped and reprobed the blot with a Dib1 antisense probe. No bands appeared for any of the

samples (Figure 2-45).
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Figure 2-46: Denaturing agarose northern blot for Dib1 antisense induction of Dibl
integrated gene expression strains. 48-hour time point samples were analyzed with a Dibl
antisense probe (0SR2598). 25 ug RNA was loaded per lane; a 1.5% gel was run for 6.5
hours. For probe sequences, refer to Appendix 1.
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2.3.2.6. Gene-specific primer reverse transcription and PCR for expression

evaluation

To discard the possibility that the band absence for the antisense U2 and Dib1 strains was due
to northern blotting technical or molecular issues (transfer issues, low RNA abundance which
makes it undetectable, etc.), one triplicate of each biological replicate for each nitrate-induced
strain from U2 and Dib1 was selected to synthesize cDNA and perform end-point PCR. The
uninduced samples for U2 and Dib1 sense and antisense strains were also analyzed. The U2-
integrated gene expression nitrate induction RT-PCR results were unexpected. As shown in
Figure 2-46a, the end-point PCR for U2 sense and U2 antisense gene-specific primers reverse

transcription showed bands for every sample. The expected results were the following:

1. When performing PCR with the reverse transcribed samples with U2 sense primers,
bands should appear for every sample, with a higher band intensity for the U2 sense
strains.

2. Bands should appear only for the U2 antisense strains when performing PCR with the
reverse transcribed samples with the U2 antisense GSP. If bands do not appear for U2
antisense strains in this case, it could be possible, as for the northern blot results, that

double-stranded RNA degradation was occurring.

The band intensities for all the samples were the same when performing PCR with the U2
sense reverse-transcribed samples, but, surprinsingly, bands also appeared for every sample when
performing PCR with the antisense primers reverse-transcribed samples. This showed no
consistent results about U2 sense and antisense gene expression. An NRT control was included
for each sample from which cDNA was synthesized to discard the possibility of band appearance

due to genomic DNA contamination (Figure 2-46 b).
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Figure 2-47: An RT-PCR reaction for U2 sense and antisense induced and uninduced
stains and controls. Top gel: U2 sense GSP reverse transcribed samples. Bottom gel:
U2 antisense GSP reverse transcribed samples. b) RT-PCR reaction for U2 sense and
antisense strains and WT controls. Top gel: U2 sense PCR reaction with U2 sense GSP
reverse transcribed samples. Bottom gel: U2 antisense PCR reaction with U2 antisense
GSP reverse transcribed samples. NRTs are included per sample.
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I followed the same procedure for the Dibl sense and antisense-induced and uninduced
strains. When performing the PCR with Dibl antisense primers from samples that were reverse
transcribed with Dib1 antisense primers, bands were only expected for the induced antisense
strains. However, bands appeared for every sample, including Dibl-induced and uninduced sense
strains, Dib1 uninduced antisense strains, and WT controls (Figure 2-47a). NRT controls were
run for each sample, and Dib1 sense, antisense, and WT genomic DNA were used as positive
controls (Figure 2-47b). The NRT controls did not show gDNA contamination, therefore, the
appearance of non-desirable bands cannot be attributed to this. An NTC control was also

included (Figure 2-47 a).
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Figure 2-48: a) RT-PCR reaction for Dib1 sense and antisense induced and uninduced stains and
controls. Top gel: Dibl sense primers reverse transcribed samples. Bottom gel: Dibl antisense
GSP reverse transcribed samples. Bottom gel right: Dibl sense, antisense and WT genomic
DNA controls, NRT, and NTC. All 1.5% agarose gels ran for 40 minutes. b) RT-PCR reaction for
Dibl sense and antisense strains and WT controls showing the NRT controls for all the samples.
Top gel: Dibl sense PCR reaction with Dib1 sense primers reverse transcribed samples. Bottom
gel: Dib1 antisense PCR reaction with Dib1 antisense primers reverse transcribed samples.

NRTs are included per sample. All 1.5% agarose gels ran for 40 minutes.



To confirm the possibility of having gotten the Dibl antisense bands in the Dib1 sense
and WT strains, because of the presence of an overlapping gene, I looked for a C. merolae gene
that does not have any overlapping sequences and for which some work had been previously
performed in our lab. CMK260C was the chosen gene. CMK260C gene-specific primers were
used to reverse transcribe RNA from Dibl sense, antisense and control strains. CMK260C does
not have an antisense version in any of the experimental strains. No product was expected to be
seen when the reverse transcription was performed with antisense CMK260C gene-specific
primers. Surprisingly, I obtained bands for the CMK260C antisense GSP reverse-transcribed
samples, just as with the sense CMK260C GSP reverse-transcribed samples (Figure 2-48). NRT
controls were not included per sample this time as we had already discarded the presence of
genomic DNA contamination for Dibl strains in the previous experiment. WT genomic DNA

was included as a positive control in the PCR reactions.
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Figure 2-49: RT-PCR reaction for CMK260C in Dib1 sense, antisense strains, and WT
controls. Top gel: CMK260C sense PCR reaction with CMK260C sense GSP reverse
transcribed samples. Bottom gel: CMK260C antisense PCR reaction with CMK260C antisense
GSP reverse transcribed samples. 1.5% agarose gel, 40 min run.

2.3.2.7.NIRCas9 Western Blot

To discard nitrate media issues that would affect the induction effectiveness, I induced a
NIR-cas9 strain in nitrate as a control and performed western blots with samples taken 24 hours
after induction. The procedure followed was the same as for the western blots performed for
transient gene expression experiments, and I used the same antibodies at the same
concentrations. Figure 2-49 shows the NIR-Cas9 strain western blot for the integrated gene
expression experiments. Note that an uninduced strain and WT samples were included as

controls (figure 2-49).
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No band appeared for the WT control (Figure 2-49), which was the expected result as this
strain does not contain the Cas9 protein integrated gene. However, the uninduced sample shows
two thin bands of the same size as the bands representing the Cas9 protein in the induced

samples, which, in this case, were run in triplicate.
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Figure 2-49: NIR-Cas9 western blot for the integrated gene expression experiments 24-
hour samples. Note the uninduced sample and the WT control.

2.4.Discussion

Overall, the antisense transient or integrated gene expression of splicing components was
unsuccessful and I did not observe splicing inhibition. Antisense RNA oligonucleotides have
been extensively used in eukaryotic organisms to trigger gene knock-down of target genes, but,

as explained before, this is not possible in C. merolae.

Instead, in previous work in C. merolae the entire length of the target genes was used for
antisense inhibition (Ohnuma et al., 2009). In that work, the antisense version of the catalase
gene was successfully expressed, resulting in a reduction in catalase activity. The catalase gene
was significantly downregulated in the cells transformed with the plasmid that contained the
antisense version of the catalase gene. Notably, different and in contrast to my experiments, in

Ohnuma ef al., 2009 the promoter used to express the catalase gene was its own promoter, and its
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expression was constitutive and not induced. For this project, constitutive expression was
unsuitable as the main aim was to knock down an essential process for cell survival. It is
therefore possible that promoter differences somehow led to my lack of success in inducing
antisense expression. It is also possible that the intense selective pressure of inhibiting expression
of an essential gene rapidly selected for “escape” mutants, for example cells with promoter

mutations in the inducible promoter.

When designing the antisense constructs, only the open reading frame for the genes of
interest was considered. In the case of the snRNAs, the primary (unprocessed) transcripts are not
the 131 nt known for mature U2 or the 174 nt known for U4. These genes are transcribed in very
long transcripts, more than 2kb, and then processed to get the final t U2 and U4 snRNAs. It is
thought that the cleaved parts of the snRNAs, during their processing, contain critical regulatory
elements to control their expression as well as different motifs that serve as binding sites for the

complexes involved in the snRNA processing.

Not including the whole length of the transcripts when expressing the antisense version of
these genes was probably a significant mistake. In the Rader Lab, a former student working with
US snRNA demonstrated that overexpression of the gene from a plasmid was possible. This
plasmid was designed to include the entire U5 snRNA primary transcript (~4 kb). This suggests
that the removed regions during the U5 snRNA processing are, in fact, necessary for the
appropriate expression of the gene. For future attempts in splicing inhibition by antisense RNA, a
good idea would be designing a plasmid in which the whole snRNA transcript is included and
only the final sequence is swapped to the antisense v<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>