DIGITAL ACCESS o0 HARVARD
SCHOLARSHIP sr HARVARD LIBRARY

DASH.HARVARD.EDU

The Branch Point in Medium- to
Large-Size Introns and its
Contribution to the Splicing Process
In the Model Organism C. elegans

Citation

Enz, Antoine. 2024. The Branch Point in Medium- to Large-Size Introns and its Contribution
to the Splicing Process in the Model Organism C. elegans. Master's thesis, Harvard
University Division of Continuing Education.

Link
https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37378522

Terms of use

This article was downloaded from Harvard University’s DASH repository, and is made

available under the terms and conditions applicable to Other Posted Material (LAA), as set

forth at
https://harvardwiki.atlassian.net/wiki/external/NGY5NDE4ZjgzNTc5NDQzMGIzZWZhMGFIOWI2M2EwYTg

Accessibility
https://accessibility.huit.harvard.edu/digital-accessibility-policy

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you.lSubmit a story |



https://dash.harvard.edu/submit-story?publicationId=7cc1f521-aa4b-4d8f-b50d-5372e65f96ec

The Branch Point in Medium- to Large-Size Introns and its Contribution to the Splicing Process in

the Model Organism C. elegans

Antoine Enz

A Thesis in the Field of Biology

for the Degree of Master of Liberal Arts in Extension Studies

Harvard University

May 2024



Copyright 2024 Antoine Enz



Abstract

RNA splicing, an important co-transcriptional change in many eukaryotes, involves
processing pre-mRNA before it exits the nucleus to either translate into proteins or function
as RNA. This splicing crucially includes removing introns, where the accurate
identification of specific nucleotide sequences is vital. Key signals are located at the
introns’ 5" and 3' ends as well as within the intron itself. Branch points are such specific
sequences within the intron of a gene that play a crucial role in the splicing of pre-mRNA.
The branch point is a critical component of the splicing machinery, typically consisting of
an adenine nucleotide that acts as the attack site for the first step of splicing. This site is
located upstream of the intron's 3' splice site and is part of a larger sequence that is
recognized and bound by splicing factors. The branch point, along with other elements
such as the 5' splice site, the polypyrimidine tract, and the 3' splice site, forms a complex
with the spliceosome, a large RNA-protein complex responsible for carrying out the
splicing process. The spliceosome binds these signals, triggering an intramolecular change
to form a lariat structure. Errors in this identification can cause significant shifts in protein
synthesis and function. In Caenorhabditis elegans, a nematode and model organism in
molecular biology, the 3' and 5' splice sites are well-defined, as seen from yeast to
mammals, but its branch point sequence remains unknown. Understanding RNA splicing
in C. elegans, particularly regarding the branch point, is the focus of this project. Our
research aims to characterize separate branch points and understand whether a branch point

consensus exists in the introns of C. elegans. We identified several branch points and the



most common one was typically an adenine nucleotide located 31 to 15 nucleotides
upstream of the 3" splice site, with an average position of 20 nucleotides from the 3' splice
site. This spatial arrangement of the branch point is consistent with patterns seen in other
species, such as yeast and mammals, indicating a possible conserved structural feature in
different life forms. In C. elegans, the branch point is usually preceded by cytosine and
followed by adenine or uracil, while cytosines or guanines are often absent from the branch

point position.
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Chapter I.

Introduction

During the regulation of gene expression, the role of RNA splicing is critical to
understand how an organism develops and functions. The processing of RNA involves a
series of modifications that a newly synthesized pre-mRNA transcript undergoes to become
a mature mRNA. This maturation process is essential for the proper translation of RNA
into proteins and occurs in eukaryotic cells. Here are the key steps involved in RNA

processing:

1. Capping: Shortly after transcription begins, the 5' end of the new RNA molecule is
capped with a modified guanine nucleotide. This 5' cap is important for the stability
of the mRNA and its subsequent recognition by the ribosome during translation.

2. Splicing: Most eukaryotic genes contain introns and exons. Splicing is the process
by which introns are removed from the pre-mRNA. The remaining exons are then
joined together to form a contiguous sequence that will encode a protein. Splicing
is carried out by a complex of specialized RNA and protein factors known as the
spliceosome. Branch points, as discussed earlier, play a critical role in this process.

3. Polyadenylation: At the 3'end of the pre-mRNA, a sequence signals for the addition
of a poly(A) tail, which is a long string of adenine nucleotides. This poly(A) tail is
important for the nuclear export, stability, and translation of the mRNA.

4. Editing: In some cases, the RNA sequence is altered after transcription. This can

involve the insertion, deletion, or modification of nucleotides. RNA editing can



result in the mRNA coding for a different protein than would be produced from the

unedited RNA.

RNA processing is a highly regulated and critical step in gene expression, ensuring that
proteins are synthesized correctly. Any errors in RNA processing can lead to the production
of faulty proteins. Our investigation dives into the complexity of splicing of medium- to
large-size introns, focusing on the model organism Caenorhabditis elegans. This nematode
worm is very helpful in the field of genetic research due to its simplicity, well-mapped
genome, and the ease with which its genetic material can be manipulated. Our research
aims to uncover how the splicing in these introns contribute to the splicing process, which
is integral to gene expression. A clear understanding of this relationship is essential for
explaining the broader implications of RNA splicing in development and disease. By
focusing on C. elegans, we can develop a detailed understanding that could be applied to
other eukaryotic systems, contributing to our overall knowledge of biology and genetics.
The findings from this research may not only provide insights into the fundamental

processes of life but could also have practical implications for improving human health.

Definitions of Terms
Branch point: A branch point refers to a specific sequence of nucleotides within an intron
of a pre-mRNA molecule. It is recognized and utilized during the process of RNA splicing,
and typically located near the 3' end of an intron. It forms a 2°-5 phosphodiester bond with

the 5’end of the intron.



Cis-acting splicing signals: Cis-acting splicing signals are specific sequences within the
pre-mRNA molecule which play a critical role in regulating the splicing process by
providing instructions to the spliceosome on where and how to perform the splicing

reactions accurately.

Complementary DNA (cDNA): Complementary DNA is a form of DNA that is synthesized

from a messenger RNA template.

Electroporation: Electroporation is a microbiological technique used to introduce
substances such as DNA, RNA, proteins, or chemicals into cells. It works by applying a
brief electrical pulse to a cell suspension, which temporarily disturbs the phospholipid
bilayer of cell membranes, creating microscopic pores. These pores are large enough to
allow macromolecules, such as nucleic acids, to pass into the cell. Once the pulse is over,

the cell membrane reseals itself, trapping the introduced substance inside.

Eukaryote: Eukaryotes are organisms whose cells have a nucleus enclosed within a nuclear
envelope. This defining feature distinguishes them from prokaryotes, which do not have a
nucleus. Eukaryotic cells also contain other membrane-bound organelles such as

mitochondria and the Golgi apparatus.



Exon: An exon is a segment of a gene that contains the code for producing proteins and,
after processing, remains within the mature messenger RNA (mRNA). During gene
expression in eukaryotic cells, genes are initially transcribed into a primary RNA transcript
that includes both exons and non-coding regions called introns. Before the RNA can be

translated into a protein, it must be processed through RNA splicing.

Intron: An intron is a segment of a gene that is transcribed into RNA but is not translated
into protein. During gene expression in eukaryotic cells, the entire gene, including introns
and exons (the segments that do code for protein), is transcribed into a pre-messenger RNA
(pre-mRNA) molecule. Before the pre-mRNA can be translated into a protein, it must

undergo splicing.

Lariat: A lariat in molecular biology refers to the looped structure that forms as an
intermediate during the splicing of pre-messenger RNA (pre-mRNA). This lariat structure

is eventually debranched and degraded, completing the splicing process.

Messenger RNA (MRNA): mRNA is a type of RNA that carries the genetic code from
DNA to the ribosome, where proteins are synthesized. It is formed in the nucleus of
eukaryotic cells through a process called transcription, where an enzyme called RNA
polymerase copies the coding sequence of a gene from DNA into RNA. This primary RNA
transcript, also known as pre-mRNA, typically undergoes processing which includes

splicing, capping, and polyadenylation to become mature mRNA.



Nested Polymerase Chain Reaction (PCR): A nested PCR is a variant of the standard PCR
technique that involves two rounds of amplification using two sets of primers. It is used to
increase the specificity and sensitivity of PCR amplification, particularly when targeting a

specific DNA sequence from a complex or low-abundance sample.

Polymerase Chain Reaction (PCR): a PCR is used to amplify (or make many copies of) a
specific segment of DNA. This allows scientists to take a minuscule amount of DNA and
amplify it to a large enough quantity to study in detail. The process of PCR includes several

key steps such as denaturation, annealing, and extension.

Polypyrimidine tract: The polypyrimidine tract is a specific sequence of nucleotides in a
pre-mRNA molecule, which is involved in the recognition of the 3' splice site by the
splicing machinery. It interacts with various proteins and RNA molecules to facilitate the

assembly of the spliceosome and the splicing process.

Precursor mRNA (pre-mRNA): Precursor mRNA refers to the initial transcript synthesized
from a gene in eukaryotic cells. It is an intermediate molecule that undergoes RNA splicing
to produce mature mRNA. Pre-mRNA capping and polyadenylation are two critical

modifications that occur during the maturation process of pre-mRNA in eukaryotic cells.



These modifications are essential for creating a mature mRNA molecule that can be

effectively translated into a protein.

Primer: A primer in the context of molecular biology is a short single strand of nucleic acid

that serves as a starting point for DNA synthesis.

Reverse Transcription (RT): reverse transcription is the process by which RNA is

converted into complementary DNA using the enzyme reverse transcriptase.

Small nuclear RNAs (snRNAs): Small nuclear RNAs are a class of short RNA molecules
which play a prominent role in pre-mRNA splicing by pairing to discrete sequences of the

pre-mRNA.

Small nuclear ribonucleoproteins (SNRNPs): Small nuclear RNPs are complexes composed
of small nuclear RNAs (snRNAs) and associated proteins which play a prominent role in

pre-mRNA splicing.

Spliceosome: The spliceosome is a large and dynamic ribonucleoprotein complex found in
the nucleus responsible for accurately and precisely recognizing splice sites and catalyzing

the splicing reactions.



Splice site (ss): A splice site is a specific DNA or RNA sequence within a gene that marks
the boundaries between exons (coding regions) and introns (non-coding regions). Every

intron has two splice sites on its ends: 5’SS and 3’SS.

Splicing: Splicing is a fundamental process that occurs in the cells of eukaryotes, where
the non-coding regions (introns) of a pre-messenger RNA (pre-mRNA) transcript are
removed and the coding regions (exons) are joined together. This process is essential for

the generation of a mature mRNA molecule that can be translated into protein.

Split genes: Split genes are a characteristic feature of eukaryotic organisms, where the
coding sequences of a gene (exons) are interrupted by non-coding sequences (introns).
During gene expression, these genes are initially transcribed as a single, continuous pre-

messenger RNA (pre-mRNA) that includes both exons and introns.

Pre-mRNA Splicing
Pre-mRNA splicing stands as one of the most captivating and complex processes
central to gene expression in eukaryotic organisms. It encompasses a series of alterations
made to the transcribed pre-mRNA. These alterations are not random, but are a deliberate
set of steps aimed at excising introns while simultaneously ensuring that the exons are
connected. Once this process ends, the mature mRNA molecule is refined to contain only

the coding sequences needed for the synthesis of proteins. The spliceosome and SnRNAs



execute the splicing reactions. The interactions between snRNAs and snRNPs within the
spliceosome guarantee that introns are excised while exons are connected, laying the
foundation for the creation of functional mMRNA molecules that are primed for protein
synthesis. The nuclear spliceosome complex has the capability to both assemble itself and
identify the demarcation between exons and introns on the pre-mRNA (Lim & Burge,
2001). Fundamental to this demarcation are the base pairing interactions that occur between
snRNAs and particular nucleotide sequences etched on the pre-mRNA. Facilitating these
nuanced RNA-RNA and RNA-protein interactions are the cis-acting splicing signals that
are into the pre-mRNA's structure (Ruskin, Greene, & Green, 1985). These cis-acting
splicing signals are detected by the spliceosome to enable the splicing machinery to operate
(Tolstrup, Rouzé, & Brunak, 1997). Initiating this cascade, the U1 snRNP steps forward.
It specifically recognizes and adheres to the 5' splice site, forming interactions particularly
with the GU dinucleotide as well as the contiguous nucleotide sequences. In parallel, the
branch point binding protein, known as SF1/BBP, identifies and associates with the branch
point region, which is in proximity to the 3' splice site. Subsequently, the U2 snRNP binds
the branch point region and associates with the 3' splice site and the neighboring
polypyrimidine tract. As these RNA-RNA and RNA-protein associations are made, the
spliceosome complex positions itself for the next phases of splicing. The pairing of the U6
snRNA with the U2 snRNA seeks to approximate the 5' end of the intron to the branch
point area. This alignment activity ejects the U1 snRNP, and paves the way for the intron's
precise alignment. Next, through a transesterification reaction, the 5' splice site undergoes
cleavage and the intron is excised to liberate a 5' exon. Simultaneously, the intron's 5'

extremity is merged with the branch point nucleotide via a 2'-5' phosphodiester linkage.
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Figure 1: The figure describes the organization of a metazoan and yeast gene.
Two exons are linked by one intron, which displays the GU dinucleotide at the 5’ splice

site, the AG dinucleotide at the 3’ splice site, and UACUAAC as the branch point sequence.
The polypyrimidine tract is upstream the 3’ splice site. Source: Wahl et al., 2009.

This union is realized by the interaction between the snRNAs, their protein counterparts,
and the catalytic site of the spliceosome. Simultaneously, the 3 ss is also cleaved through
transesterification, resulting in the intron adopting a lariat configuration (Bitton et al.,
2014). This configuration is subsequently disassembled, making way for the exons to unite,
and creating a mature mRNA molecule ready for protein synthesis. This organization of
pre-mRNA splicing emphasizes its role in ensuring the fidelity of gene expression.

The splicing processes also offers various possibilities for alternative splicing
events, where diverse exon combinations can be assembled. This versatility can create an
array of mRNA isoforms from a solitary gene (Awan, Manfredo, & Pleiss, 2013). These
varied mMRNA transcripts possess unique functional characteristics, and thereby enrich the
spectrum of proteins arising from the same genetic blueprint. The assembly of the
spliceosome on the pre-mRNA is not a random occurrence. Instead, it is guided by precise
exon-intron boundary points, established through base pairing interactions that occur

between the SnRNAs and designated nucleotide sequences on the pre-mRNA.
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Figure 2: The splicing process in yeast.

The specific splicing steps of a pre-mRNA are detailed. The intron forms a lariat with the
help of the snRNPs and snRNAs molecules. Source: Wabhl et al., 2009.

This precision in interaction, both at the RNA-RNA and RNA-protein interface,
comes from cis-acting splicing indicators. These consist of recognized dinucleotides
present at both the 5” and 3’ splice sites of the introns (Ragle et al., 2015). In the realm of
vertebrates, the 5' ss has a sequence known as the "GU™ dinucleotide. This signature
sequence is succeeded by a short stretch of nucleotides. On the other hand, the 3’ ss is
marked by another sequence, the "AG" dinucleotide. This particular site is further

characterized by the presence of the polypyrimidine tract and the branch point (Figure 1).
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Both are introduced by a short nucleotide segment (Aroian et al., 1993). The U1 snRNP
identifies and aligns with the 5' ss first. Concurrently, the branch point region is
acknowledged and bound by the branch point binding protein known as SF1/BBP (Mazroui
etal., 1999). The U2 snRNP also latches onto the branch point area, extending its reach to
both the 3' ss and the proximate polypyrimidine tract. Next, the U6 snRNA establishes a
pairing with the U2 snRNA displacing the U1 snRNP, and positioning the introductory
segment of the intron adjacent to the branch point region (Licke et al., 2005). In parallel,
the 5' ss undergoes a cleavage propelled by transesterification. This cleaved segment then
associates with the branch point through a specific 2'-5' phosphodiester bond. The 3’ ss is
similarly cleaved by transesterification. This ensures the efficient elimination of the intron,
now forming a lariat structure.

The recognition of splicing cues, the assembly of SnRNPs, and the series of catalytic
transformations made by the spliceosome enable to create mature mMRNA entities. Among
vertebrates, the process of the splicing phase is organized by distinct sequences and specific
structural motifs, which essentially serve as splicing signals. A general example for
vertebrates is the "GU" dinucleotide sequence on the 5’ ss that can be decoded as
RG/GURAGU. Certain nucleotides possess the flexibility to alter their composition within
this sequence. GURAGU tails the RG dinucleotide that positions itself at the exon's 3’

terminus. Its symbolism is indicated below.

e "R"stands in for a purine nucleotide, which could either be adenine (A) or guanine

(G).
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"G" abbreviates for guanine. Guanine pairs with cytosine (C) in DNA and RNA

sequences.

e “U” represents uracil, U is one of RNA's core nucleotides. Uracil partners with
adenine (A), replacing DNA's thymine (T).

e “A” stands for adenine, this nucleotide is a member of both the DNA and RNA
families. While adenine finds its counterpart in thymine (T) within the DNA realm,
in RNA, it pairs with uracil (U).

e “Y” stands for a pyrimidine nucleotide, which is usually cytosine (C). However,
“Y” can also represent uracil (U) and thymine (T).

e "N" signifies that the particular nucleotide occupying this position can variate.

The GURAGU motif introduces an element of versatility which can deviate across diverse
introns and even species. Yet, the presence of the GU dinucleotide is important as it ensures
the spliceosome's identification of the 5'ss. The 3' ss is known as the "AG" dinucleotide or
sometimes as AG/N. The "AG" dinucleotide guides the spliceosome in pinpointing the 3'
ss of an intron. Before the AG dinucleotide is a chain known as the polypyrimidine tract,
with a series of pyrimidine bases either cytosine or uracil. This stretch plays a key role in
enhancing the spliceosome complex's recognition capacity and its positional accuracy
during splicing. Even further upstream, it introduces the branch point sequence by forming
the lariat. The branch point sequence, as recognized in vertebrates, is denoted as YURAY.
The inherent variability of the branch point sequence amplifies both the efficiency and
accuracy intrinsic to splicing. These strategic components, including the AG dinucleotide,

the polypyrimidine tract, and the branch point, allow the spliceosome to identify and

12



harness the 3'ss. Table 1 provides additional information on the symbolism of the IUPAC

nucleotide codes.

Table 1: The table displays the IUPAC nucleotide codes and their respective bases.

IUPAC nucleotide code Base
A Adenine
C Cytosine
G Guanine

T (or V) Thymine (or Uracil)
R AorG
Y CorT
S GorC
w AorT
K GorT
M AorC
B CorGorT
D AorGorT
H AorCorT
\Y AorCorG
N any base
-or. gap

We will refer to this table during the annotation of branch point sequences during our
discussion in Chapter 1V. Source: Own representation based on: bioinformatics.org.

13



While vertebrates and the nematode C. elegans both employ the spliceosome,
various mechanisms of pre-mRNA splicing are notably different. For example, there are
distinctions in how introns and exons are distributed and characterized within these
organisms (Vogel, Hess, & Borner, 1997). Another important feature to highlight is that
genes within C. elegans possess fewer introns, and the dimensions of these introns are
diminutive when compared with those in vertebrate genes. The polypyrimidine tract and
the 3’ ss exhibit variations in their constitution between these two entities. In the genetic
makeup of C. elegans, the polypyrimidine tract is frequently represented by an unbroken
string of pyrimidine nucleotides, identifiable as UUUUC. On the other hand, its 3’ ss is
encapsulated by the sequence AG/R. Between vertebrates and C. elegans, one can observe
a shared beginning in their 3' ss with the conserved dinucleotide sequence AG. Yet, the
absence of a known branch point consensus sequence in C. elegans stands in contrast to
the identifiable sequences present in vertebrates and even more in the yeast S. cerevisiae,
where the consensus sequence is almost unique. The scientific community remains in the
dark as to whether such a sequence in C. elegans is potentially conserved, and if its location
within the intron can be accurately anticipated. The question of whether C. elegans is the
only organism known not to have an identifiable branch point consensus sequence relates
to the broader study of splicing mechanisms in eukaryotic organisms. C. elegans is one of
the most commonly cited examples of an organism with a less identifiable branch point
sequence. However, the mechanisms of gene expression across other eukaryotes suggest

that there could be other examples among less well-studied or non-model organisms.

Past Research

14



The pre-mRNA splicing intricacies are influenced by factors such as an organism's
evolutionary trajectory, its unique genetic composition, and the regulatory frameworks that
govern its organism (Lukacisin, Espinosa-Cantu, & Bollenbach, 2022). The discovery of
pre-mRNA splicing has enhanced our comprehension of the molecular process that
underpins gene expression. The efforts of Phillip Sharp and Richard Roberts during the
dynamic era of the 1970s and 1980s culminated in them receiving the prestigious Nobel
Prize in Physiology or Medicine in 1993. Their work illuminated the notion of split genes
and set a new trajectory for the field. Following these discoveries, the identification of the
branch point adenosine within the introns of yeast genes was crucial. Sharp and Roberts,
in the year 1981, improved considerably our understanding of splicing mechanisms
through their discovery. They encouraged further studies, and broadened the scope from
yeasts to various species. Consequently, the researchers ventured into in vitro splicing
assays which provided a controlled environment outside the living milieu (NobelPrize.org.,
2024). Sharp and Roberts also played a key role in elucidating the splicing process across
arange of model organisms. The insights obtained from these assays elucidated phenomena
such as the role of branch points in organisms such as the fruit fly (Drosophila
melanogaster) and the African clawed frog (Xenopus laevis). Several years later, a study
led by Thomas et al. (1990) focused on the involvement of SnRNAs in the pre-mRNA
splicing mechanism within the nematode C. elegans. The team researched the suite of
SnRNAs resident within this nematode. Among their many discoveries was the
identification that C. elegans has genes to code the the U2 snRNA, a molecule renowned

for its interactions with the branch point in the fruit fly and the African clawed frog. These
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findings set the stage for hypothesizing the existence of a branch point sequence within C.
elegans, further emphasizing its role in splicing.

Fast forwarding to 2011, Zhang et al. studied the mechanisms of intron splicing
within the malaria-causing mosquito Plasmodium falciparum (2011). Even though their
primary focus was on P. falciparum, their findings offered crucial insights into the splicing
architecture across diverse life forms including C. elegans. The researchers wanted to map
the branch point sequences in a living setting and identify the sequence blueprints essential
for optimal splicing within P. falciparum. They identified a conserved pyrimidine-rich
motif positioned upstream of the 3' ss, and discerned subtle variations, suggesting P.
falciparum might possess a branch point sequence with its own unique signature. These
findings laid the foundations for future explorations into branch point sequences in diverse
organisms. Current biological postulates suggest that for certain organisms, typified by C.
elegans, pre-mRNA splicing might involve a branch point mechanism. This, in tandem
with the polypyrimidine tract, guide the precision of splicing within this nematode. While
the exact molecular signature and the geographic location of the branch point within C.
elegans' introns are still enigmatic, we believe that the branch point sequence plays an

important role in the correct formation of the lariat.

Hypothesis
The search for a definitive consensus sequence for branch points in Caenorhabditis
elegans has remained intangible to date. Through our research, we hope to better discern
the implications of a branch point within the splicing process. The nematode C. elegans
stands out as an uncomplicated organism with a cell count significantly lower than that of

many other living beings. This inherent simplicity is both a boon and a limitation. On one
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hand, it will give us the opportunity to delve deeply into the organism’s splicing process.
On the other hand, however, the simplicity of C. elegans might not reflect the intricacy and

multi-layered complexity inherent in the human physiology and development.

The lack of an evolutionarily conserved motif in the branch point area leads to many
uncertainties. One such ambiguity exists around the operation by which the subunits of the
spliceosome recognize and subsequently act upon branch point sequences. We must
underscore that our research trajectory will remain clear of any involvement with human
subjects. From an array of RNA samples sourced from C. elegans, we plan to pick a diverse
set of genes and introns to understand whether branch points manifest within C. elegans
and if they do, decode their organization. The wider scientific community stands to benefit
by gaining a clearer understanding of splicing mechanisms. Researching C. elegans' branch
points will also allow to build more knowledge about disease-affiliated splicing events.
Our research will provide insights into the molecular intricacies underpinning diseases,

encompassing both C. elegans and, by extension, the human species.

The contributions of Phillip Sharp and Richard Roberts we mentioned earlier did
not just elucidate the existence of the phenomenon but revealed a comprehensive picture
of the entire splicing process. One of the highlights of their endeavors was the identification
of the pivotal branch point adenosine nestled within the introns of yeast genes. Following
this discovery, the scientific community began to establish in vitro splicing assays for an
array of species, encompassing the likes of Drosophila melanogaster, Ascaris suum, and
Xenopus laevis. However, a gap in this exploration remains for the nematode
Caenorhabditis elegans. C. elegans is characterized by the involvement of a branch point

that might exhibit considerable variability. Mazroui et al. demonstrated that this nematode
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synthesizes the SFA-1 protein, which bears a remarkable homology to the SF1/BBP
observed in various other species (1999). Complementing this, Ogg et al. have presented
evidence that introns from C. elegans are amenable to splicing within a mammalian in vitro
system (1990). The molecule U2 snRNA is made by roundworms and known for its ability
to form base pairs with the branch point in organisms like the fruit fly and the African
clawed frog. Based on these insights, we advance the hypothesis that the process of pre-
MRNA splicing in C. elegans invariably hinges on a distinct branch point sequence. We
believe that the accuracy and efficiency of splicing within this nematode might be
attributed not just to the polypyrimidine tract but also to the crucial role of the branch point.
Venturing further into this hypothesis, we defend that within the introns of C. elegans a

potential weak consensus sequence could exist.
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Chapter I1.

Materials and Methods

The genetic landscape of Caenorhabditis elegans presents unique challenges to
explore the mechanisms of RNA splicing. A detailed understanding of these mechanisms
is important, as it allows to better understand the fundamental processes of gene expression
and regulation. The central aim of our research is to discern whether a branch point
consensus exists within intronic sequences. First, the technical aspect of this research
required the design of five distinct primers. The first primer allows the conversion of RNA
into complementary DNA. cDNA is a more stable form that can be easily manipulated in
the laboratory, and most importantly be used as a template for amplification. The total RNA
was prepared from mixed-staged wild tape C. elegans hermaphrodites using standard
procedures (Tarca and Puoti, unpublished). For every experiment, typically 25 ug of total
RNA was treated with DNAse (NEB) to eliminate contaminating genomic DNA that would
interfere with the subsequent steps. The four other primers are used for two consecutive
polymerase chain reactions (PCR). The first PCR aimed to amplify the cDNA, while the
second, a nested PCR, reamplified the product of the first PCR, and incorporated Xhol and
BamHI restriction sites at the respective ends of the amplicon. This step was critical as it
sets the stage for the subsequent ligation of the amplification products into a cloning vector,
allowing for the propagation and detailed study of the genetic material. After the reverse
transcription and PCR amplifications, if a amplicon of the expected size was obtained, it
was purified from an agarose gel and digested with BamHI and Xhol. The pBluescript KSI|I

vector was cut with the same enzymes and used for the ligation. Selection of transformed
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bacteria was done in the presence of ampicillin. Following the bacterial transformation, the
recombinant plasmids were extracted and sent for sequencing to reveal the precise order of
nucleotides within the inserted DNA fragment. This sequence analysis revealed the

location of the 5' ss and the branch point.

Intron Selection

The accurate identification and selection of genes of interest was a foundational
step. We selected genes widely expressed to have sufficient material. In fact, some mRNAs
are only found in a few neurons, and getting these cDNAs is very challenging.
Additionally, the introns of these genes were required to have a substantial length, with a
minimum of approximately 100 nucleotides to facilitate their analysis and locate the five
oligos. Another crucial criterion in the selection process was the absence of the BamHI and
Xhol enzymes restriction sites within these introns. The presence of these sites would pose
a significant problem, as the BamHI and Xhol enzymes are known to cleave DNA at these
sites. Each intron sequence was examined using the software SnapGene to check if the
BamHI and Xhol enzymes restriction sites (GGATCC and CTCGAG respectively) were
absent, and avoid having them cut the PCR amplicons. This step was key to ensure that the
subsequent stages of the research were not compromised. The structure of our experiments,
genes and introns can be found in Table 2. The table served as a roadmap for my research,
outlining the quest to elucidate some of C. elegans’ splicing branchpoints. This structured
approach not only highlights the methodical nature of our study but also enhances the

clarity and reproducibility of the work.
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Table 2: Overview of our various experiments from AE1 to AE21 with the respective gene,

number, and length of the intron.

Experiment Gene Intron Intron length
AE1 tbb-4 I 95 nucleotides.
AE2 col-40 I 285 nucleotides.
AE3 rib-2 VI 212 nucleotides.
AE4 mom-4 \Y 236 nucleotides.
AE5 dpy-28 I 286 nucleotides.
AE6 hex-3 v 442 nucleotides.
AE7 seb-2 I 250 nucleotides.
AE8 glp-1 ] 178 nucleotides.
AE9 atx-2 \% 227 nucleotides.
AE10 egl-2 \Y 255 nucleotides.
AE11l egl-2 VI 212 nucleotides.
AE12 egl-2 VII 194 nucleotides.
AE21 glp-1 \Y/ 163 nucleotides.

Source: Own representation.

DNAse Treatment, Reverse Transcription and PCR-mediated amplification

Our research in C. elegans necessitates the transformation of RNA, extracted from
the organism's cells, into a more durable and workable form known as complementary
DNA (cDNA). This conversion is important for the series of experiments designed later.

First, we designed and ordered a specific primer tailored to initiate the reverse transcription
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reaction. The design of this primer was not arbitrary. It was influenced by the precise
thermal conditions optimal for the enzymatic activity required to reverse transcribe RNA
into cDNA. The target temperatures for the reaction were set around 42°C. This
temperature had to coincide with the peak functional efficiency of the reverse transcriptase
enzyme. This consideration ensured that secondary structures in the RNA were minimla,
while still allowing the RT enzyme to be active. We used the “Protoscript II reverse
transcriptase”, a recombinant M-MuLV reverse transcriptase with reduced RNAse H
activity from new England Biolabs (NEB). Up to 50°C, this enzyme retains its full activity
thereby promoting high-fidelity synthesis of cDNA. For the oligonucleotide sequence, we
incorporated a methodical calculation into the primer design, and allocated 2°C for each
adenine and thymine nucleotide and 4°C for each cytosine and guanine nucleotide.

Moreover, here were additional measures we took into consideration for the oligo design:

o We calculated and chose sequences to obtain the same temperature for the
corresponding sense and anti-sense oligos.

o Whenever possible, we avoided nucleotide repetitions and favored diversity
towards the 3’ end of the oligo.

o The primers we designed were at the beginning and the end of the intron, with

as many Gs or Cs at the 3” end of the oligo (GC clamp, as shown on Figure 3).

Next, we treated a sample containing 25 ug of C. elegans’ RNA with a DNAse |
enzyme from New England Biolabs. The purpose of this treatment was to remove any
residual genomic DNA that could contaminate the RNA extract. We used filtered pipette

tips to prevent any possible cross-contamination of the RNA sample. The DNAse | enzyme
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was activated using a 10X buffer solution, also sourced from New England Biolabs,
specifically formulated to optimize the enzyme's activity. We then proceeded to dilute the
RNA sample with water and incubated it for a duration of 10 minutes at a controlled

temperature of 37°C to stimulate the enzyme activity.

Besides the primer for the RT, we selected four more primers to perform the PCR
reactions, which serve to amplify the region of interest within the intron. There were two
primers for the primary polymerase chain reaction, and two primers for a second and more
targeted nested PCR reaction. The aim of the nested PCR was to amplify only a specific
sequence around the branch point. The nested sense and antisense primers were designed
with the Xhol and BamHI restriction sites, to allow for the integration of the amplified
DNA segments into a pBluescript 11 KS vector in subsequent steps. The presence of these
restriction sites was key for the cloning phase and made the cutting and pasting of DNA
fragments highly specific. Importantly, these four primers were designed to anneal at a
temperature of approximately 62°C. For the implementation of the experiments AE1-
AE21, we periodically ordered these five primers from the company Microsynth AG. Upon
delivery, each primer was reconstituted with sterile water to precise concentrations of 100
uM for the reverse transcription oligonucleotide and 20 uM for each of the four PCR

oligonucleotides.
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gttagttttcttggatactataaagaatgcageccagaaaaataatttattgaagtaaaaageggtitcaatgaaataaatacctaattt
CICaaaICICIaaIeea ) cttcyg tttgtgtgacacggggaaggtgttaaataaaatttctttagctaaaataaggctgtettt
ticcaagattigaactgecatgattiatitggaattatttttttgagecactiggagtataatgacgatgaagataaaattccttcaaaatt

tgtattcaaggtattaaatgtgaacatttcag

Figure 3: Intron example with the design of the oligonucleotides used for the RT, the
initial and the nested PCR.
The example of our primers’ design methodology is for the fifth intron of the glp-1 gene.

The intron sequence is highlighted with different colors to highlight the specific nucleotide
sequences targeted. Source: Own representation.

The grey RT primer comes first with a reaction temperature of 44°C. The second green
2068S primer had an annealing temperature of 60°C, matching with the antisense primer
2069A. The red 2069A primer comes third with an annealing temperature of 60°C. The
yellow 2071A primer comes fourth, onto which the BamHI sequence GGATCC will be
added to the design. The calculated temperature for this primer was 62°C. Finally, the blue
primer 2070S came last with an annealing temperature of 62°C, matching with the
antisense primer 2071A. The sense primer 2070S will have the Xhol sequence CTCGAG

added to its design.

Following the digestion, it was important to deactivate the DNAse to prevent
further degradation of the cDNA that would be generated through reverse-transcription in
the following step. DNAse | was inactivated by heating the sample to 75°C for 10 minutes.
The samples was extracted with phenol-chloroform, by adding 300 pl milliQ water, 500ul

phenol-chloroform (1:1), vortexing, and spinning for 3 minutes at 10’000 rpm. After two
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consecutive washes with chloroform, the RNA was precipitated overnight at -20°C with
1/10 V Na acetate 3M, pH 5.5 and 2.5 V of ice-cold 100% ethanol. Sodium acetate at pH
5.5 to a tenth of our sample volume, as well as 2.5x our sample volume of ice-cold 100%
ethanol. Sodium acetate helped the precipitation of RNA by providing a source of cations
which neutralize the charge on the phosphate backbone of the RNA. On the next day, we
executed a centrifugation step at 4°C spinning the sample at 13,000 rpm for 30 minutes.
This high-speed centrifugation ensured the formation of a tight RNA pellet. The
supernatant was carefully discarded, and the RNA pellet washed with 70% ethanol to
remove salts. We dried the pellet using a Welch vacuum pump and then resuspended it
with 29 ul of nuclease-free water for the reverse transcription reaction. We next introduced
0.5 ul of the RT primer to the RNA sample, bringing the total volume to 29.5 pl. The
sample was then briefly heated to 70°C for five minutes and immediately centrifuged for

30 seconds at 13,000 rpm to collect any condensate.

We assembled the reverse transcription reaction by adding 1 ul of RNAsin inhibitor
(Promega 40 U) to our sample to protect the RNA from a potential RNAse activity, 5 pul of
100 mM DTT (dithiothreitol) to maintain the enzyme's reduced state, and 10 pl of 5X
Protoscript Il RT buffer to provide the necessary ions and pH for optimal enzymatic
activity. We added 2.5 ul of a 10 mM dNTP mix to supply the nucleotide building blocks
for cDNA synthesis and 2 ul of Protoscript Il RT NEB enzyme to catalyze the transcription
process. We incubated the reaction mixture at approximately 42°C (the exact temperature
depended on the calculated temperature of the primer in use). We let the reverse
transcriptase synthesize the cDNA during an hour, and terminated the reaction by heating

the sample to 90°C for five minutes. We then added 35 ul of water and 10 ul of 2M NaOH
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at 50°C to destroy the RNA. The mixture stood at 50 degrees Celsius for 50 minutes. To
neutralize the solution, we added 14 ul of 2M acetic acid (CH3COOH), 40 ul of 1M Tris-
HCl at pH 7.5, and 200 pl of water. It was essential to ensure that the pH of the solution
was between 6 and 8 before proceeding to the subsequent extraction steps, which once
again involved phenol-chloroform and chloroform to purify the cDNA. We incorporated 1
ul of glycogen at a concentration of 20 mg/ml from Roche AG to enhance the visualization
and recovery of the cONA during precipitation. The sample was precipitated using sodium
acetate and ethanol, as previously described, and left to set overnight at -20°C. The final
steps mirrored the earlier RNA purification process including centrifugation, ethanol wash,

drying, and resuspension to prepare the cDNA for the PCRs.

PCRs
The PCRs were run in a reaction volume of 50 pl. The constituents of the reaction
included 1.5 ul of ANTP mix primers at 2.5 mM, 10 ul of 5X Green GoTaq Buffer, 2 ul of
the cDNA sample, and 1 pul of each of the sense and antisense primers at 20 uM. We also
added 0.5 ul of GoTaq Polymerase (Promega) to catalyze the reaction and 34 ul of distilled

water to bring the volume to the desired 50 pl.
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Figure 4: Following the obtention of our cDNA, we amplified it through two consecutive
PCR reactions: the approximative positions of the primers are shown on the cDNA (PCR1
and nested PCR2).

This allowed us to amplify the specific region where the branch point is located. Source:
Own representation.

To ensure the accuracy and efficacy of the PCR, the program tailored for the reaction was
based on a key factor: the base content of the DNA fragment. The DNA fragment intended
for amplification influenced the specific melting temperatures of the primers being utilized.
These annealing temperatures varied between 57°C and 60°C and the entire PCR program
was broken down into five distinct phases. The DNA template first underwent denaturation
through a one-minute duration phase at a temperature of 95°C. The subsequent phase,
annealing, was set two degrees below the lowest melting temperature between the two
primers (if they had distinct melting temperatures) and this step lasted for one minute. The

elongation phase took place next, where the reaction spent one minute at 72°C for each
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kilobase. This entire sequence from denaturation to elongation was reiterated for a total of
30 cycles. More specifically, after the 4th phase, the cycle reverted to the 2nd phase for 29
more rounds, cumulatively completing 30 cycles. There was then a final elongation stage
of one minute at 72°C. It is important to note that the duration of this elongation was

contingent on the fragment size. For smaller fragments, 30 seconds at 72°C were enough.

The primary PCR procedure was employed with the objective of amplifying the
portion of the RT product that is located between the first set of primers (PCR1 in Figure
4). The goal of this process was to ensure the effective elongation across the critical branch
point of the lariat. Subsequently, the nested PCR (PCR2 in Figure 4) was run to selectively
amplify a shorter segment that encompasses the anticipated branch point. By employing
two nested primers, oriented in opposite directions, we targeted the particular region
immediately adjacent to the branch point for amplification. To identify the ideal annealing
temperature for maximum amplification efficiency, the PCRs were run under different
annealing temperatures. This experimental approach helps to find the most suitable
temperature for the amplification, depending on the specific primers that have been
specifically designed. Following each PCR, the amplicons necessitated purification to
eliminate any contaminants and especially the primers used in the previous PCR. We used
the NucleoSpin PCR Clean-Up toolkit to purify the PCR products. The cleaned PCR
products were then eluted using 30 pl of distilled water to prepare them for subsequent
nested PCR or restriction digestion. To verify the success of the reverse transcription
process and subsequent amplification steps, the amplicons obtained through the nested
PCR were run on a 1% agarose gel. If our procedure was successful, the amplicons were

of the expected size.
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Figure 5: The mass and kilobases are indicated on the left for each lane of a 2-Log DNA

ladder.

This image helped us to verify if our product had the expected weight. Source: Own
representation based on: New England Biolabs.

Finally, when the appropriate conditions for PCR had been determined, the nested PCR
technique was performed in tetraplicates using a cDNA that previously yielded an
amplicon of the expected size and weight. These tetraplicates were next purified using the
NucleoSpin extraction kit to remove primers and salts. The purified DNA was eluted in 30

pl of water to provide a suitable volume for further experiments.
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Digestion with Enzymes Xhol and BamHI

For the purpose of restriction analysis, our amplicon was treated with 1 ul of each
of the restriction enzymes BamHI and Xhol. These enzymes were added to 12 pl reaction
buffer NEB Cutsmart (10X concentrated) containing sodium chloride, Tris-HCI,
magnesium chloride, and bovine serum albumin. The addition of this particular buffer
composition was important as it ensures the maximum activity of the enzymes. 78 pul of
water were also added to the mixture to reach a total volume of 120 ul. The sample was
incubated at 37°C overnight to enable the complete digestion of the DNA what is crucial
for precise modification of the amplicon. Following the digestion, the sample was
subjected to electrophoresis on a 1% agarose gel. This gel electrophoresis separated the
DNA fragments based on their size, and allowed to identify the amplicon of the correct
size. We sliced this fragment from the gel and extracted the DNA using the NucleoSpin
toolkit. We went on to elute the sample in 30 ul of water to ensure the recovery of DNA in

the appropriate volume.

Quantification and Ligation

An aliquot of our sample (about one tenth) was run on a 1% agarose gel to
accurately quantify the purified DNA. The intensity of the band under ultraviolet light was
directly proportional to the amount of DNA present in the sample. By comparing the band
intensity to that of a known standard, we could determine the concentration of the DNA.
This was important as knowing the precise concentration of the DNA allowed us to
calculate the amount of insert needed for the subsequent ligation reaction. Next, we added
5 ul of the amplicon to 1 pl of pBluescript vector (10 ng/ul) cut by the enzymes BamHI

and Xhol. Two Eppendorf tubes were used, one with 5 ul of the insert (tube +) and one
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without the insert (tube -). We added to both tubes 1 pl of a Promega 10X Ligase Buffer,
1 ul of the vector, 1 ul of the T4 DNA Ligase (Promega), and water to reach a total volume
of 10 ul per tube. The Eppendorf tubes were then left overnight at 15°C, and at 4°C the

following day. Importantly, the tube - was helpful to verify if the ligation worked.

Transformation for Cloning

We transformed the recombinant vector into bacterial cells, which replicate and the
inserted gene. The selection of bacterial cells that have successfully taken up the
recombinant vector was achieved using a medium containing ampicillin. The vector we
used was designed to include an ampicillin resistance gene, conferring a survival advantage
to bacteria that have been transformed. The bacterial host for the transformation was the E.
coli DH10B strain. The DH10B strain displayed a high competency and suitability for
receiving genetic material through electroporation. Notably, electroporation allowed us to
permeabilize the bacterial cell walls and facilitate the uptake of the recombinant DNA. The
transformation parameters were set on 1600 Volts for the pulse, 200 Ohms for the
resistance, and 25 pFaraday for the capacitance. We recovered the cells in a SOC medium
at 37°C for one hour. This recovery period was important for the cells to repair their
membranes and to begin expressing the antibiotic resistance gene. Post-recovery, the
bacterial suspension was spread onto agar-solidified LB medium containing ampicillin to
select for the cells that successfully integrated the plasmid. We incubated the bacteria

overnight at 37°C and colonies emerged the next day.

We selected and subjected twelve colonies to a T3-T7 PCR assay to identify the

ones which integrated the vector with the desired insert. This assay targeted the T3 and T7
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promoters on both sides of the cloning site in pBluescript. Each PCR tube had a volume of
20 pl while the full solution for 13 PCR tubes contained 52 pl of GoTaq Green Buffer, 39
pl of 2.5 mM dNTP mix, 13 pl of T3, 13 pl of T7, 5.2 pl of Wonder Taq DNA polymerase,
138 ul of water, and a portion of the colony collected directly from the plate. The PCR
products were next analyzed through an agarose gel electrophoresis. This analysis focused
on the PCR-amplified polylinker region of the vector. Based on the size of specific bands
on the gel we could identify the colonies that integrated the insert: a 130 bp amplicon
corresponded to an empty vector, while larger amplicons were indicative of the presence

of an insert.

From the identified positive colonies, we usually chose eight and extracted the
plasmid DNA using the InnuPREP kit according to the manufacturer’s specifications
(analytikjena). Subsequently, we dispatched our purified plasmid samples to Microsynth
for sequencing with the T7 primer. The resulting sequence data was not only necessary to
locate the branch point, but also provided important information regarding the structural
organization of the sequence. We could then compare the lariat sequence to the one of the

intron.
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Chapter I11.

Results

The nested PCR results were stepping stones towards the completion of our
protocol to identify new branch points. The agarose gels electrophoresis enabled us to
verify the presence of amplicons corresponding to the anticipated size. We observed
distinct bands on the agarose gels, and the presence, size, and especially the sequence of
the amplicons indicated whether the target sequence was successfully amplified.
Unfortunately, the experiments AE2, AE3, AE5, AE6, AE7, AE10, AE11, AE12 were not
conclusive. The weight of the products was most commonly too light, or the bands were
absent from the agarose gel. Although various reaction parameters were undertaken, these
failures may have been due to inadequate reaction temperatures. We would have had to

intensify our efforts by trying other PCR temperatures or by using alternate RNAs.

AE1 — thb-4 (1)
In AEL, the expected product of the nested PCR was a fragment measuring 95 bp.
The amplicons resulting from different PCR have been compared by agarose gel
electrophoresis. Reactions loaded in lanes 2 and 4 were visible, unlike the ones in lanes 1,
3, 5 and 6. Two notable differences between the reactions that led to the results in lanes 2
and 4 were the annealing temperatures during the two PCRs, as well as the RNA we used.

Two amplicons of 95 bp were obtained, cloned, and analysed.
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Figure 6: The agarose gel electrophoresis showed the nested PCR products for intron Il of

the tbb-4 gene.

To accurately determine the size of the DNA fragments present, a 2-Log DNA ladder is
utilized on the far left lane as a molecular weight marker. The ladder consists of a range
of known DNA fragment sizes, which, once run on the gel alongside the PCR products,
provide a reference for estimating the size of the experimental DNA bands. The white star
indicates the 100 bp reference of the ladder, and the line shows the weight approximation
of the two products, slightly under the second bar of the ladder (200 bp). The annealing
temperatures set for the first and nested PCRs were 58°C and 58°C respectively, in lane 2.
The annealing temperatures set for the first and nested PCR were 58°C and 59°C
respectively, in lane 4. Despite this temperature variation in the second PCR, the end
products of the reactions in these lanes were similar. Additionally, the N2 RNA we used in
lanes 2 and 4 seemed to have also played an important role in the AE1 experiment’s success
as the other lanes did not yield a similar result. In fact, the lanes 1, 3 and 5 contained
samples with the RNA AP383. Source: Own representation.

Here, the agarose gel electrophoresis confirmed the integrity and specificity of the
PCR amplification. The bands present in lanes 2 and 4 of the gel align with the 100 base
pair marker on the DNA ladder, and indicate the successful amplification of the desired
product of an expected size of 95 bp. The correspondence of these bands to the expected

size enabled us to pursue the AE1 experiment to identify the branch point.
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Figure 7: The agarose gel electrophoresis displayed twelve PCR bands around 200 bp.
The figure shows our result following the PCR on the twelve bacterial colonies. The
bacterial colonies selected on the positive plate have integrated the insert. The star stands

at the 200 bp position of the ladder, indicating the approximate weight of our products.
Source: Own representation.

Finally, minipreps were run and colonies sent for sequencing. All colonies displayed the
same sequence, which can be read on Figure 7. By comparing the amplicon and intron
sequences, we observed the same motif present at “gtta”. The preceding thymine

nucleotide was the branch point located at -32.
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Colony 4 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 6 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 4 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 7 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTCACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 8 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTITTTTTTITTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 9 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 11 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Colony 12 :
CTCGAGAAGATTATTTAACTGTGTGGCCTTTTTTTACCAATGTTCTTTTTAATGTTA
GTTTTTTTTTTGTTTCGGAAAAAGATAATCTACAGGATCC

Intron II :

gttagtttttttttgtttcggaaaaagataatctacagataatagttgaatttcactattgactcticaaaaatactactcattttcaaaatccgaa
aagattatttaactgtgtggcctttttttaccaatgttctttttaatgttatttttttttctaaccgaactttttcag

Figure 8: Sequencing report for the eight colonies.

The sequence of the second intron of thb-4 is also indicated. Source: Own representation.
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AE4 — mom-4 (V)
The length of the expected product for the nested PCR was of 236 bp. The first samples we
placed in lanes 1-6 were visible on the gel at around 100 bp, and therefore not anticipated.

We ran the initial and nested PCRs again with different annealing temperatures.

Figure 9: The agarose gel electrophoresis showed the nested PCR products for intron V of
the mom-4 gene.

The annealing temperatures set for the first and nested PCRs were varying between 58°C
and 59°C for all lanes. The weight of all bands around 100 bp was lower than expected.

The RNA we used was the AP383 for the lanes 1, 3, and 5, and the N2 for the lanes 2, 4,
and 6. Source: Own representation.
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Figure 10: The agarose gel electrophoresis showed how the bands in lanes 1 and 3 align
between the 200 and 300 bp marks of the DNA ladder, indicating our procedure went
accordingly.

The figure highlights the success of those conditions. In the first lane of the gel, the
conditions were 56°C and 56°C for the first and nested PCRs respectively. In lane 3, the

conditions were 56°C and 57°C for the first and nested PCRs respectively. We used the
RNA AP383 in both lanes. Source: Own representation.

We continued the AE4 experiment by preparing the amplicons of expected sizes for further
analysis. All colonies displayed the same lariat sequence (as shown on Supplemental
Figure 1). By comparing the lariats and intron sequences, we identified a unique branch
point at the position -17 which is an adenine nucleotide. We also noted that the 5’ guanine

from the intron was lost through the experiment.

AES8 —glp-1 (1)
Following the reverse transcription and PCRs on the second intron of the glp-1

gene, we observed on lanes 1 and 3 of the gel two products slightly below the 200 bp mark.
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We expected our sample to have a length of 178 bp, and therefore pursued experiment AE8

using these conditions.

Figure 11: The agarose gel shows the two bands in lane 1 and 3 with the anticipated weight.
The temperatures in lane 1 were 61°C and 59°C for the initial and nested PCR respectively.
In lane 3, the temperatures were 61°C and 60°C for the primary and nested PCR

respectively. The RNA we used in both lanes was the AP383. The bands in lanes 2, 4, and
5 were too heavy and did not reflect our expectations. Source: Own representation.

We sent our colonies for sequencing and all displayed the same sequence, as indicated on

Supplemental Figure 2. Unfortunately, we could not identify a branch point and concluded

that the eight clones had circular introns with 3’ and 5’ ends joining together.
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AE9 - atx-2 (V)
The expected product of the nested PCR was a DNA fragment measuring 227 bp
in length. Two samples placed in lanes 1 and 3 were visible on the gel at around 250 bp,

meaning our reverse transcription and PCRs went admirably.

Figure 12: The gel shows the nested PCR products for intron V of the atx-2 gene.

The first and third products were adequate. The products in lanes 2 and 4 were too heavy,
while no signal was detected in lanes 5 and 6. The annealing temperatures for the first and
nested PCRs were set respectively at 61°C and 59°C for the first lane, and at 61°C and
60°C for the third lane. The RNA we used for both lanes was the AP383. The star stands
at the 300 bp mark, and the line cuts the middle of our products to reach slightly under the
300 bp mark of the ladder. Source: Own representation.
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We continued the experiment AE9 by running PCRs for the bacterial colonies. We sent the
positive colonies for sequencing, and discerned bacterial clones with the same adenine

branch point located at -18. More details are displayed on Supplemental Figure 3.

AE21 —glp-1 (V)
Following the experiment AE21, we expected a PCR product of 163 bp. Our
procedure went as planned and allowed us to obtain great results on the agarose gel.
Interestingly, Supplemental Figure 4 shows how additional nucleotides were added to the

intron’s sequence. The branch point was adenine in the position -20.

Figure 13: The figure shows the six lanes of the agarose gel with the nested PCR products
for the fifth intron of the glp-1 gene.

The fifth lane displayed a product with a weight of approximately 200 bp. The other lanes
did not carry relevant products. The successful conditions were 58°C and 60°C for the first

and nested PCRs respectively. We used the N2 RNA in the fifth lane and the band was
slightly below the 200 bp mark. Source: Own representation.
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Chapter 1V.

Discussion

The determination of the distance between the branch point and the 3' end of the
intron is one of the key measures we collected during our analyses. This metric corresponds
to the linear portion of the intron that remains untranscribed by the reverse transcriptase
(Figure 4). Conversely, the segment of the intron that runs from the 5' splice site to the
branch point forms the circular part of the lariat. This region is characterized by its

involvement in the first nucleophilic attack.

AE1 and AE4

In the experiment AEL, it is interesting to observe that the branch point thymine
was abnormally distant (32 nucleotides) from the 3’ end of the intron. Additionally, the
four nucleotides “gtta” were not only present directly after the branch point but also at the
5’ end of the intron. It is possible that these nucleotides influenced the nucleophilic attack
by pairing with U1 snRNA on the branching nucleotide next to them. Moreover, the
sequence similarity between the 5’ and 3’ ends of the intron could have played a role in the
branching reaction. The Puoti Lab discovered a similar branching pattern in the sixth intron
of the myo-3 gene. The thb-4 and myo-3 are different genes and not always expressed in
the same cells, but both are involved in cytoskeleton: tubulin and myosin. The branching
process is therefore most likely independent from where and why the gene is expressed.
However, since the introns tbb-4 (I1) and myo-3 (VI) are relatively short, there were
probably fewer branch point options for the 5’ end of the intron to take. Finally, more data

from the Puoti Lab also revealed that the branch point thymine is more rarely chosen in
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comparison to the branch point adenine. This has also been observed in all other species,
which branch point formation has been investigated. Put together, these facts may support
that more uncommon and less predictable branch point characteristics could be influenced

by a shorter length of the intron.

The experiment AE4 focused on the fifth intron of the mom-4 gene, where the
branch point we found was adenine at the position -17. Adenine was the most common
branch point unveiled through our experiments. This may be due to its primary amine group
that can act more easily as a nucleophile than other branching nucleotides. In fact, it can
effectively attack the phosphate group at the 5' ss and initiate the formation of the lariat
structure. The structure of adenine allows for the correct orientation and reactivity
necessary for this chemical reaction. These properties may contribute to the energetically
favorable conditions required for the nucleophilic attack that is central to splicing. We
should finally note that mom-4 (V) is a longer intron than tbb-4 (11) and myo-3 (V1) are. As
we suggested, this increased length adds more branch point options which in turn tends to

reduce the energy needed for the reaction.

Circular Introns
Although encouraging results were obtained following the nested PCR of the
second intron of glp-1, the sequencing report indicated that the 3’ and 5’ ends of the
intron joined together to form a circular shape. The experiment AES8 could therefore not
be added to our branch point collection. Supplemental Figure 2 displays how the 5* end
of the intron bound directly to its 3’ end itself. glp-1 (I1) was a relatively long intron, and

the reason behind its 3’-5 binding remains unknown. Other circular introns have been
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found with glp-1 (1V) , lon-1 (1), pha-4 (V), and unc-68 (IX) (Puoti lab unpublished).

Nevertheless, circular introns are not a general feature of glp-1.

( )
I o—

5SS Normal lariat

( )
— °

5'SS  Circular intron

3’ss

3’ss

Figure 14: The illustration of the branching mechanism of a normal lariat is shown on
top, opposing the branching process of a circular intron displayed below.

Source: Own representation.

Circular introns present intriguing sequences and structural configurations that
categorize them as intermediate forms. Importantly, circular introns may be linked to the
biology of circular RNAs. The biogenesis of these molecules is an intriguing aspect of
post-transcriptional regulation, where they are formed either during or after transcription.
This process is known as back-splicing, a special type of splicing event where a
downstream splice donor joins an upstream splice acceptor, resulting in a covalently closed
continuous loop (Awan et al., 2013). Such studies highlight the presence of similar

circRNAs within the transcriptomic landscape, and reinforce the concept that such
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circularized introns could indeed be products of back-splicing events. The existence of
these circRNAs raises the question of whether they are by-products of reverse transcription
errors and amplification mishaps, or if they represent the products of an alternative splicing
mechanism. This mechanism could be operational in instances where the standard splicing
machinery fails to identify the correct branching nucleotide under certain conditions. A
multitude of studies have supported the notion that C. elegans introns generally undergo
splicing via branch point recognition. Given these intricacies, it is plausible that splicing
within C. elegans oscillates between canonical branch point recognition and back-splicing.
Such diversity in splicing mechanisms within a single organism underlines the adaptability
of the RNA processing machinery, suggesting that the splicing system is a versatile and

dynamic network capable of adjusting to various cellular contexts.

AE9 and AE21

The fifth intron of atx-2 yielded the branch point adenine located at position -18. In
parallel, the adenine nucleotide was also the branch point of the fifth intron of glp-1, yet
on position -20. Atx-2 (V) and glp-1 (V) are relatively long introns, and the results of these
experiments also support that the nature and position of the branch point is influenced by
the length of the intron. There may not be a general consensus for the branching nucleotide
in C. elegans, however, the influence of optimal reaction conditions through the increased
number of nucleotides within an intron could enhance the selection of adenine as the
branching nucleotide. This adaptability might reflect an evolutionary safeguard, enabling
organisms to maintain gene expression under a range of environmental conditions, intronic
mutations, or stressors. In further experiments, we should aim to dissect these mechanisms

in detail and explore the conditions under which each branch point is favored.
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Understanding these processes could unlock new dimensions of the post-transcriptional
regulation processes, with far-reaching implications in both basic biology and the

development of therapeutic strategies.

Comparison of Branch Points

The branch point sequence, once recognized, can be aligned with corresponding
regions from other sequences for comparative studies. The alignment process involves not
just the branch point sequence but also some of the surrounding sequence. Our alignments
typically included nine nucleotides extending from the branch point towards the 3’ splice
site (“downstream”), as well as twenty nucleotides preceding the branch point (“upstream’)
as shown in Figure 15. This choice ensures a comprehensive analysis of potential splicing
signals. Within these alignments, the branch point can be denoted with a capital letter,
serving as a clear marker to differentiate it from the adjacent nucleotides. Alignments are
crucial as they allow for the detailed examination of the conservation and variation of
splicing signals within and across different genes. Such detailed characterizations are
important to understand the mechanisms of branch point selection, and can have
implications for identifying splicing mutations. Below are the branch point sequences of

the four introns we analyzed. The position of the branch point upstream to the 3’ ss is also

indicated.
tbb-4 (1) uuuaccaauguucuuuuuaalguuauuuuu U on position — 17.
mom-4 (V) CuuuuuaaaacaaaauccucAauucccuuc A on position — 18.
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atx-2 (V) uuuuguuuaaacaaugacucAuucuacuua A on position — 20.

glp-1 (V) ucaaaauuuguauucaagguAuuaaaugug A on position — 32.

Figure 15: The four branching regions identified in our study.

For comparison purposes, we have chosen arbitrarily to show 20 nucleotides upstream
and 9 nucleotides downstream of the branch point. Source: Own representation.

Yet, we decided to incorporate into our branch point consensus study more sequences
from the Puoti Lab. We therefore added to our alignment the branch point sequences of
the introns acr-23 (1), acr-23 (1V), bar-1 (1V), let-363 (1X), and wrm-1 (V111), which
have been identified in parallel by other people from the laboratory. These introns’

sequences can be found in Supplemental Table 1.

[Tt
el gl

NOTHOMNOO®

5 3

Figure 16: Our alignment reveals adenine as the most frequent branch point.
The figure displays our alignment including nine branch point sequences (the gene let-363

gave two different branch points). We placed the branch points on position 0, and displayed
twenty nucleotides upstream and nine nucleotides downstream of the branch point. Source:

Own representation based on: Weblogo.
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Cytosine appears as a relatively frequent nucleotide in the position -1. Additionally,
adenine and uracil are quite frequently present in the positions -1 and +1. Guanine looks
absent here from the position -1, just like cytosine is from the position +1. It is possible
that the branch point is not only defined by the presence, but also by the absence of certain

nucleotides at specific positions.

The consensus sequence characterizing the branch points in Caenorhabditis
elegans introns does not exhibit the stringent consensus observed in yeast, which boasts a
well-defined sequence of UACUAAC (Berglund et al., 1997). Instead, it displays a level
of versatility that more closely resembles the flexible human consensus sequence, denoted
as YNYURAY (Moore et al., 1993). This observation points to a significant variability
within splicing sequences across different species. The general consensus sequence that
has emerged from our alignment of ten branch points within C. elegans is DHNDHWW,
if the most prevalent nucleotides are considered. However, data from the Puoti Lab based
on the comparison of over 100 branchpoints has shown a consensus sequence
corresponding to WWWWNAW. This consensus sequence might be more accurate than
ours given the increased number of introns they used in their alignment. Nevertheless, this
pattern underscores a degree of variability that deviates from the stricter patterns observed
in other organisms. The emphasis seems to be shared among the chemical identity of the
branching nucleotide with its positional context and the sequence motif that encompasses
it. These factors appear to play an important role in the selection of a branch point for
splicing. Our research reveal that while the position of the branch point and its adjacent
sequence motifs are crucial for accurate intron recognition, they may not be absolutely

imperative for the splicing process to occur. This notion is reinforced by findings that
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demonstrate that not all introns rely on branch point recognition for their splicing,
indicating that other splicing mechanisms may be at play. The complexity of the splicing
landscape in C. elegans, as evidenced by these findings, challenges the traditional
understanding of the splicing mechanism as a uniform and rigid process. It becomes clear
that both positional cues and sequence context contribute to the splicing decision-making
process, albeit not always in an indispensable manner. Given the evolutionary distance
between the species compared, this variation in splicing mechanisms highlights the
adaptability and diversity of RNA processing across different forms of life. To better
understand the full extent of this complexity, it is clear that we must delve deeper into the
splicing paradigms of C. elegans, expanding our work to uncover novel splicing factors or

alternative pathways that contribute to selecting the branching nucleotide.

The absence of a clear branch point consensus is not unique to C. elegans. It is a
phenomenon observed across a diverse range of species, each with its own unique
evolutionary trajectory. This lack of clarity often arises in species that have undergone
significant genetic divergence or are isolated. Microbial species, including both bacteria
and archaea, often exhibit complex evolutionary histories due to horizontal gene transfer,
making it challenging to identify their branch points. The phenomenon is also apparent in
cryptic species complexes, where what was once thought to be a single species is actually
a collection of closely related but genetically distinct entities. This is often observed in

insects, fungi, and plants.
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Conclusion

The comprehensive analysis of our data has indicated the existence of a branch
point within medium to large introns in Caenorhabditis elegans. This branch point, most
commonly an adenine, is strategically positioned within 32 to 15 nucleotides upstream of
the 3'ss. The mean for the position was —20 nucleotides (including the six additional branch
points) from the 3 ss. This positioning aligns with the spatial configurations documented
in other species, such as yeast and mammals, suggesting a conserved structural
arrangement across diverse life forms. Our sequence alignment of the ten introns delineated
that the branch point is encased by a sequence pattern where cytosine usually precedes it
first upstream, and adenine as well as uracil often follow downstream. Frequently, the
branch point position excluded the presence of cytosines or guanines.

We have ascertained the identity of the branch point within four introns. We also
demonstrated that adenine emerges as the predominant splicing branch point. However, it
IS important to note that our observations are limited to the identity of the branch point and
its vicinity. The branch point sequence within C. elegans exhibits variability and a distinct
consensus sequence does not seem to exist. Rather, the absence of a defined consensus
sequence in C. elegans unveils a versatile splicing mechanism in the nematode. We believe
that the properties of this mechanism allow more flexibility for the fate of the excised
intron, and may enhance the level of control the organism has over its genome expression.

Branch point mutations in human genetics affect a critical region for the splicing of
pre-mRNA into mature mRNA. These mutations may disrupt the normal splicing process,
leading to the misregulation of gene expression and potentially resulting in various health

conditions. A few examples of how such mutations can impact human health include Spinal
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Muscular Atrophy (SMA), Beta-Thalassemia, and cancers. SMA is caused by mutations in
the SMN1 gene. Although not all cases are due to branch point mutations, alterations
affecting splicing of the SMN2 gene, a paralog of SMN1, can influence the severity of the
disease. Modifications in the splicing process can lead to decreased production of the SMN
protein, critical for the survival of motor neurons. Additionally, Beta-Thalassemia is
characterized by reduced production of the beta-globin chain of hemoglobin due to
mutations in the HBB gene. Some beta-thalassemia mutations are located at the intronic
splicing branch point, leading to improper splicing of the beta-globin mRNA and,
consequently, reduced or absent beta-globin production. Various cancers have also been
associated with branch point mutations. For instance, mutations affecting splicing
regulation can lead to the misexpression of oncogenes or tumor suppressor genes,
contributing to cancer development and progression. While specific branch point mutations
are less frequently cited as direct causes in mainstream literature, these examples
underscore the critical role of precise mMRNA splicing in human health and how mutations
in splicing branch points can lead to a range of health issues. Advances in branch point
research help elucidate the impact of these crucial mutations, offering insights into

potential therapeutic targets.
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Appendix 1.

Supplemental Tables

acr-23 (1) caagccaaaauuugaaaaaaAaaacugaaa  Position -17

acr-23 (IV)  uacauacuccaucuugaaacAuuuuuuuca  Position -19

bar-1 (1V) ugcugaaaaaaacauuauucAaacaaaaau  Position -16

let-363 (IX)  uuuugggguuguauuuaugcAaaagauuua Position -18

let-363 (IX)  agaguuuugggguuguauuuAugcaaaaga Position -22

wrm-1 (VII1) uucccauaauucccuuuuacAauucacgau  Position -19

Supplemental Table 1: The branch point sequences of five introns researched by the Puoti

Lab highlight that the adenine nucleotide is the most frequent branch point.

The intron let-363 (1X) revealed two branch points. Source: Own representation.
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Appendix 2.

Supplemental Figures

Cl

CTCGAGTAAATTATCAGAAATCTTTAGCGGTCAGTTTTCAAAATTAAAATTAAAT
CACCTACTGTGGTCATGAGTTTTTGATAGCAGAAATTATTGAAAGAAATATATAT
GTTGGATGTGAAGATGTTTTCAGTGATTTTTGAAAATTAACAGAAAAATATTGAA
ATTTTTTTCTTTACTATTAGCTAATATATTAGGTAAATTTTTTAAAAGTTGAAAGA
ATTAATGGGCGAGATCCTGTCAATTTAAGGATCC

C8

CTCGAGTAAATTATCAGAAATCTTTAGCGGTCAGTTTTCAAAATTAAAATTAAAT
CACCTACTGTGGTCATGAGTTTTTGATAGCAGAAATTATTGAAAGAAATATATAT
GTTGGATGTGAAGATGTTTTCAGTGATTTTTGAAAATTAACAGAAAAATATTGAA
ATTTTTTTCTTTACTATTAGCTAATATATTAGGTAAATTTTTAAAAGTTGAAAGAA
TTAAGGGCGAGATCCTGTCAATTTAAGGATCC

c9

CTCGAGTAAATTATCAGAAATCTTTAGCGGTCAGTTTTCAAAATTAAAATTAAAT
CACCTACTGTGGTCATGAGTTTTTGATAGCAGAAATTATTGAAAGAAATATATAT
GTTGGATGTGAAGATGTTTTCAGTGATTTTTGAAAATTAACAGAAAAATATTGAA
ATTTTTTTCTTTACTATTAGCTAATATATTAGGTAAATTTTTTAAAAGTTGAAAGA
ATTAAGGGCGAGATCCTGTCAATTTAAGGATCC

C10

CTCGAGTAAATTATCAGAAATCTTTAGCGGTCAGTTTTCAAAATTAAAATTAAAT
CACCTACTGTGGTCATGAGTTTTTGATAGCAGAAATTATTGAAAGAAATATATAT
GTTGGATGTGAAGATGTTTTCAGTGATTTTTGAAAATTAACAGAAAAATATTGAA
ATTTTTTTCTTTACTATTAGCTAATATATTAGGTAAATTTTTTAAAAGTTGAAAGA
ATTAAGGGCGAGATCCTGTCAATTTAAGGATCC

Cl11

CTCGAGTAAATTATCAGAAATCTTTAGCGGTCAGTTTTCAAAATTAAAATTAAAT
CACCTACTGTGGTCATGAGTTTTTGATAGCAGAAATTATTGAAAGAAATATATAT
GTTGGATGTGAAGATGTTTTCAGTGATTTTTGAAAATTAACAGAAAAATATTGAA
ATTTTTTTCTTTACTATTAGCTAATATATTAGGTAAATTTTTTAAAAGTTGAAAGA
ATTAAGGGCGAGATCCTGTCAATTTAAGGATCC

Intron V :

Gtgagtttttgatagcagaaattattgaaagaaatatatatgttggatgtgaagatgttticagtgattittgaaaattaacagaaaaatattg

aaatttttttctttactattagctaatatattaggtaaattttttaaaagtigaaagaattaatggeggagatcetgtcaatttaacaatttagatttt
agaaaaattcaacaaaatcttttgaaattttaagtgaatttagtacagaaaagcagaaatgtttcgaatccatttttagacattcgaaaaatta
attttaaagggttctacatttttgtgtgagctattittittatttttttaagcaaaaagttccttgaaaattggtccacaaaataatgtgtaaaatcta
aaaaaaatcatttttaaaaaataatatttcaaagtggatttaaaaatatcctccaagaagaactaatcatatgaaaataattttaaaaagccat
tttaaaagtaaaaatgaggaatttcttaatttttgtagettttcaaatttcaataaattatcagaaatctttageggtcagtittcaaaattaaaatt
aaatcacctactgtggtcaatcaaaataatttcag

Supplemental Figure 1: Sequencing report for five identical colonies.

The sequence of the fifth intron of mom-4 is also indicated. The 5’ "g" nucleotide from the

intron was lost. Source: Own representation based on: Puoti Lab.
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C15

CTCGAGCACATCTTCATCGCCTTTGTCATGCGATTTATTGCAAATGTTCGGTTTCATTGCGCGGGGGC
AGTAGTATAAATCAAGCAGATGTTGTTACACAGACAGCCATGAGAAAATATTTATAAGTTTTATTATT
CAG_GTAATTTTGTGAATCCTAAAATCTGTTAAATATCATAATATTTTGCCCGAAACGACCTATTTTCA
GGATCC

C18

CTCGAGCACATCTTCATCGCCTTTGTCATGCGATTTATTGCAAATGTTCGGTTTCATTGCGCGGGGGC
AGTAGTATAAATCAAGCAGATGTTGTTACACAGACAGCCATGAGAAAATATTTATAAGTTTTATTATT
CAG_GTAATTTTGTGAATCCTAAAATCTGTTAAATATCATAATATTTTGCCCGAAACGACCTATTTTCA
GGATCC

C14

CTCGAGCACATCTTCATCGCCTTTGTCATGCGATTTATTGCAAATGTTCGGTTTCATTGCGCGGGGGC
AGTAGTATAAATCAAGCAGATGTTGTTACACAGACAGCCATGAGAAAATATTTATAAGTTTTATTATT
CAG_GTAATTTTGTGAATCCTAAAATCTGTTAAATATCATAATATTTTGCCCGAAACGACCTATTTTCA
GGATCC

C16

CTCGAGCACATCTTCATCGCCTTTGTCATGCGATTTATTGCAAATGTTCGGTTTCATTGCGCGGGGGC
AGTAGTATAAATCAAGCAGATGTTGTTACACAGACAGCCATGAGAAAATATTTATAAGCTTTATTATT
CAG_GTAATTTTGTGAATCCTAAAATCTGTTAAATATCATAATATTTTGCCCGAAACGACCTATTTTCA
GGATCC

C19

CTCGAGCACATCTTCATCGCCTTTGTCATGCGATTTATTGCAAATGTTCGGTTTCATTGCGCGGGGGC
AGTAGTATAAATCAAGCAGATGTTGTTACACAGACAGCCATGAGAAAATATTTATAAGTTTTATTATT
CAG_GTAATTTTGTGAATCCTAAAATCTGTTAAATATCATAATATTTTGCCCGAAACGACCTATTTTCA
GGATCC

Intron |l :

gtaattttgtgaatcctaaaatctgttaaatatcataatattttgcccgaaacgacctattttcataatgggacttctcaaatctttaaa
tcaaattatcgcctttttgcatagtttgataaatactttatctcgattcaagtgtattctaatcaatcattttaagattttaaacgtttcaa
attcaaaattttgttccatgttttacttccacctttttcttcatctgecctttttcatagecggcaatctttttcaccacatcatccatcatca
cactgcgagtgtatttttctttgattgtgcccgacttgtacgeaattttttgtttcaggatatatcaaaatttcgaaaacttattagggaa
aacacgcgaccatacgtataataattctcccgggagatcccaacattgacaaattgtaccgeattegtggtatectatttttcatttct
acgctctcaaaatgaccgctagtgatagatagcettctactaggtcatattcgecacatcttcatcgectttgtcatgegatttattgeaaa
tgttcggtttcattgcgegggggcagtagtataaatcaagcagatgttgttacacagacagecatgagaaaatatttataagttttatt
attcag

Supplemental Figure 2: Sequencing report for five identical colonies.

The sequence of the second intron of glp-1 is also indicated. The _ in the colonies sequences
indicates the joining of the 3’ and 5’ ends of the intron. Source: Own representation based
on: Puoti Lab.
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C26

CTCGAGTGCCGAGACCGGGTAACGTATTTTTGGTAGAAATTCGATTTTTGATTCCTTAGAAAACAATT
TCCGTCGTTTTTGTTTAAACAATGACTCAGTTCGTGTACATTCCCGAGAGTACAGTGTGTCTCTTTGAT
CATTATCTCTCTCTCGTTCTCTTTCTCCGCGTCCAACAGTTCTTTTTTCGGTGTATTCCGTTTTCTTGACC
CATTTCGCATGACATAATTTGGATCC

C32

CTCGAGTGCCGAGACCGGGTAACGTATTTTTGGTAAAAATTCGATTTTTGATTCCTTAGAAAACAATT
TCCGTCGTTTTTGTTTAAACAATGACTCAGTTCGTGTACATTCCCGAGAGTACAGTGTGTCTCTTTGAT
CATTATCTCTCTCTCGTTCTCTTTCTCCGCGTCCAACAGTTCTTTTTTCGGTGTATTCCGTTTTCTTGACC
CATTTCGCATGACATAATTTGGATCC

Cc27

CTCGAGTGCCGAGACCGGGTAACGTATTTTTGGTAAAAATTCGATTTTTGATTCCTTAGAAAACAATT
TCCGTCGTTTTTGTTTAAACAATGACTCAGTTCGTGTACATTCCCGAGAGTACAGTGTGTCTCTTTGAT
CATTATCTCTCTCTCGCTCTCTTTCTCCGCGTCCAACAGTTCTTTTTTCGGTGTATTCCGTTTTCTTGACC
CATTTCGCATGACATAATTTGGATCC

C28

CTCGAGTGCCGAGACCGGGTAACGTATTTTTGGTAAAAATTCGATTTTTGATTCCTTAGAAAACAATT
TCCGTCGTTTTTGTTTAAACAATGACTCAGTTCGTGTACATTCCCGAGAGTACAGTGTGTCTCTTTGAT
CATTATCTCTCTCTCGTTCTCTTTCTCCGCGTCCAACAGTTCTTTTTTCGGTGTATTCCGTTTTCTTGACC
CATTTCGCATGACATAATTTGGATCC

Intron

gttcgtgtacattcccgagagtacagtgtgtctctttgatcattatetctetetegttctetttectecgegtccaacagttcttttttcggtg
tattccgttttcttgacccatttcgeatgacataatttcgetageggetgeageggttgtettcagetgattaattggagtgtttttecteg
tgggatgcggaaaaaagegattttttttttgcaaattttcagcaaaaaaatcagatttttcccatcagaaaaccaatttttecattcttte
ctcacattttgatcacagaaatacgaaataattctgcaatagtgttattttcagtggaaaaatcgtttttttttccgatttttgactgaaa
aacgttttctttgtgtcagaaaaaacaagtaaatgecgatttttaagtgaaaacgccgaaaaaaaaaattgaaaaaatgaccgaac
gggtcccagtttatccatacaaacacacctgegtctctgatacatgetttcatcaagtctctctctetacctetgtctacctetetetctet
gtccgcttectcaccgettatcatcttcatcatcatcatcacaagttggttgtgttcttctcgaaaaaccgtgttgtetatgttgtgtace
aatcgatcgttagggaggcegecacactttetcteteteteteattectttecgetcetettttttcteggtgattttttgttgttgtgtgtgtat
ctgaatgatgatgaaacatgcgatcgttcataccttttttgectectttgecagettcaccagtectcagatecttctagataatggaaat
tccacagttttcgaagtttttagtgtcttttaaaagaaatcttgatttaaattcctcttgaaaatctgtcagaatcagatcaagageatt
ttggtatagcgttaaaatactgtaaccggtctcgacacgacatatttgtgtttaatggtatgecacctttaaagagtactgtattttcaaa
ctctttttgctgcgaaatttctgttttttcatagtttcatatgaatattccacagcaacaagagtttgaaatattttttcaaggcegcccac
ccttttgcattaaacaagcttgtcgtgecgagaccgggtaacgtatttttggtaaaaattcgatttttgattccttagaaaacaatttee
gtcgtttttgtttaaacaatgactcattctacttaattttcag

Supplemental Figure 3: Sequencing report for four identical colonies.

The sequence of the fifth intron of atx-2 is also indicated. Source: Own representation
based on: Puoti Lab.
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Colony 4 :

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAATTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Colony 6 :

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAGTTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Colony 10

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAATTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Colony, 12

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAATTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Colony 13 :

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAATTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Colony 14

CTCGAGGCCACTTGGAGTATAATGACGATGAAGATAAAATTCCTTCAAAATTTGTA
TTCAAGGTAAGACGTTAGTTTTCTTGGATACTATAAAGAATGCAGCCCAGAAAAAT
AATTTATTGAAGTAAAAAGCGGTTTCAATGAAATAAATACCGGATCC

Intron V :

TATCGAGAAATCAAAAGAGAC Cgttagttttcttggatactataaagaatgcagcccagaaaaataatttattgaagtaa
aaagcggtttcaatgaaataaatacctaattttagctcaaatctctaattttgecagetteggtttgtgtgacacggggaaggtgttaaataa
aatttctttagctaaaataaggctgtctttttccaagatttgaactgccatgatttatttggaattatttttttgagccacttggagtataatgacg
atgaagataaaattccttcaaaatttgtattcaaggtattaaatgtgaacatttcag TGTCATTCGTGATCTA

Supplemental Figure 4: Sequencing report for six identical colonies.

The sequence of the fifth intron of glp-1 is also indicated. Four additional nucleotides come
from the previous exon. Source: Own representation based on: Puoti Lab.
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