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Abstract
RBMX, RBMXL2, and RBMY belong to a family of RNA-binding proteins. How important
these proteins are in whole animal biology, what their global RNA targets and
mechanisms of action are, and to what extent these proteins overlap in function has

been poorly understood.

Using histology | found that Rbmx/2 knockout phenotypes differed between mouse
strains (C57BL/6 and Sv/129). Both strains, however, were infertile, with no sperm
found, which indicates the importance of RBMXL2 in spermatogenesis. | performed an
iCLIP analysis to investigate RBMXL2-RNA binding, which revealed that RBMXL2 directly
binds to exons and introns of protein-coding genes. The strongest RBMXL2 binding was
observed in genes associated with spermatogenesis and reproduction, specifically
meiosis, such as Meioc and Escol. Binding was also enriched within ultra-long exons to
prevent the selection of cryptic splice sites. | attempted minigene experiments to try and
model RBMXL2 function in transfected cells, but these experiments did not replicate
RBMXL2 function in vivo. As an alternative | developed a stable cell line “rescue”
approach to over-express RBMXL2 and test if this could replace endogenous RBMX.
Using this approach, | demonstrated that RBMXL2 is likely to replace RBMX's function in
meiosis when the X and Y are inactive. RBMXL2's ability to restore splicing control is
dependent on its disordered domain not the RRM. RBMY, which is distantly related to

RBMX, also replaces RBMX function in somatic cells.

These experiments show that RBMXL2 is crucial in male fertility, but there are
differences in how different mouse strains respond to deletion of the RbmxI2 gene.
RBMXL2 binds to RNAs from genes important in spermatogenesis. Despite the
divergence between RBMX and RBMXL2 and RBMY these proteins can still substitute for

each other suggesting they fulfil the same functions in their respective cell types.
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Chapter 1: Introduction:
1.1 DNAto protein

In 2003, the draft human genome sequence was completed. This achievement allows
scientists to navigate the whole human genome. Molecular biology is based on the idea that
genetic information transcribed from DNA to make RNA then translated to produce a protein.
This code simplifies the nature of these complex processes, from DNA to proteins. Bacterial
DNA, for example, is transcriptionally converted into RNA before being translated into
proteins. Nevertheless, the situation is different in complex organisms, such as humans and

animals.

While transcription and translation occur individually, DNA is transcribed to the precursor
messenger RNA “pre-mRNA” that, before translation, has to go through a chains of post-
transcriptional alterations, starting with 5' capping, splicing events, and polyadenylation. The
pre-mRNA is made up of sequences that code for proteins (called exons) and sequences that
do not code for proteins (called introns). After 5' capping, pre-mRNA splicing takes place, in
which exons are joined together to be translated into protein and introns are left behind,

forming a lariat that later will be degraded.

Alternative splicing is the process by which a single pre-mRNA can make more than one mRNA
transcript, producing different types of proteins (Chow et al., 1977). Different protein isoforms
often have different properties, such as cellular localisation, transcriptional efficiency, and
protein stability (Wang et al., 2015). Almost 95% of all human genes can be spliced in more
than one way, resulting in multiple pre-mRNAs from the same gene (Pan et al., 2008). With
the help of alternative splicing, eukaryotic organisms can change how their mRNA and proteins
are expressed without making their genomes bigger. Alternative splicing is a primary
mechanism that drives the evolution of eukaryotic organisms and is crucial for development
(Kalsotra & Cooper, 2011). Alternative splicing and alternative polyadenylation allow
eukaryotic cells to make more than 90,000 proteins (Lander, 2011; Harrison et al., 2002) from

around 21,000 genes (Pertea et al., 2018).



1.2 RNA transcription

Transcription is a complex process which occurs in three steps: initiation, elongation, and
finally termination. RNA polymerase Il (RNA-Pol-ll) is the enzyme and master regulator which
cooperates with certain processing factors to facilitate transcription of mRNAs (Glover-Cutter
et al., 2008). RNA Pol-Il initiates transcription by binding to gene's promoter region leading to
the unwinding of the DNA (Mischo & Proudfoot, 2013). In addition, it reads the
complementary strand of the DNA and adds nucleotides to the transcribed RNA. RNA Pol-I|
eventually detects the signal that indicates the end of transcription. It activates the
polyadenylation complex when recognised, releasing the RNA transcript through the C-

Terminal Domain (CTD).

1.3 mRNA capping and polyadenylation

Recent studies highlight the fact that post-transcriptional modifications occur during
transcription rather than afterwards (as indicated by the prefix “post-” which gives the wrong
impression). The first mRNA modification is a 5’ cap addition. In humans, adding a 5’ cap is
done by a capping enzyme and RNA guanine-7 methyl transferase (Furuichi & Shatkin, 2000).
Basically, RNA Pol-Il helps recruit both capping enzymes by its own phosphorylated CTD
domain (Shuman, 1997).

This 5’ cap consists of guanine nucleotide that is methylated on the carbon 7 of the guanosine
base (m7G) and links to RNA via a triphosphate bridge. The importance of the m7G cap in
mRNA stability and many other mRNA modifications comes from the cap-binding complex
(CBC), which contains the nuclear CBP20 and CBP80 proteins that are replaced in the
cytoplasm by elF4F as seen in the figure 1.1 below (Gonatopoulos-Pournatzis & Cowling, 2014;
Svitkin et al., 2001). Polyadenylation is essential for mRNA export from the nucleus. After
transcript 3' end formation, certain factors interact with the mRNA 3' end to attach the poly(A)
tail. In eukaryotes, almost all mRNAs have a poly(A) tail. The cleavage and polyadenylation
specificity factor (CPSF) is an important recruited protein complex that identifies the
conserved polyadenylation site (AAUAAA) and helps cleave the mRNA about 10 to 35

nucleotides downstream (Proudfoot & Brownlee, 1976; Lutz, 2008). The conserved



polyadenylation site (AAUAAA) is short and potentially found often within genes, sometimes

resulting in alternative polyadenylation.

This can potentially lead to different mRNA isoforms. The polyadenylation site is determined
by the RNA signal's strength and the AAUAAA sequence's proximity to the GU-rich region
(Proudfoot, 1991). Also, the concentration of various regulatory factors such as cleavage
stimulation factor (CSF) influences alternative polyadenylation (Colgan & Manley, 1997).
However, some studies indicate that mRNA splicing of the last intron could be linked to
polyadenylation, suggesting that splicing factors are involved in poly (A) site selection (Niwa

et al., 1990; Wassarman & Steitz, 1993).
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Figure 1. 1: Involvement of the Cap Binding Complex in RNA processing. The CBC consists of
CBP80 and CBP20 protein subunits that bind to the 7-methylguanosine cap to facilitate
associations with essential RNA processing mechanisms. Spliceosome snRNPs are U4, U5 and
U6. CycT1 stands for cyclin T1, and Cdk9 stands for cyclin-dependent kinase 9. Image
adapted from (Gonatopoulos-Pournatzis & Cowling, 2014).



1.4 Splicing of Pre-mRNA and alternative splicing

Splicing is the process of removing the non-coding regions (introns) and joining of the protein
coding exons, to form a mature RNA (Aldalagan et al., 2022). Alternative splicing has been
identified as the process that allows limited gene sets to produce numerous proteins. Splicing
requires the recognition of exon-intron junctions, named 5'- and 3'-splice sites. Introns
typically have a GU at the 5’ splice site and an AG at the 3’ splice site. Failures of the splicing
machinery to identify exon-intron junctions result in unproductive mRNAs which impact levels
of proper gene expression (Wang et al., 2008). Various mRNA isoforms can be produced
through a combination of one or more of five events: exon skipping, intron retention, mutually
exclusive exons, alternative promoters, and the alternate recognition of 5’ or 3’ intron splice

sites as shown in figure 1.2.
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Figure 1. 2: A schematic showing different modes of normal alternative splicing events.
Exons are represented by boxes, while introns are represented by lines. Exon inclusion is
represented by grey lines, while exon exclusion is characterised by red lines. Different pre-
MRNA can be formed using exon skipping or intron retention, alternate 3' or 5' sites, and
mutually exclusive exons.



1.5 The splicing reaction and spliceosome machinery

Splicing consists of two transesterification reactions as seen in the figure below 1.3 (Rogalska
et al., 2022). These splicing transesterification reactions are: (1) the first reaction occurs via
nucleophilic attack, where the phosphodiester bond of the 5’ splice site is attacked by the
branch-point adenosine nucleotide, leading to 5’ splice site cleavage and formation of lariat.
(2) The second reaction involves the 3’ OH-group of the cleaved upstream exon attacking the
3’ splice site. Resulting in the fusion of exons, and introns are freely formed a lariat. This lariat

degrades and the snRNPs are recycled.

Spliceosome complexes recognise and excise introns from pre-mRNA. In humans, there are
major and minor spliceosomes (Papasaikas et al., 2016). These consist of more than 150

proteins and several snRNPs.

The major spliceosome is made up of five small nuclear RNPs called U1, U2, U4, U5 and U6.
Their function is mainly to recognise and then catalyse the removal of the U2-type introns as
seen in the figure 1.4 below. The spliceosome cycle can be broken down into several stages.
First, the U1 snRNP binds to the 5' splice site of the intron. After that, splicing factor 1 (SF1)
recognizes the branch point, which is later displaced by the U2 snRNP. Then, the U2AF65 and
U2AF35 proteins recognize the branch point and 3' splice site, forming the pre-spliceosome A
complex. Next, the U4, U6, and U5 snRNPs interact with the A complex, forming the pre-
catalytic spliceosome B complex. Next, U1 and U4 are dissociated, resulting in formation of
the catalytically active splicecosome B complex, and then the C complex. Finally, ATPases,
helicases, and the GTPase Snul14 assist in conformational changes during splicing. The minor
spliceosome is responsible for the removal of the U12-type introns by utilising the snRNPs
group known as: Udatac, U6atac, U11, U12 and U5 (Patel & Steitz, 2003; Wahl et al., 2009;
Rogalska et al., 2022).
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Figure 1. 3: Splicing comprises two transesterification reactions. The phosphate bond is
represented by P in a red circle, a red dotted arrow shows the nucleophilic attacks. A lariat
(looped RNA) structure is formed after the first attack as a result of a new phosphodiester
bond. Introns are generally discarded after splicing, but can include other genes. Introns can
often contain genes for noncoding RNAs such as snoRNAs and microRNAs. MicroRNAs
(miRNAs) are tiny RNA molecules that oversee gene expression by attaching to messenger
RNAs (mRNAs), affecting how they are translated or how stable they remain and managing a
range of cellular functions. SnoRNAs are minuscule RNA molecules situated in the nucleolus,
where they aid in the alteration and refinement of ribosomal RNA (rRNA) and other non-
coding RNAs, guaranteeing their correct role in activities such as ribosome formation. Figure
taken from (Rogalska et al., 2022).
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Figure 1. 4: A schematic of the Spliceosome cycle. Representing the interactions of the
major snRNPs. Several steps are required to create and activate the spliceosome to complete
RNA splicing. First, specific proteins called U1 small nuclear ribonucleoprotein (U1 snRNP),
splicing factor 1 (SF1), and U2AF recognise particular RNA sites called 5' splice site (5'SS),
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of the E complex, the first spliccosome. After that, SF1 is replaced by U2 snRNP, forming the
A complex, a pre-spliceosome. The A complex then combines with U4/U6 and U5 tri-snRNP
to create the pre-catalytic spliceosome called the B complex. There are other spliceosome
complexes including B act, B*, C, C*, P, and the intron lariat spliceosome complex (ILS), each
with its unique composition. Transitions between these types are managed by special RNA-
dependent ATPase/helicases (highlighted in bold), which help advance spliceosome assembly
and the splicing reactions. Figure modified from (Sharp et al., 2017).



1.6 Recognition of splice site

Exons are categorised as either constitutive or alternative exons. This is related to whether
they are always spliced (constitutive) or are sometimes alternative. The spliceosome
machinery's recognition of the strength of the splice site signal controls alternative splicing.
Such recognition is vital for correct splicing, as a strong splice site frequently flanks the
constitutive exons compared to alternative exons. Cis-regulatory elements can regulate the
recognition of splice sites. Cis-regulatory elements are sequences on the precursor mRNA that
either enhance or inhibit splice site selection. These sequences are called exonic or intronic
splicing enhancers and intronic or exonic splicing silencers. These splicing enhancer and
silencer sequences regulate the identification of all constitutive and alternative exons (Matlin
et al., 2005). Moreover, these cis-regulatory elements vastly exist near splice sites and within
regulated exons (Sorek & Ast, 2003). However, enriched cis-regulatory elements have also

been described far from splice sites (Ule et al., 2006).

1.7 Cryptic Splice sites

Spliceosomes are required to specifically identify splice sites which are short sequences at
exon-intron junctions in order to join them together. There are additional short-length
sequences known as “cryptic” because they share similarity with splice sites that are not
usually selected by the spliceosome. These cryptic splice sites are known to be weakly
recognised by the spliceosome machinery and usually be supressed by nuclear RNA-binding
proteins. In some cases they become activated by the loss of RNA-binding proteins (Aldalagan
et al., 2022). Cryptic splice sites can be found in non-annotated exons, introns, or larger exons.
Figure 1.5 below shows examples of cryptic splice sites that may extend existing exons or
introduce cryptic exons and exitrons. After analysing the mouse and human RNA sequencing
(RNA-seq) data, almost half a million non-annotated splicing events were identified (Sibley et
al., 2016). TDP43 is a nuclear RNA-binding protein that is known to supress cryptic splice sites
similar to RBMX family function (Aldalagan et al., 2022).
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Figure 1. 5: A schematic showing some cryptic splice events such as the cryptic 5’ and 3’
splice site and the exitron. This diagram illustrates cryptic splicing patterns within genes,
where most genes are made up of exons (grey boxes) separated by introns (connecting
lines). The standard spliceosome process typically recognizes normal splice sites (blue boxes)
and connects exons to form mature mRNA (dashed blue lines). However, cryptic splice sites
(smaller red boxes), resembling normal ones, exist in both introns and exons. These cryptic
sites are usually ignored but can mislead the spliceosome. If used, they lead to the
production of different mRNA variants from genes. The conventional splicing pattern
involves normal splice sites (broken blue lines), while cryptic splicing events, like cryptic exon
inclusion within an intron, the use of cryptic 5’ and 3’ splice sites, or the mistaken recognition
of cryptic splice sites within an exon (resulting in an exon being treated as an intron, known
as an exitron), are depicted by dashed red lines. Figure taken from (Aldalagan et al., 2022)



1.8 Male Germ Cell Development

Spermatogenesis is a highly prolific developmental pathway, with the human testis producing
between 45 to 207 million sperm a day (Amann & Howards, 1980; Griswold, 2016). The testis
contains both germ cells (which are in the developmental pathway leading to sperm) and
supporting somatic cells (including Sertoli cells which support germ cell development, and
Leydig cells which produce testosterone). These cells are organised within structures called
seminiferous tubules. Located close to the basement membrane of seminiferous tubules are
a population of germ cells called spermatogonia. Type A spermatogonia are stem cells.
Approximately 0.1% of Type A spermatogonia undergo self-renewal in mice, whereas the
remaining cells differentiate into type A paired (“Apr”) cells. Consistent with their name, type
A paired cells are connected by intercellular bridges caused by incomplete cytokinesis after
cell division. Further incomplete cell divisions result in the production of syncytia (joined cells)
containing between 4 and 32 individual cells, referred to as A aligned (or “Aal”) cells. Both Apr
and Aal cells are transit amplifying progenitor cells — by definition not yet differentiated, but
also not part of the stem cell population. Spermatogonia then differentiate in response to
retinoic acid stimulation (Griswold, 2016), which activates patterns of gene expression
including Stra8 (Kojima et al., 2019) and master regulators of gene expression such as the RNA
binding protein DAZL (section 1.11.1.1) (Mikedis et al., 2020). Type B cells represent the last
cell type in the mitotic stages of spermatogenesis, and their subsequent division results in the
formation of preleptotene cells, in which chromosomes replicate and then enter meiosis
(Legrand & Hobbs, 2018). Meiosis takes place within a group of cells called spermatocytes,
and lasts for approximately 12 days in mice as seen in the figure below 1.6. In particular,
meiotic prophase is much longer than mitotic prophase — corresponding to a difference

between days in the mouse for meiotic prophase, compared with minutes for mitosis.

During meiotic prophase chromosomes initially condense (during a substage called leptotene).
One of the key features of meiotic prophase is genetic recombination to produce new
chromosome variants. During zygotene a protein complex called the synaptomenal complex
forms between homologous chromosomes that start to form cross overs. Cells in the next
meiotic substage, pachytene, contain shortened and thickened homologous chromosomes
that are undergoing genetic recombination and are the largest of the spermatocytes. During
the next substage (diplotene) homologous chromosomes are starting to separate, and this

separation is complete by diakinesis. Immediately following the first meiotic division is a
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second meiotic division that independently assorts individual sister chromatids into 4 haploid
gametes called spermatids (Griswold, 2016). This is followed by the final stage of germ cell
development (called spermiogenesis), which converts haploid cells into motile gametes
capable of fertilization. Spermatogenesis takes 14-days in mice and comprises 16 steps, during
which round spermatid cells differentiate into elongated spermatids, and eventually into

sperm.

A Mitosis Meiosis | Meiosis Il
I I S
Spermatogonia@ Spermatocyte ﬁ Round spermatids @ Elungatingspermatidslﬂ Spermatozoa

I XY inactivation
I  RBMIXL2
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Figure 1. 6: Mouse spermatogenesis. A) Spermatogonia produces sperm through mitosis
and two stages of meiosis. B) Meiosis phases displaying XY inactivation. C) Fluorescent
staining of wild-type mouse testis (Sv/129), stage X, RBMXL2 protein is represented in red,
and yH2AX is represented in green. The testis staining was also used in my results in Figure
(3-14). Figure taken from (Aldalagan et al., 2022)
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1.9 RNA binding proteins

RNA binding proteins (RBPs) are a group of more than 1914 proteins that regulate all aspects
of RNA biology, including transcription, processing, localisation as well as nonsense-mediated
decay (NMD).RNA-binding proteins (RBPs) encompass a combination of proteins featuring
distinct domains (for instance, the RRM) and those that have been described by recent
function-based high-throughput studies (Qin et al., 2020). Because of this well-controlled
spatiotemporal interaction, gene expression can be precisely modulated. The lifecycle of each
mMRNA strand can be affected by the combination of RBPs it encounters. Some RBPs alter
mRNA through alternative splicing or polyadenylation. RBPs can also act as positive or negative
modulators of splicing depending on their binding position relative to an exon or poly-A site.
RBPs play roles in the control of post-transcriptional events, such as the localisation and

translation of mRNA and the maintenance of mRNA stability (Licatalosi, 2016).

The interactions between RBPs and RNA are accomplished by RNA-binding domains (RBDs),
which are known specific regions within the proteins. RBPs are classified based on their RNA-
binding domains into four main groups: RNA recognition motif (RRM), the K-homology
domain, zinc finger (ZnF) domain, and the double-stranded RNA-binding domain ((ds-RBD)).
However, approximately 50% of all RBPs have no known RNA-binding domains (Garcia-
Moreno et al., 2018). Moreover, some RBPs have more than one RBDs with linker regions that
control the affinity and specificity of the binding RNA, leading them to diversify their functions
(Lunde et al., 2007). RBPs also contain intrinsically disordered regions that are repeats of
amino acids with hydrophobic residues that sustain the dynamic disordered structures
allowing the non-specific RNA binding, mediate interactions with other proteins, and regulate

the localisation of RBPs (De Conti et al., 2017).
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1.10 RNA binding proteins (RBPs) throughout spermatogenesis

Of all tissues in the body, the testes and the brain have the highest gene expression profile
and experience the highest levels of alternative splicing events (Gamble et al., 2020). However,
the exact mechanisms that regulate the alternative splicing of mRNA and exert post-

transcriptional control during spermatogenesis have yet to be determined.

Schmid et al. (2013) identified significant changes in alternative splicing throughout the
transition from mitotic to meiotic phases during germ cell development. In addition, their
work revealed changes in mRNA splice isoforms between pre- and post-meiotic stages. The
meiosis stage lasts for approximately 12 days in the mouse testis. During this time, they
tracked the expression of different RNA splicing regulators, such as PTBP1 (Polypyrimidine
tract-binding protein 1) and RBMXL2, among others (Schmid et al., 2013). PTBP1 was found to
be downregulated during meiosis, likely replaced by the expression of PTBP2 (Hannigan et al.,
2017). In the testis, some alternative splicing events are conserved between mice and humans;
therefore, these events are thought to control important aspects of germ-cell development
(Schmid et al., 2013). However, many splicing events between mice and humans are not

conserved (Kan et al., 2005).

Altered mRNPs in male germ cells are believed to play roles in the modulation of mRNA
stability, translation, and decay. RNA helicases are believed to restructure protein-RNA
complexes by promoting or removing certain RBPs, and RNA helicases are localised to
chromatoid bodies, which is a cytoplasmic structure within male germ cells that plays a vital

role in processing and regulating RNA molecules (Licatalosi, 2016).

Several RPBs are involved in the regulation of post-transcriptional machinery in male germ
cells, and can be categorised as either nuclear or cytoplasmic, based on their functions and
localisation. Some important RBPs in spermatogenesis are shown in table 1.1 and described

below.
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1.10.1 Nuclear RNA binding proteins important in spermatogenesis.

Nuclear RBPs mediate nuclear gene expression and are involved in regulating the alternative
splicing of pre-mRNA and polyadenylation as well as preventing cryptic splicing and cryptic
polyadenylation (Licatalosi, 2016). A high number of alternative splicing and polyadenylation
events occur in the mouse testis, which involve approximately 63% of the mouse genes (Song
et al., 2020). Nuclear-RBPs can act as either enhancers or repressors of splicing events,

depending on which region of the skipped exon they bind.
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1.10.2 The RBMX family of RNA binding proteins
RBMX, RBMY, and hnRNP G-T (RBMXL2) are a family of RNA binding proteins as seen in figure
1.7, containing a conserved (RRM) recognition binding motif that mediates RNA binding as
Figure 1.8 below and is involved in RNA processing and the alternative splicing of pre-mRNA
transcripts. Moreover, in vitro, this family of proteins has been found to interact and control
the splicing activity of SR (serine- arginine rich) proteins and Tra2p (Ehrmann et al., 2019).
RBMX and RBMY (located on the X and Y chromosomes respectively) are ancient genes which
evolved 300 million years ago (Lahn et al., 1997). The RBMX family is essential to this thesis;

therefore, the three family members are described in more detail below.

1.10.2.1 RBMX

RBMX is a homologue of RBMY that is found on the X chromosome and is ubiquitously
expressed. First identified as heterogeneous nuclear ribonucleoprotein G (hnRNPG), RBMX
was mapped to chromosome X in both humans and mice (Delbridge et al., 1999). RBMX
protein is involved in splicing control and genome integrity (Elliott et al., 2019). RBMX
protein is essential for proper development and lacking RBMX has been linked to cancer.
RBMX family proteins are involved in splicing regulation, transcription, and genome integrity
at the molecular level. RBMX is found in many tissues, including the brain and testis, and its
involvement in brain development is particularly significant. Many studies show that RBMX is
required for neural network creation, axon and dendrite development and gene expression
regulation in the central nervous system. Furthermore, RBMX regulates splicing, altering the
splicing of genes associated with brain development and neurological diseases. RBMX's
importance goes beyond brain development. It has been linked to chromosomal biology,

including kinetochore function and chromatid cohesion during cell division.

RBMX has been associated with cancer, where its expression can either suppress or promote
tumour development. RBMX also plays a role in DNA repair pathways, impacting genome
stability. RBMX interacts with the Borna Disease Virus in infectious diseases and contributes
to viral replication. Chileleko Siachisumo from David Elliott's lab showed that RBMX functions
as a splicing suppressor in breast cancer cell lines (Siachisumo et al., 2023). RBMX has been
found to suppress cryptic splice sites within genes involved in genome stability, such as ETAA-

1 and REV3L (Elliott et al., 2019).
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1.10.2.2 RBMY

RBMY is a paralog of RBMX that is specifically expressed in male germ cells, indicating that
RBMY may have evolved into a testes-specific gene involved in meiosis and spermatogenesis
(Delbridge et al.,, 1999). In addition, several identical copies of the RBMY gene, including
RBMY1A1, RBMY1B, and RBMYI1E, are located on the human Y chromosome (Elliott et al.,
2019). Moreover, one of the first identified genetic causes of male infertility was a
microdeletion of the Y chromosome (Ma et al., 1993) and micro-deletions of the Y
chromosome, including deletions that remove RBMY, have been linked to infertility in men,
and associated with clear phenotypes, including azoospermia and oligospermia (Elliott, 2000).
Lahn (1997) confirmed that 98% of ancestral genes are conserved on the X chromosome,
whereas the Y chromosome retains only 3% of ancestral genes (Lahn et al., 1997), as many
genes have been lost from chromosome Y; thus, the survival of RBMY on the Y chromosome

indicates its likely importance (McCarrey & Thomas, 1987).

Primates Vertebrates Mammals

o

Gene: RBMXL1 RBMX RBMXL2 RBMY
Human
chromosome: 1 X 1 Y
% identity to 95% 100% 73% 60%
RBMX:

retrotransposition RBMX retrotransposition
65 MYA

more recent RBMX J T

Evcluuon of X and Y chromosomes
180 210 MYA

Ancestral gene

Figure 1. 7: the origin of the RBMX family of genes. RBMY, a paralog of RBMX, shares 60% of
RBMX's DNA. Similarity in sequence between RBMX and RBMXL1 is 95%, and between RBMX
and RBMXL2 (hnRNPGT) is 73%.The cladogram was taken from (Elliott et al., 2019).
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Figure 1. 8: The protein structures of the RBMX family. In blue the RRM (RNA recognition

motif) that binds to RNA. A disordered domains contains conserved regions in grey, is used
to recruit nascent RNA and C-terminus RNA-protein interaction domain is shown in yellow.

This figure was adapted from (Elliott et al., 2019).

1.10.2.3 RBMXL2

RBMXL2 (also called Heterogeneous nuclear ribonucleoproteins G-testis, or HNRNPGT), is a
retro- transposed copy of RBMX that evolved approximately 65 million years ago. In humans,
RBMXL2 is located on chromosome 11 (Venables et al., 2000; Elliott et al., 2000; Ehrmann et
al., 2019). RBMXL2 protein shares 73 % similarity with RBMX protein, suggesting that RBMXL2
developed from RBMX. RBMXL2 is a testis-specific nuclear RNA binding protein expressed
within spermatocytes and round spermatids, suggesting that this protein may function as a
substitute for RBMX when the X and Y chromosomes are inactivated during the pachytene
stage of meiosis (Elliott et al., 2019). RBMXL2 may either act to replace RBMX while the
chromosome X is inactive or have a specific and independent function during meiosis (Elliott,
2004). Deleting one copy of RbmxI2 gene resulted in abnormal sperm production in mice
(Ehrmann et al., 2008). Also, the study of Westerveld et al., (2004) discovered a point mutation

in the human RBMXL2 gene resulting in infertility in men (Westerveld et al., 2004).
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However, the role played by RBMXL2 during spermatogenesis remains unclear. Another study
identified a frameshift mutation in RBMXL2 that led to meiotic arrest and sterility (Ghieh et
al., 2022). Recently, a study reported by Ehrmann et al., (2019) showed that the deletion of
RbmxI2 causes infertility in mice, and indicated that RBMXL2 plays an important role in splicing
regulation, including the suppression of cryptic splice sites that would otherwise disrupt gene
expression. RNA-seq analysis of 18-day old wild type and Rbmx/2 knockout mice showed that
RBMXL2 protein prevents the use of weak splice sites during meiosis. Use of these weak splice
sites in the Rbmx/2 knockout mouse causes accumulation of aberrantly spliced mRNA
isoforms, including the inclusion of cryptic exons (which are not normally spliced). One high
amplitude cryptic exon that was activated without RBMXL2 protein was within intron 1 of the
Kdm4d gene. The evidence suggested that this Kdm4d cryptic exon is likely to be directly
repressed by RBMXL2 protein, as cryptic exon splicing could be repressed when expressed
from a minigene after co-transfection of a RBMXL2-GFP fusion protein. Loss of RBMXL2
protein also caused production of novel protein isoforms. RbmxI/2 knockout mice have
aberrant splicing of exon 5 of the Meioc gene, which was converted into an exitron (splice sites
within a long exon can introduce a new intron called an exitron), resulting in the production
of a shorter Meioc protein isoform. The splicing defects in Rbmx/2 knockout mice cause
meiotic arrest and infertility by preventing the expression of key proteins needed in meiotic
prophase. The UV-crosslinking immunoprecipitation technique (CLIP) can aid the identification
of RBPs associated with cryptic splice sites (Konig et al., 2012), and HITS-CLIP identified some
RBMXL2 binding sites in Meioc among others (Ehrmann et al., 2019).
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RNA-binding Motif Function Expression Exp. In the Germ cells Knockout phenotype
protein
Tra2 RRM, arginine-serine (RS) | Splicing factor’ Nucleus Gonocytes to elongated Spermatogenic arrest
domains
spermatids. sterile.
lIhnRNPA-1 2 RRM Splicing and Nucleus Spermatogonia Unknown
transcription factor?
\ADAD-1 RRM and an AD-domain Splicing factor® Nucleus Round and elongated Faulty sperm morphology,
spermatid. sterile.
r-Cstf64 RRM Polyadenylation Factor* | Nucleus Spermatocytes and early | Disrupted meiotic and post-
spermatids. meiotic germ cells.
Sterile
RBMXL2 RRMs Splicing Factor® Nucleus pachytene spermatocytes | Spermatogenic arrest
(HNRNPG-T) and round spermatids sterile.
DAZ-1 2 RRM and DAZ repeats. | Translational factor® Nucleus and Spermatogonia and early | Oligozoospermia,Infertile
Cytoplasm spermatocytes.
YBX2 Y-box DNA-binding motif | Translational and Cytoplasm Round spermatids. Elongated spermatid
transcription factor’
(MSY2) failure. Sterile.
INANOS2 2 zinc finger domain-like Translational Factor® Cytoplasm Gonocytes and Loss of spermatogonia,
cysteine-histidine (C/H Spermatogonia Sterile.
domain)
PUMILIO (PUM1) | a sequence specific RRM | Translational Factor®'® | Cytoplasm Spermatocytes and spermatogenic defects
spermatids. (oligozoospermia),
Although fertile.
PUMILIO (PUM2) | a sequence specific RRM | Translational Factor®'® | Cytoplasm Gonocytes and Fertile
spermatogonia
CPEB 2RRMs, a zinc finger Polyadenylation and Cytoplasm Early spermatocytes Spermatogenic arrest
Translational Factor'"'2 sterile.
domain-like cysteine-
histidine (C/H domain)
Sam68(khdrbs1) | KH-Domain Splicing, transcription, Nucleus and Spermatocytes and round | Defects in
and Translational Cytoplasm spermatids. Spermatogenesis, sterile.
factor'34
CELF-1 3 RRMs Splicing and Nucleus and spermatocytes Defective elongation,
Translational factor'®
(CUG-BP) Cytoplasm sterile.
HuR (ELAVL1) Several RRMs Translational and RNA | Nucleus and Spermatocytes and early | Spermatogenic failure,
editing Factor'® Cytoplasm spermatids. Azoospermia.
IPtbp1 and 2 4 RRMs Splicing, mRNA stability | Nucleus and Spermatogonia and Spermatogenic arrest
and translational factor | Cytoplasm spermatocytes. sterile.
17,18
RBM-5 2RRM, and 2 zinc-finger Splicing and mRNA Nucleus and Spermatogonia and round | Spermatid arrest, Sterile
(ZF) domains stability factor'® Cytoplasm spermatid.
DDX-5 DEAD-box helicase Splicing and Nucleus and spermatogonia Lost spermatogonia, sterile.
domain transcription factor? Cytoplasm

Table 1.1: Examples of some important

RBPs and their functions in spermatogenesis.
References are included in superscript, and details given in appendix 2 of this thesis.
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1.10.3 Other nuclear RNA binding proteins important in spermatogenesis:
Other nuclear RNA-binding proteins have been identified as essential or potentially essential
for spermatogenesis, where they may play a role in nuclear RNA processing steps such as

splicing and polyadenylation.

1.10.3.1 Transformer-2 (Tra-2a and Tra-2pB)

Tra-2p protein has one RNA recognition motif (RRM) and two RS domains (N-terminal and C-
terminal). In humans, there are two homologues of Tra-2, called Tra-2a and Tra-2B, both of
which specifically bind to GAA-repeats in RNA (Venables & Eperon, 1999; Sciabica & Hertel,
2006). Moreover, both Tra-2a and Tra-2[ proteins function as splicing activators (Tacke et al.,
1998). The two proteins have different expression profiles, and Tra2a is less studied than
Tra2B. Tra- 23 contains 10 exons that produce five isoforms by alternative splicing (Tra-2B1 to

Tra-2P35) (Stoilov et al., 2004; Kuwano et al., 2015).

Tra-2B is highly phosphorylated, and this phosphorylation influences its localisation and
activity. Furthermore, phosphorylation increases the binding between Tra-2B and RBMY
(Venables et al., 2000). Best and colleagues (2014) reported that Tra-2p auto-regulates itself
via a poison exon (this is a negative feedback loop that controls exon splicing) (Best et al.,
2014). Tra-2B interacts with the testes-specific proteins RBMXL2 and RBMY, suggesting the
importance of Tra-2B in male gametogenesis (Venables et al., 2000; Stoilov et al., 2004;
Grellscheid et al., 2011). Knockout of Tra-2B in mice resulted in embryonic lethality(Mende et
al., 2010). Therefore, Tra-2f’s involved in the regulation of alternative splicing events in mouse
spermatogenesis is not yet reported in the literature but possibly important. Analysis of a
conditional allele in mouse spermatogenesis indicate an important role for Tra-2f3 (Caroline

Dalgliesh, Newcastle University, personal communication).
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1.10.3.2 Sam68 (KHDRBS1)

Src-associated in mitosis (sam68) is a part of the signal transduction and activation of RNA
(STAR) family. Sam68 protein is 68 kDa and binds RNA through a K homology (KH) domain.
Sam68 is expressed in all cell types (Ehrmann et al., 2013). Sam68 plays roles in transcription,
splicing, translation, signal transduction, and RNA export (Huot et al., 2012; Licatalosi, 2016).
Male Sam68 knockout mice were infertile and showed many defects, including an increased
number of apoptotic cells and abnormal/immotile sperms (Licatalosi, 2016). Moreover, the
up- and downregulation of up to 300 mRNA transcripts was observed in Sam68 knockout

testis, and detection of abnormal alternative splicing (Licatalosi, 2016).

1.10.3.3  PTB protein family

The polypyrimidine tract binding (PTB) family includes PTBP1, PTBP2 and PTBP3 (Licatalosi,
2016). PTB proteins are important for the regulation of gene expression (Zagore et al., 2015).
Moreover, PTB proteins likely play crucial roles in germ cell development (Licatalosi, 2016).
PTBP1 is expressed by almost all cell types, unlike PTBP2 which is a cell type-specific protein
and expressed primarily in the testis and brain. PTBP2 plays a crucial role in the regulation of
exon splicing and neurogenesis and is thought to be critical for postnatal survival (Licatalosi,
2016; Senoo et al., 2019). In the mouse testis, PTBP1 was found to be expressed in
spermatogonia, whereas PTBP2 was found in spermatocytes and round spermatids. PTBP2 is
a strong mediator of alternative splicing and acts in a stage-specific manner to regulate
alternative splicing (Song et al., 2020). During spermatogenesis, PTBP2 was found to bind to
the 3’ splice site of cassette exons in some important genes. Additionally, the depletion of
PTBP2 leads to the generation of several mis-spliced isoforms of these genes (Hannigan et al.,

2017).
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1.10.3.4  RNA binding motif-5 (RBM-5)

RBM-5 is an RBP that is ubiquitously expressed in all tissues. RBM-5 contains two RRMs and is
found in the nucleus and cytoplasm of cells. RBM-5 is known to be a splicing factor and to be
evolutionarily conserved across different species (Legrand & Hobbs, 2018). RBM-5 is highly
expressed in mouse testes, particularly in spermatocytes and round spermatids. A point
mutation identified in the second RNA recognition motif of RBM-5 causes loss of function.
Male mice with this mutation presented with azoospermia, with spermatogenic arrest
observed at the round spermatid stage (Jamsai et al., 2017). Finally, a point mutation (R263P)
in RBM-5 that compromised pre-mRNA splicing, resulting in the generation of abnormally
spliced transcripts, spermatogenic arrest, and male sterility (Song et al., 2020). A recent study
identified 6 men with infertility caused by a de novo missense mutation in RBM- 5 (Oud et al.,

2022).

1.10.3.5 DEAD-box helicase-5 (DDX-5)

DDX-5 is part of the DEAD-box protein family. This family of proteins is known to have a
conserved DEAD (Asp-Glu-Ala-Asp) motif inside the helicase core associated with ATP-
hydrolysis. Other motifs across the DEAD-box family allow these proteins to bind to DNA as
transcriptional factors or to play a role in RNA processing (Legrand et al., 2019; Sone et al.,
2020). Knock-out of the DDX-5 gene in male mice led to the loss of spermatogonia. However,
the exact role of the DDX-5 protein is still unknown (Sone et al., 2020). Recently, Legrand and
colleagues (2019) reported that DDX-5 is essential for spermatogenesis maintenance in mice

(Legrand et al., 2019).
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1.10.3.6  Polyadenylation Factors (Testis cleavage stimulation factor-2t)

During spermatogenesis, alternative polyadenylation (APA) can also regulate the expression
of genes in the testis. APA can significantly impact gene expression, which was found to be
frequently occurs in a tissue- or developmental stage-specific manner. APA permits testis-
specific genes to produce multiple protein isoforms from a single gene (Liu et al., 2007) as well
as permitting a change in expression levels of a protein (Mittleman et al., 2020). In the absence
of the polyadenylation protein Cstf64, spermatogenesis is impaired, resulting in male sterility

(Dass et al., 2007).

Testis-Cstf64 is an RBP that generated from the cleavage stimulation factor-2 (CSTF2) gene,
thought to be retro-transposed from CstF64 mRNA that is essential for the cleavage and
polyadenylation of the 3’ end of mRNA. Testis-Cstf64 is a paralogue of Cstf6d, which is
conserved in all mammalian species, including humans and mice, and is known to be expressed
primarily in the testes and brain, although it can also be found at varying levels in many other

tissues, such as the heart and liver (Licatalosi, 2016; MacDonald, 2019).

Cstf64 is localised on the X chromosome, and during meiosis, the inactivation of the X-
chromosome results in the loss of Cstf64 expression in early spermatocytes. The expression of
testis-Cstf64 protein has been detected in pachytene spermatocytes and remains in early
spermatids (Licatalosi, 2016). The knockout of testis-Cstf64 results in infertile male mice due
to a lack of post-meiotic germ cells, including reduced numbers of spermatocytes and
elongated spermatids. These abnormalities were associated with the polyadenylation of
mMRNA and the alternative splicing of some critical genes in spermatogenic cells such as testis-
specific histone genes (Hifnt, Hils1, H2afb1) among others (Dass et al., 2007; Harris et al.,
2016; Grozdanov et al., 2018).
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1.11 Examples of important Cytoplasmic-RBPs in spermatogenesis

Cytoplasmic RBPs can bind sequences in mature mRNA found in the cytoplasm. Cytoplasmic
RBPs have the potential to affect mRNA localisation, stability and translation (Zagore et al.,
2018), mRNA transport (Sutherland et al., 2015). However, some RBPs are thought to be
involved in various nuclear and cytoplasmic processes (Sutherland et al., 2015). Below is a

description of some important cytoplasmic RBPs involved in spermatogenesis.

1.11.1 Translational Factors important during spermatogenesis

1.11.1.1 DAZ protein family

DAZ-like (DAZL) protein is expressed specifically by vertebrate germs cells and is known as a
germ cell- specific RBP. DAZL is an autosomal homolog of DAZ, which is found in primates and
encoded by DAZ genes on the Y chromosome (Licatalosi, 2016). DAZL belongs to the DAZ
family, which is comprised of 3 genes, BOULE, DAZL, and DAZ. The DAZ family is located in the
distal euchromatic segment of the long arm of the human Y chromosome (Yg11.23), in the
azoospermia factor ¢ (AZFc) region (Fernandes et al., 2002; Collier et al., 2005). The DAZ family
functions as a translational regulators in germ cell development, interacting with poly(A)
binding proteins (PABPs), which are also required for translational initiation (Collier et al.,

2005).

DAZL and BOULE, are commonly expressed in all vertebrates (Paronetto & Sette, 2010; Smith
et al., 2011). DAZ family proteins contain one RRM and at least one DAZ repeat, comprised of
24 amino acids, including Asn, Tyr, and GIn. The RRM motif is responsible for binding mRNA
and is highly conserved. There is up to 85% sequence similarity of Dazl between mouse and

human. (Fu et al., 2015).
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DAZ and DAZL are essential during spermatogenesis and are expressed by spermatogonia,
(Paronetto & Sette, 2010). In humans, DAZ is expressed in spermatogonia, spermatocytes, late
spermatids, and sperm tails (Fernandes et al., 2002). In spermatogonia, these proteins are
expressed in the cell nucleus. The production DAZL continues into the spermatocyte stage, at
which point the expressed proteins are translocated from the cell nucleus to the cytoplasm
(Paronetto & Sette, 2010). The partial deletion of DAZ (approximately 90%—95%) in males can
lead to spermatogenic failure (a condition characterised by the absence or reduced production
of spermatozoa), and the complete elimination of DAZ can result in oligozoospermia (low
sperm count), both of which are common causes of male infertility (Licatalosi, 2016). A study
examining the knockout of Daz/ in mice revealed complete infertility in both male and female
mice (Paronetto & Sette, 2010). Thus, both genetic and epigenetic mutations in DAZ genes and
DAZL can lead to infertility (Li et al., 2019). Additionally, the regulation of mRNA translation by

DAZL is essential for germ cell differentiation and, thus, fertility (Paronetto & Sette, 2010).

1.11.1.2 Y-Box proteins

The Y-box proteins are conserved testis-specific proteins. In mouse testes, three Y-box genes
have been identified. These are expressed at similar levels: YBX1, YBX2, and YBX3 (Licatalosi,
2016). YBX2 and YBX3 are primarily expressed in meiotic and round spermatids, indicating
theirimportance for spermatogenesis. These proteins are also complexed with more than 75%
polyadenylated RNA in the testis (Licatalosi, 2016). YBX2 has also been found to be expressed
during the pachytene stage and in round spermatids. Another study found that YBX2 binds to
the 3’'UTR of mRNAs in elongated spermatids, and the absence of YBX2 results in loss of
translational repression leading to sterility (Snyder et al., 2015; Jan et al., 2017). Those studies
identified this protein functions as a repressor of translation on specific mRNAs. YBX2 is
localised primarily in the cytoplasm, where it is thought to play roles in cytoplasmic mRNA
storage, stabilisation, and translation suppression (Gatta et al., 2010; Sutherland et al., 2015).
Ybx2 knockout leads to spermatogenic arrest, with no spermatozoa formation (Legrand &
Hobbs, 2018). Snyder et al. (2015) reported that the deletion of Ybx3 in mice resulted in low

to no sperm production, suggesting the interruption of spermatogenesis (Snyder et al., 2015).
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1.11.1.3 Pumilio and Nanos

The Pumilio proteins (PUM) belong to the Pumilio and fem-3 binding-factor (FBF) family of
RNA- binding proteins (RBPs). These proteins regulate translational repression and mRNA
nonsense- mediated decay (Chen et al., 2012; Licatalosi, 2016) . In mammals (mice and
humans), two PUM proteins have been identified, named PUM1 and PUM2. These proteins
localise to the cytoplasm and have expression pattern in multiple tissues. Moreover, these
two proteins are highly conserved, with 76% similarity. Pum2, unlike Pum1, is not essential for
spermatogenesis in male mice, and fertility was not compromised in animals harbouring a
homozygous mutation in Pum2. In contrast, the loss of Pum1 expression in mice revealed
spermatogenic defects, including a high number of apoptotic spermatocytes and low sperm
counts (Licatalosi, 2016; Goldstrohm et al., 2018). Nanos proteins are conserved, translational
regulatory factors that bind to PUM and recruit specific mRNAs. Moreover, by recruiting the
deadenylation complex, Nanos proteins can downregulate their mRNA targets. Transgenic
mouse strains revealed essential roles for Nanos2 and Nanos3, the two mouse Nanos genes
involved in mouse spermatogenesis. The loss of Nanos3 results in a decrease in the number
of primordial germ cells (PGCs) before they are completely lost. Defects in spermatogenic cells
were also observed following the depletion of Nanos2 in mice. Nanos2 plays a vital role in
maintaining the balance between self-renewal and differentiation in spermatogonia. The post-
natal loss of Nanos2 causes reduced numbers of undifferentiated spermatogonia, whereas the
accumulation of undifferentiated spermatogonia was observed following increased Nanos2

expression (Licatalosi, 2016; Legrand & Hobbs, 2018).
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1.11.1.4 Cytoplasmic polyadenylation element-binding protein (CPEB)

Cytoplasmic polyadenylation element-binding protein (CPEB) is a conserved RBP that binds to
the 3’U-rich sequence of cytoplasmic polyadenylation elements (CPEs) and can be found in all
multicellular eukaryotes. After transcription, CPEB proteins play multiple roles in gene
regulation. For example, they promote cytoplasmic polyadenylation, which lengthens specific
mMRNA molecules' poly (A) tail. Furthermore, they influence mRNA stability, help with mRNA
transport and localization, and control mRNA translation. These processes enable precise gene
expression regulation and support various cellular functions and developmental processes
(Huang et al., 2023). CPEB has two RNA recognition motifs (RRMs) and a zinc finger domain-
like cysteine-histidine repeat sequence (C/H domain), which are both critical for RNA binding.
Vertebrates regularly express four CPEB paralogues (Licatalosi, 2016; Singh et al., 2017). The
loss of one Cpeb gene (Cpeb-1) in mice leads to a spermatogenic arrest, indicating the
importance of Cpeb during mouse spermatogenesis Moreover, other Cpeb paralogues show
overlapping and varying levels of expression during mouse spermatogenesis, indicating the
added complexity of Cpeb -associated regulation due to specific isoforms (Tay & Richter, 2001;

Licatalosi, 2016).
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1.12 Hypothesises and project aims.

1.12.1 Background to this thesis
This thesis is based on the work of Dr. Ingrid Ehrmann in her eLife paper (2019), where she
knocked out Rbmx/2 in mouse testes and found that the mice were completely sterile.
Following this she did RNA-seq and HITS-clip for RBMXL2 to better understand the role of
RBMXL2 protein in the testes. In addition, she noted that the testes from knock out mice were
smaller in comparison to their wild-type littermates. Histological examination and analysis of
chromosome spreads of mouse testes showed that the knockout of RbmxI/2 resulted in an
arrest in diplotene and no sperm were detected. This indicates the importance of RBMXL2 in
meiosis. Moreover, her work showed the importance of RBMXL2 protein in preventing the
mis-splicing of long exons in essential genes during meiosis. She also showed that RBMXL2 can
suppress the cryptic splicing of exons that might impact the meiotic gene expression like

Kdm4d, Lrrcc1, and Meioc.

In this project, | aimed to further investigate the mechanism of RBMXL2 function. | did
experiments to determine whether the phenotype Ingrid observed in C57BL/6 could be
replicated in other mouse strains. | performed iCLIP experiments in order to identify new
RBMXL2 RNA targets. Finally, | wanted to determine whether RBMXL2 replaces RBMX during

meiosis, or whether these proteins have a different role in a male germ cells and somatic cells.
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1.12.2 Project aims:

1.12.2.1 Investigating whether Knockout of Rbmx/2 will show different phenotypes in

different mice strains?

To extend the previous findings by Dr. Ehrmann (2019) in our lab that knockout of RbmxI2
causes spermatogenesis arrest at diplotene in meiosis by examining different mouse strains.
RbmxI2 knockout in C57BL/6 background mouse caused male infertility with a block at
diplotene. But preliminary data suggested that this phenotype might be different in the mouse
Sv/129 strain.

Therefore, our question was, does the same phenotype manifest in different mouse strains?
The reason for testing this is another very well-known spermatogenesis gene Daz/ has strain

specific effects (Saunders et al., 2003).

1.12.2.2 Identification of RNA targets of RBMXL2 in mouse testis using RNA-seq and iCLIP:

To identify RBMXL2 protein-RNA interactions, using individual cross-linking and
immunoprecipitation (iCLIP) will be used. The principle behind iCLIP is to crosslink RNA-protein
interactions in vivo, then immune- precipitate the resulted complexes using specific antibody.
With the higher-resolution positional data, the mechanism of splicing regulation of RBMXL2
may be revealed. Further analysis included using our previous HITS-CLIP and RNA-Seq data, to

correlate RNA binding with changes in the splicing pattern.

1.12.2.3 Is RBMXL2/RBMY provides a direct or specialist replacement for RBMX during

Meiosis?

RBMXL2 is expressed exclusively in the testes, especially during meiosis and directly after the
inactivation of XY chromosomes. Moreover, RBMXL2 is a paralog of RBMX that evolved 65
million years ago. Therefore, we hypothesised that RBMXL2 might replace RBMX during
meiosis (in which case it would have shared targets), or might have another important role in
spermatogenesis (in which case the proteins might have their own specific targets). To test
this | used a rescue experiment to see if RBMXL2 could replace the function of RBMX in somatic

cells.
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Chapter 2: Material and methods:

2.1 Mouse lines

The testes of all mice used in my Ph.D. project were from the C57BL/6 and Sv/129 inbred lines.
For Sv/129, mice were backcrossed for 6 to 9 generations before being used in the
experimental cohort. Mice were looked after by Mrs Caroline Dalgliesh from David Elliott's
lab. She assisted in collecting adult mouse testes and day 21 mouse testis, both for the iCLIP
experiments and the histological studies for the two mouse strains.

2.2 Animal care

All mice were kept in the animal unit (Centre for life). Mice were looked after and humanely
culled via cervical dislocation; the mouse was then dissected, and the testes were removed
and placed on ice before being weighed (average of both testis were calculated) and placed in
fixative solutions by Dr. Ingrid Ehrmann and Mrs Caroline Dalgliesh from David Elliott’s lab. All
mice were treated according to the Comparative Biology Centre (CBC) guidelines, and bred
under Home Office License PPL number: PP4033272.

2.3 Genotyping

All of the mouse genotyping was done by Dr. Ingrid Ehrmann and Mrs. Caroline Dalgliesh
(Ehrmann et al., 2019). Mouse ears were clipped before she did the PCR to confirm the
knockout of RbmxI2.

2.4 Histological sections:

All mouse testes were stained for a qualitative assessment; for each staining experiment, 3
mouse testes were examined (n=3) with appropriate controls (negative controls) or positive
controls, for instance, wild type vs. knockout in both mouse strains. | looked at 50 fields to

choose tubules with cells to be described.
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24.1 Paraffin wax embedding of mouse testes

All collected testes were fixed in 4% paraformaldehyde for 24hrs. The wax-embedding time
was modified based on the mice's age (and related testes size) Table 2.1. All of the fixation
and embedding solutions were formulated with DEPC-treated water.

Day 21 Adult
4% PFA at RT 1 night 2 night
50% EtOH Shaking at RT 30 mins 2 hours
70% EtOH (x2) 30 mins 2 hours
Shaking at RT

Testes could be stored at room temperature

95% EtOH Shaking at RT 30 mins 60 mins
100% EtOH (x2) 30 mins 60 mins
Shaking at RT 60 mins O/N
Histoclear (x2) 15 mins 20 mins
Shaking at RT 15 mins 20 mins
Histoclear/Wax Heat 60-65°C 20 mins 30 mins
Wax (x3) Heat 60-65°C 30 mins 60 mins
30 mins 60 mins
30 mins 60 mins

Table 2.1: Steps for testes paraffin wax embedding.
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2.4.2 Testis sectioning
A Leica RM2235 manual rotary microtome (Biosystems Swaziland) was used to section
paraffin wax tissues to a thickness of 5 um. First, the microtome surface was cleaned and
wiped down before use. Next, tissue sections were aligned on microscope glass slides
(Marienfeld Superior, 1000612) and then adhered to the slides by heating them with 37°C
water. The slides were then placed in an incubator at 37 °C for the night. Finally, the slides

were stored the following day at 4°C in the refrigerator.

2.5 Staining:

All testes were fixed in Bouin's or 4% paraformaldehyde (PFA) solutions for 24 h and then
processed through serial ethanol dilutions (50%, 70%, 95%, and 100%). Then, the testes were
treated with Histo-Clear (National Diagnostics, NAT1334) twice, then wax was added at 65°C.
Following the protocol from the above table 2.1. Formalin-fixed paraffin- embedded (FFPE)

sections were cut into 5-um thick sections for all histological stain.

2.5.1 H&E staining

Slides were dewaxed with Histo-Clear (National Diagnostics, NAT1334) twice. Then they were
re-hydrated by serial dilutions of ethanol (100%, 95%, and 75%) and washed in PBS-T. Slides
were then placed in Harris hematoxylin for 45 seconds. Next, slides were washed in water and
placed in Blue Scot's tap water substitute. The slides were quickly rinsed with water before
differentiating for about 15 seconds in 1% acid alcohol. Slides were then rinsed with water and
put in Blue Scots, a tap water substitute. Slides were placed in Eosin for 10 seconds. The slides
were rinsed in running water. Slides were then dehydrated through serial ethanol dilutions
(70%, 95%, and 100%), and placed in Histo-Clear twice (5 minutes each). Finally, slides were
mounted in DPX (a mixture of distyrene, a plasticizer, and xylene), and a coverslip was added.
PBS-T made using Phosphate-buffered saline (PBS) tablets (Thermofisher, cat# 18912014), five
tablets added to 1L of dH20 with 1ml of Tween 20 (Thermofisher, cat# 85113).
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2.5.2 Immunolocalisation using Fluorescent staining
Slides were de-waxed using Histo-Clear, then re-hydrated by ethanol (100%, 95%, and 75%)
and washed in PBS-T. Antigen retrieval was performed by microwaving the slides in 0.01 M
sodium citrate, pH 6.0, for 20 min. Slides were subsequently blocked with 10% horse serum in

PBS-T, and incubated with the primary antibody, overnight at 4°C, in a humidified box.

The next day, the slides were washed with PBS-T buffer before adding the secondary antibody,
at room temperature for 1 hour. One drop of Vectashield Anti-fade, containing 4’,6-diamidino-
2-phenylindole (DAPI, Vector Laboratories, H-1200), was added, followed by addition of a

coverslip, which was sealed with nail polish. Slides were wrapped in foil and stored at 4°C.

Primary antibodies used were anti-RBMXL2 (in house, 1:100), anti-RBMY (in house, 1:100) and
anti-yHa2X (Sigma-Aldrich, cat# 05-636 1:200). Secondary antibodies used were Anti-Rabbit
Alexa Fluor® 488 secondary antibody (Thermofisher, Cat#A-21206), and Anti-mouse Alexa
Fluor® 594 secondary antibody (Thermofisher, Cat# A10040).

2.6 Minigene assays

2.6.1 Cloning of mouse £scol exon 3 into an exon trap vector and analysis in HEK293
cells

In order to investigate the splicing regulation of Escol gene (exon 3), a region of mouse
genomic DNA containing exon and flanking intron sequences for exon 3 of the Escol gene
was amplified by PlatinumTM PCR SuperMix High Fidelity (Invitrogen, cat; 12532016) for 30
cycles in Thermocycler. The product length was 2 kb using the primers shown in table 2.2.
The EcoR1 restriction enzyme was used to digest the PCR product, which was then cloned
into the de-phosphorylated-pXJ41 vector cut at the Mfel site (Bourgeois et al., 1999). The
pXJ41 vector and the insert (2.4kb) were digested by two restriction enzymes (EcoR1 and
Mfel respectively) then ligated together. Following ligation, a re-cleavage was carried out
using the Mfel enzyme in order to remove the religated vector without the insert (that can
often contaminate ligation mixes). The ligation mix was transformed into E.coli DH5a cells,
and plated on agar plates that contain ampicillin. 40 colonies were then screened by PCR
with insert forward primer (Escol-F) and reverse primer PXJR (complementary to a sequence

within the vector).
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A colony was selected and grown on LB medium with 50ug/ml ampicillin, incubated overnight
on 37°C shaker. Plasmid purification was carried out, and plasmid sequencing was done to
ensure the presence of the insert. Sanger sequencing (Source Bioscience) was used to verify
that the cloning was correct. To perform transfection of plasmids to carry out the splicing
analysis the HEK293 cell-line and lipofectamine 3000 (Invitrogen) were used. Cells were
transfected with expression constructs encoding different RNA- binding proteins (RBMXL2,
RBMX). An illustration of the minigene experiment seen below in figure 2.1. Cell pellets were
separately used for RNA extraction and protein analysis. Cell pellets for RNA extraction were
re-suspended in 150ul Trizol (Lifetechnologies). TRIzol was used to extract RNA using the
standard protocol provided below, then was analysed with a Qiagen kit (PCR with reverse
transcription) as instructed by the manufacturer. (Qiagen) one-step RT-PCR was carried out
using the primers pXJRTF and PXJB1 whose sequences are shown in table 2.2. Capillary gel
electrophoresis was used to analyse and quantify RT-PCR reactions using the PSI (%) formula
(found in chapter 2" section 2.6.13). For protein analysis the cell pellets were immediately

lysed in a 25-ul (2X) SDS sample loading buffer.
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Escol exon 3 (2. 4KB)
tggtgcacatatattcaggcaaaatgttcatgcactta
A33TA3gTCTAAgATIgATAgAAAAATATATEEgUIATACTTAATTATEAT
tctaaagatatactctaaaaggaattaaagtttatttaaattgagtttat
taatttttttctgocatagtattattgatctgtttottggattacataaaa
CECaAtgtCtaACCECETaAASSEEScagAAATGGCAGCACAAAAGGARATC
TATATTAATAGAGTACTTTACTAAGCGAAGGAGATTAARTAGAAGCCACA
AACCAACAAACTTGGCAAGCAAGGAAAGAARACCTIGTTAGCCATAAGACAT
T TACARATTCATCAACATCCAGTAGCTGTAGACTTCAGAAGAAARRACT
ITTITCAGAAAT TTIGTCAAAGCAGACAGGTCAGTGATAAATAACTCCTCTA
GCTAATAGGGTITAGGCCGGAAACTAATCATAATTARAACAAATTGGATCTIG
AATGAAGTITATI T ITCATTAAAAAAATAAAAACTICTGAAAACATTAAAT
TAGAATTTTCTGCAGAT T TTCATTTCCCTATCCAGCAGRAAGCAAGTATC
TTTCAACATTCATGCCAGCTTTTCTCATGTCTTAGAAATTGCCAAGAGTA
AR A TTACTIGAAACAACCTGGTATITTIGTITGGARATGTACATCAGTATA
AGTTAAAGTIGAT I TI TAAGATCTACTCCTITAGTGACAATACTAAGTACT
TAGCATCTGTITACCTACCTIGGACACAGTCCTICAAARMACTICCICAGAARAGAR
AGACATTACTCAGGAATAATGTCCATTCAGGAGARATCAAAAGAAAATTC
CICCATAGT ITACT AR AGARAGTIGAAGATGAGAATTITAGAAGAAGAAGTTIG
AR AGTICTCAGAACAGTCCAACRAAAGAAGTCAGGCTCCAAGGAAGCTGTA
AAGACACCAGTTAGATITTCCAACAARAGTAARAACAAATGAGTCTGAATT
TEGAATGCGAATGAGTACAAGSTCAGCATCATGTTCAGCTGATAAARCTG
CTACTAACTCCTITAATAAAAATACAGTAACTTTIGAAGGGACAATCACAA
CARART CITCAR R A A CGAAGAAAT TATGICAGGAAARATIATCACTIGGAAT
CITGAARRGGGARATGRACAGCTIICACCGCAGATCACAARGACTACAGCAGT
TARCAGAGTGTACAACCAGGTCTTTGCGCAGTAGAGAGATTCATGGTCAM
ATTCAAACAGTTARACAGAATCAGCAATCAGCAAGAAGAGAACAATGTAM
CAGTACTCAAAGTARATGTAATRAAGGTTAAGGTARATCRAAAAGCATGTGA
ARRGARRAGTGCTTGAAATCAAGTCTGATTIGTAAGGAGGACAGGCATTCA
ST TACE R ATCRACT A AT AR AT TCTCCCARRCCARRGARCCECRAAACTACE
GCATCAGACARC T ICTACT TG TAGTICTCAGTGCAACCRAAGGGTCTGAAR
AATGTCTCCAGAAGACTAGTAGRAAAGAAGAAATAAARCCTGTGCCTGTA
ACTGCIGATATTAGAAAATTARRAGCAGCTACTICAGTIGGTICTCTARAMA
GAATGAACTGAGGARATCAGCTCATACACARGTGAGTACTAGCACARAMC
CCCCCCAAATCCCACTECCACTAGTGCCTGAACACACTCATGACCAGGAR
TTGGAGCAAGCTGGAAAGAGCARAAGRAGGTAGCATTCTCCAACTCTGTGA
AGAAATTGCTGGTGAAATTGAATCAGATACTGTAGAGGTAAARAAGGAAT
CATCATGTGTGGAAAGTGTAAAGGAGGAGAAGCCTGCAGAGGTAARACTG
CA R GEGACCGATGCTGARRGACAAATACTCCATCATARRGARGCCARCCE
GGATGTGCGCTCTAATCGGTTCTTTCCCAGTAGGAAARCAAAGCCTGTGA
AATGCGTACTAAATGGAATAAATAGCTCAACTAAGAAGAACTCCAACTGE
ACTAAARATTAAGCITTCAAAATTTAACTCIGTGCAGCAACATAAATTIGGA
CTICTCARGTGTCTCCTAAGTTGAACT TATTACAARCTGGTTTGTCARACAT
CAGT T T TAGARATGCCTCATCCAGTGTCCCAAAGTACATTTTTAGAGATG
AR AGCGCATGGTAATGTAACTIGC CAACGGGATAAAATGAAAGGAATTAR
ATCTGARGAAGTTARAAT TAAT AATATTIGCAATTIGAAATTAATAARAGCCA
CARAARAGGGATCCIGGARAATTIGTAATITGGATAACCATATTARACCCTCT
CCTGACTCATCATTIGGATAATCAGATGAAACTTTCTTGTGAGTCAGCACT
AGATCAGgtaatcatccttatcacgtgtagtagaggggccaagsgotssa
tacacacttatttactaactatttgaaacagottttottaataattgata
aaastgttaaagcagocttacagtgatgaaactgagcacSogagEgEsSs

Figure 2. 1: cloning an Escol minigene: A) The Escol exon 3 track from UCSC browser
(http://genome.ucsc.edu). Red arrows represent the Escol-3F and Escol-3R primers used to
amplify the exon with flanking introns. B) Shows exon 3 sequence with flanking introns,
lower case letters indicates the introns sequences while the upper case is representing the

exon sequences. C) 1% agarose gel shows electrophoresis of exon 3 and flanking intron
amplification product from mouse genomic DNA. The PCR products (2.4 kb) are shown in

triplicate along with 1kb plus DNA ladder.
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2.6.2 Cloning of human £scol exon 4 into an exon trap vector and analysis in HEK293
cells.

The same strategy was conducted to analyse splicing of human ESCO1 exon 4. My colleague

Chile detected ESCO1 exon 4 skipping using RNA-seq analysis after RBMX knockdown.

Therefore, a minigene construct was produced using PCR-amplified human genomic DNA. The
amplified product was 2.4 kb using the primers shown below in table 2.2. Exon 4 of human
ESCO1 is another ultra-long exon that covers 2.6 KB. Exon 4 and flanking introns were PCR
amplified, cut with EcoR1, and cloned into the pXJ41 exon trap vector, digested by the
restriction enzymes Mfel. Like the previous minigene, re-cleavage was done using the Mfel
enzyme to remove the re-ligated vector without the insert. Transformation into E.coli DH5
cells was performed, followed by plating on ampicillin-containing agar plates. Insert forward
primer (ESCO1-F) and reverse primer (PXJR) were used for colony screening. A colony was
grown on LB medium and then incubated overnight at 37°C. Purification and sequencing were
performed to confirm the insert's presence. In order to analyse splicing, HEK-293 cells were

transfected with the insert as seen in the figure 2.2.
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Figure 2. 2: cloning a human ESCO1 exon 4 minigene. A) Human ESCO1 exon 4 shown in the
Gencode track from the UCSC genome browser (http://genome.ucsc.edu) . Red arrows
represent the ESCO1-4F and ESCO1-4R primers used to amplify the exon with flanking
introns. B) Shows exon 4 sequence with flanking introns. Capital letters indicates the exon

and lower case letters are the intron sequences. C) 1 % agarose gel shows exon 4

amplification from human genomic DNA. The PCR products (2.6kb) in triplicate along with

1kb plus DNA ladder.
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Primers

Forward

Reverse

Escol exon 3

(mouse)

AAAAAAAAAGAATTCtggtgcacatatattcaggca

AAAAAAAAAGAATTCaaacactcgggtgctcagtt

ESCO1 exon 4

(human)

AAAAAAAAACAATTGGGGATACTTCGTTCTGTTA
G CC

AAAAAAAAACAATTGACTCTCGCTAACAACTTA
A CAGG

pXJRTF (forward)
and pXJB1
(reverse)

GCTCCGGATCGATCCTGAGAACT

AGCAGAACTTGTTTATTGCAGC

Table 2.2: primer sequences used for cloning mouse and human ESCO1, Upper case indicate
the A residues and restriction site and lower case shows the exon.

MDD DD ODDN

DNA Fragment

Recombinant
Escol pua plasmid

L

Vector

Bacterial cell

Escol Recombinant
DNA plasmid

Escol

Recombinant DNA

Plasmid introduced
nto bacterial cel

58— 5T

Purified copies of
recombinant DNA plasmid

Cell culture produces
millions of new bacteria

HO

p—

RBMXL2/RBMX/ Tra2B
Recombinant DNA plasmid

Figure 2. 3: illustrating minigene experiment. From amplification of genomic DNA to

inserting the studied exon into a vector, producing more copies using bacterial cells,
transfecting different RNA-binding proteins (RBMXL2 and RBMX) alongside this recombinant
DNA, and isolated RNA and proteins from these cells to investigate splicing changes. Figure

made with BioRender.
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2.6.3 Primer design

Primers for mouse Escol exon 3 and human ESCO1 exon 4 were designed using UCSC genomic

browser website and then Primer3web website (https://primer3.ut.ee/). The whole exons

were included with small intronic regions from both sides around 20 bp. Primers were ordered

from IDT DNA (https://eu.idtdna.com/)

The exonic region of genomic DNA (from both mouse and human samples) was amplified using
PCR. PCR products were examined by agarose gel electrophoresis on a 1% TAE gel with a
ladder to confirm the correct product size using PlatinumTM PCR SuperMix High Fidelity
(Invitrogen, cat; 12532016). The PCR recipe and thermocycler programme are seen below in

tables 2.3 and 2.4.

PCR reaction 1X RXN
5X SuperFi™ Il Buffer 2ul
Forward primer(10uM) 1l
Reverse primer(10uM) 1l

10 mM dNTPs 0.2ul

Platinum™ SuperFi™ Il DNA 0.1l

Polymerase

Template (insert, vector, 0.5ul
20ng/ul)

dH20 2ul
Total 10 pl

Table 2.3: PCR reactions recipe from thermofisher website. Thermocycler programme
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Cycle step Temperature Time Cycle
Initial denaturation 98°C 30 seconds 1
Denaturation Annealing 98°C 5-10 seconds 30
Extension 60°C 10 seconds

72°C 60 seconds
Final extension 72°C 5 minutes 1
Hold 4°C oo -

Table 2.4: Thermocycler programme used.

2.6.4 Purification of DNA fragments from agarose-TAE gels

PCR products were digested with restriction enzymes following the manufacturer’s protocol
(QlAquick® PCR & Gel Cleanup Kit from Qiagen). Then, the products were sent for sequencing

to confirm that the whole exon is amplified.
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2.6.5 Preparation of plasmid DNA and bacterial cloning
Select chemically competent cells (Bioline) were used to transform ligated plasmids using the
manufacturer's heat shock technique. Transformed cells resistant to ampicillin were grown for
16 hours at 37 °C on LB agar plates with ampicillin. PCR was used to screen colonies using
primers that were unique to the vector and insert combinations. All cloning-related PCR
reactions were conducted using the Phusion High-Fidelity DNA Polymerase Kit (Thermo
Scientific). After the screening process, plasmids were sent to Source BioScience for
sequencing. Samples of purified plasmid DNA were diluted to 100ng/l and analysed in
automated gel electrophoresis using 10 uM of pXJRTF and pXJB1 primers. The obtained
sequences were aligned onto the genome (using the BLAT on UCSC genome browser) and

visually examined.

2.6.6 Sanger sequencing
Samples were sent to Source BioScience LifeSciences for DNA sequencing. First, since many
exons are ultra-long. | investigated the PCR products to ensure that the entire exons and
flanking intron were amplified. Then, after cloning, primer sets for the pXJRTF forward primer
and the pXJB1 reverse primer (10 mM each) was sent along with 100 ng/l samples of plasmid

miniprep to make sure that the correct sequences had been cloned into each minigene.

2.6.7 Cell culture
HEK293 and flp-in HEK293 cells were seeded in Medium (DMEM), a high-glucose-pyruvate-

medium provided by (Life Technologies), and the medium was enriched with 10% foetal
bovine serum (FBS) and treated with 1% penicillin/streptomycin (Life Technologies). To
prepare cells for minigene assays, 6-well plates of cells were cultured at 37 °C and 5% CO2.
Due to its high transfection rate, the human embryonic kidney cell line HEK293 (Graham et al.,
1977) was used for the minigene assays. Before cell harvesting, expression of GFP-tagged
proteins was observed under a fluorescent microscope. Then media was removed, and cells
were washed with PBS and 300ul Trypsin-EDTA were added, and the cells were returned to
the incubator for 5 minutes at 37°C to allow cells to detach, after which 1ml of the media
(DMEM) was added to the wells. From each well, two aliquots of the re-suspended cells were

taken and pelleted by microcentrifuge.
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2.6.8 Cell passages and maintenance
All cell culture work was done in a Class Il laminar flow microbiological safety cabinet. The
HEK293 cell line was seeded in 25 cm2 and 75 cm2 tissue culture flasks in a humid incubator
at 37 °C containing 5% CO2. HEK293 cells were maintained and passaged every 3 to 5 days in
DMEM media supplemented with 10% FBS (Sigma-Aldrich) with 1% penicillin/streptomycin
(Sigma-Aldrich). Cell passages with around 70 to 80% confluence were removed by removing
the media, rinsing the flask with sterile PBS, and treated with 2mM trypsin-EDTA (Sigma-
Aldrich) for 5 min in the incubator. Media were introduced to counteract the impact of trypsin-
EDTA. Centrifugation was used to collect all detached cells, the pelleted cells were then

resuspended in DMEM media and passed at a ratio of 1:4.

2.6.9 Cell counting
A Neubauer chamber haemocytometer was used to count cells before experiment. Media
were added to the cell pellets, then an aliquot of single cell suspension (10pl) was placed into
haemocytometer. Using low-power (10x) magnification, the number of cells that surrounded
the ruled grid area was counted. The appropriate number of cells was then seeded for each

experiment by diluting the cell suspension by the cell density per millilitre.

2.6.10 Lipofectamine 3000 transfection
Following the instructions from the manufacturer (Invitrogen), Lipofectamine® 3000
(Invitrogen) was used to transfect the cells in 6-well plates with 100,000 cells in each well. The

volumes used and incubation times are given in the table below 2.5.
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Transfection Components volume Incubation
protocol time
Reaction mix
Mix A Opti-MEM® Medium 125uL 5minutes
Lipofectamine 3000 reagent 5 uL
Mix B Opti-MEM® Medium 125 uL 5minutes
DNA (200ng)+ plasmid (500ng) 5 uL
P3000 reagent 5 uL
A+B Mix A 125 ulL 10-15
Mix B 125 L minutes

Short spin

Add 250 pL to each well in 6 well plate and incubate at 37c overnight

Table 2.5: Transfection protocol from Thermofisher scientific website.
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2.6.11 RNA extraction
150 pl of Trizol (Life Technologies) was added per tube for RNA extraction and incubated at

RT for 5 min. The mixture was then vigorously mixed with 20 pl of chloroform. After 10 min of
incubation at RT, samples were centrifuged at 13,000 rpm for 10 min. The top layer (about 50
ml) was taken out and put into a new Eppendorf. An equal amount of isopropanol was then

added to the new Eppendorf.

After a 15-minute incubation at 37 °C, samples were centrifuged at 13,000 rpm for 10 min at
4 °C to form a white RNA pellet. The supernatant was removed cautiously, and the pellet was
washed with 70% ethanol and air-dried. Lastly, samples were re-suspended in 30 pl dH,0
treated with diethylpyrocarbonate (DEPC). The RNA concentration was measured using a
Nanodrop spectrophotometer. Prior to RT-PCR, RNA samples were diluted to 50 ng/ul using

RNase-free dH,0.
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2.6.12 RT-PCR
RT-PCR was done following the one step-PCR protocol from Qiagen. RT-PCR samples of (5ul)
were diluted with equal amount of the QlAxcel DNA dilution buffer (Qiagen). Samples were
then electrophoresed on the QlAxcel multi-capillary electrophoresis system (Qiagen). Analysis
of the samples was done using the QlAxcel Biocalculator software (Qiagen) to determine the

size of each PCR product (bp) with the concentration of each band (ng/ul).

RT-PCR was used more than once during my PhD project. The table below 2.6 shows the
primers | used for chapter 3 where | detected similar patterns for RBMXL2 target expression

during neonatal development in both mouse strains.

Primers Forward Reverse Internal
Kdm4d AAGGCGCAAATAA TCTTGTAGGCTACTGGGTGC CCAGAAACTACTTT
GTACGGG GGCTGTG
Meioc AGACCGAAAGAAA ATCTGCTTGTGTTCATTGGCC GCTCGCCATTGTTCA
TGACTATGGC TAGCA

Table 2.6: primers used for time course experiment in the two mouse strains.

2.6.13 Calculation of percentage splicing inclusion (PSI %):

Bands from products detected in RT-PCR experiments were quantified and compared using
the formula below:

Concentration of exon included (ng/ul)

Concentration of included + excluded exons X 100 = PST (%)
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2.6.14 Western blotting

HEK293 cells were resuspended in loading dye (2x sodium dodecyl sulfate (SDS)). The mixture
was then sonicated and heated for 5min at 95 °C. The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred
to a nitrocellulose membrane through wet transfer for 1 hour. Next, the membrane was
incubated with a blocking buffer [5% Milk, dissolved in phosphate-buffered saline (PBS) and
2.5% horse serum]. The membranes were stained with primary antibodies (at the
concentrations indicated below) diluted in blocking buffer overnight at 4°C. After incubation,
the membranes were washed three times with Tris-buffered saline containing Tween-20 (TBS-
T). Secondary antibodies conjugated with horseradish peroxidase were used to detect primary
antibody binding. Finally, an X-ray film developer machine used Clarity Western ECL Substrate
(GE Healthcare Systems) to detect the bands developed in the dark for 2 seconds. The
following primary antibodies were used: anti-RBMXL2 (generated in- house, 1:1,000) anti-
Tubulin (Abcam, 1:2,000), anti-RBMX (Cell Signalling, 1:1000), anti- GAPDH (Abcam, 1:2000)
and anti-FLAG antibody (Sigma, 1:1000).

Secondary antibodies were as follows: anti-mouse HRP (Jackson ImmunoResearch Labs,

1:2000), anti-rabbit HRP (Jackson ImmunoResearch Labs, 1:2000).
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2.7 iCLIP

271 Definition
The iCLIP protocol was obtained from the Ule Lab (unpublished) and used to identify RBMXL2
protein targets in mouse testes. The new protocol utilises some changes from the irCLIP
method (Zarnegar et al., 2016) and the eCLIP (Van Nostrand et al., 2016) but is mainly based
on the old iCLIP protocol (Huppertz et al., 2014). Figure 2.4 illustrates the iCLIP protocol. Wild-
type mouse testes (4 testes) were collected and used fresh. First, each testis was cut into small
pieces with a sterile scalpel over ice, then 1 ml ice-cold PBS (Gibco) with protease inhibitors
(Protease Inhibitor Cocktail Set Ill, EDTA-Free, Merck) were added. Consecutively, testis was
passed through serial pipetting from a P1000 tip, then a P200 and finally a P10 tip.

Homogenised testes were then saved in an Eppendorf tube in a -80 °C freezer.

2.7.2 Steps:

2.7.2.1 UV cross-linking of mice testes

Mouse testes were placed in sterilised plates on ice and irradiated four times (with shaking in
between) with 100 mJ/cm2 in a Stratalinker 2400 at 254 nm. Cells were collected and
centrifuged for 1 min at 514 g at 4°C. Then, the supernatant was removed, and the pellets

were stored in a -80 °C freezer.

2.7.2.2 Preparation of magnetic beads

Lysis buffer was prepared as advised in the protocol table 2.7, then was used twice (900 pl) to
wash the 100 pul of protein G Dynabeads (Invitrogen). Then, beads were re-suspended in 100
pl lysis buffer with 5 pg of anti-flag antibody (Sigma F1804) per tube. Next, the room
temperature incubation was carried out for an hour. Beads were then washed with 900 pl of

the lysis buffer three times and then placed in 400 pul lysis buffer until the lysate was ready.
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2.7.2.3 Cell lysis, partial RNA digestion and immunoprecipitation

The pellet containing the UV cross-linked cells was resuspended in 1 ml of lysis buffer treated
with protease inhibitors (Protease Inhibitor Cocktail Set Ill, EDTA-Free, Merck), transferred to
anew (1.5 mL) Eppendorf tube, and sonicated using a Bioruptor for ten cycles with 30 seconds
on/off intervals at low intensity. The lysate concentration was determined using the Bradford
assay. All samples were diluted to 1 mg/ml or the concentration of the least concentrated
sample (whichever was less), and 2 pl Turbo DNase (Ambion, AM2238) were added to the cell
lysate. Two conditions of RNase | (Thermo Scientific, EN0602) were used: these were 0.8 (Low
RNase) or 2.5 (High RNase) units per ml. At 37°C, the cell-lysate was incubated shaking at 1100
rpm for 3 min for the low RNase and 5 min for the high RNase, then transferred into ice for 3
min. The supernatant from centrifuging the lysates at 15000 rpm for 10 minutes at 4°C was
moved to a new 1.5 ml tube. Finally, cell lysates were moved to a Proteus Clarification Mini
Spin Column (Generon; GEN- MSF500) and centrifuged at 13000 rpm for 1 min at 4°C (500 pl
at a time). Cell extracts were added to the beads from step 2.7.2.2. The beads/lysate mix was
rotated overnight at 4°C, in the cold room, washed 2x with high-salt wash table 2.7 (the second
wash was rotated for at least 1min in the cold room). Beads were washed 1x with PNK buffer

table 2.7, resuspend in 1X PNK wash buffer (Table 1) and moved to a new tube.

2.7.2.4 De-phosphorylation of RNA 3' end and linker ligation

8 ul of 5x PNK pH 6.5 buffer, 1 ul of PNK (NEB M0201L), 0.5 ul of FastAP alkaline phosphatase
(ThermoFisher, EF0654), 0.5 ul of RNasin, and 30 pl of water were mixed to make up a 40 pl
dephosphorylation mix. This was used to resuspend the beads, which were then incubated at

37 °C for 40 minutes while shacking at 1100 rpm in the thermomixer.

1x Ligation Buffer (DTT free) (containing 6.3 ul of water, 3ul 10X ligation buffer (no DTT), 0.8pl
100% DMSO, 2.5ul T4 RNA ligase | — high concentration (M0437M NEB), 0.4ul RNasin, 0.5pl
PNK (NEB M0201L), 2.5 pl pre- adenylated adaptor L3-???-App (see table 2.8 for sequence)
and 9ul 50% PEG8000was used to wash the beads once. Then 25 pl of the ligation reaction
was added to the beads and incubated at RT for 75 min (while flicking the tube every 10 min).
Finally, the beads were washed twice in the cold room with rotation for at least a minute
before being re-suspended in 1 mL of PNK buffer. The beads were transferred to a new tube,
put on a magnet to remove the buffer, and 20 ul of a mix was added containing (12.5ul
Nuclease-free H20, 2ul NEB Buffer 2, 0.5ul 5’ Deadenylase (NEB M0331S), 0.5ul Reclf

endonuclease (NEB M0264S), 0.5ul RNasin and 4ul 50% PEG8000).
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Then beads were incubated for an hour at 30°C, followed by 30 mins at 37°C while shaking in
a thermomixer at 1100 rpm. The beads were washed twice with high salt wash while rotating

for at least 1 minute in the cold room and once with 1 ml of PNK buffer.

2.7.2.5 SDS-PAGE and membrane transfer

The PNK buffer was discarded, and the beads were resuspended in 20l of preheated at 70°C
1x NUuPAGE loading buffer (made by combining 4x stock; Invitrogen) with water and reducing
agent DTT; the final concentration was 100 mM (from 1M stock = 10%). Then the samples
were incubated in 1x NUPAGE loading buffer at 70°C for 1 min before being put on a magnet
to collect the supernatant for loading onto the gel. According to the manufacturer's
recommendations, the supernatant was added onto a 4-12% NuPAGE Bis- Tris gel (Invitrogen)
alongside 6 ul of a pre-stained protein size marker. The gel was run for 65 minutes at 180 V
with 0.5L of 1 x MOPS running buffer (Invitrogen) for size separation. The gel's dye front was
removed and discarded (the dye might interfere with imaging). The protein-RNA-L3complexes
were transferred from the gel to a Protan BA85 Nitrocellulose Membrane (Whatman) using
the Novex wet transfer apparatus according to the manufacturer’s instructions (Invitrogen)
for 2 hrs at 30 V. The membrane was washed in PBS buffer, placed in a clear document sleeve,

and scanned in both the 700nm and 800nm channels using the Odyssey LI-COR CLx imager.

2.7.2.6 RNA isolation

The low-RNase samples were eluted from the membrane using a printed template of the
infrared gel. The membrane slices were placed in a 1.5ml (Eppendorf Test tube DNA LoBind
1.5mL) microfuge tube containing 10 pl proteinase K (Roche, 03115828001) per 190 pul PK+SDS
buffer table 2.7, and incubated at 50 °C for 60 minutes while shaking at 1100 rpm. The sample
and 200 ul Phenol:Chloroform:lsoamyl Alcohol (Sigma P3803) were added to a separate tube,
mixed, and added to a pre-spun 2 ml Phase Lock Gel Heavy tube (713-2536, VWR), incubated
for 5 minutes at 30 °C while shaking at 1100 rpm, and then spun for 5 minutes at 13000 rpm
at room temperature. 800 ul of chloroform was added to the top phase of the Phase Lock Gel

Heavy tubes, which were then inverted and spun at 13000 rpm for 5 minutes at 4°C. | then
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transferred the aqueous layer to a new tube and precipitated it overnight at -20 °C with 0.75

ul Glycoblue (Ambion, 9510), 20 ul 5 M sodium chloride, and 500 | 100% ethanol.

2.7.2.7 Reverse transcription

The RNA was resuspended in 5.5 pl of dNTP mix (10 mM) and reverse transcribed in 1 pl of
primer irCLIP ddRT_## (1 pmol/l) and 0.5 pl of ANTP mix (10 mM). Table 2.8 gives the sequence
of RT primers with individual barcodes for each reference.) The RNA samples were placed at
65°C for 5 min and then cooled to 25°C until the RT-PCR mix was prepared with 2 pl 5x SSIV
buffer (Invitrogen), 0.5 ul 0.1 M DTT, 0.25 | RNasin, 0.25 ul Superscript IV. Reverse
transcription was done using the following thermal program: 25°C for 5 min, 50°C for 5 min,
55°C for 5 min, and 4°C hold. The newly transcribed cDNA was treated with 1.25ul of 1M
NaOH, incubated for 15 minutes at 85°C for alkaline hydrolysis of the RNA, and then
neutralised with 1.25 ul of 1M HCI.

2.7.2.8 cDNA purification

37.5ul (3x) of Agencourt AMPure XP beads and 21l (1.66x) of isopropanol was added to the
newly transcribed cDNA from the previous step (2.7.2.7). First, this was vigorously mixed and
incubated at room temperature for 5min. Then the beads were kept on a magnetic rack for
2-3 mins. Next, the supernatant was discarded and washed twice with 200 ul of 85% ethanol
for 30 seconds. Next, the beads were dried for one minute at room temperature. After the
ethanol was removed, cDNA was eluted into 9ul of water, incubated for 3 minutes, and then

transferred to a new tube.
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2.7.2.9 Ligation of primer to the 5' end of the cDNA

The purified cDNA was circularised in the following combination: (1.5 ul 10x CircLigase Buffer
Il (Epicentre), 0.75 pl CircLigase Il (Epicentre), 0.75 pl 50 mM MnCI2 (included in the CircLigase
Il kit), and 3 ul 5M betaine (included in CircLigase Il kit)) and incubated at 60 °C overnight. The
circularised cDNA was purified using AMPure XP beads as described before (step 2.7.2.8), with
the reaction volume increased to 45 ul of AMPure XP beads, 25 ul of isopropanol, and 10 ul of

water.

2.7.2.10 Circularised cDNA amplification
The circularised cDNA was amplified by PCR using the following PCR mixture: 4 pl cDNA, 15 pl
water, 1 pl primer mix P5Solexa/P3Solexa 10 M (Table 2-8), and 20 pl Platinum HS master mix.
The PCR protocol consisted of 98°C for 40 seconds, 19 cycles of [98°C for 20 seconds, 65°C for
30 seconds, and 72°C for 45 seconds], 72°C for 3 minutes, and a 25°C hold.

2.7.2.11  Purification with AMPure

AMPure XP was utilized to purify amplified cDNA at a volume twice that of the cDNA. First, the
mixture was thoroughly mixed using a vortex. Then, the mixture was sat for 5 minutes at room
temperature. The beads were then placed on a magnetic rack and washed with 500 ul of 70%
ethanol. The beads were then placed on a magnetic stand for 30 seconds, after which the
ethanol was removed, and they were allowed to dry for one minute. The purified PCR product

was then eluted using 40 pl of TE buffer and 30 seconds of vortexing.
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2.7.2.12 Size selection of cDNA library by gel purification

The PCR product was size separated on a 6% TBE gel at 180V for 30 minutes, stained with SYBR
Green, and visualised using a blue light transilluminator. DNA between 145 and 400 nt was
collected from the gel by crushing the gel in 500 ul of Crush-Soak Gel buffer table 2.7, DNA
was obtained from the gel over two hours of incubation at 65 °C with thermomixer settings of
15 seconds at 1000 rpm followed by 45 seconds of rest. The liquid component of the
supernatant was added to a Costar SpinX column (Corning, Inc., 8161), which included two 1
cm glass pre-filters (Whatman, 1823010). The sample was spun at 13000 rpm for 1 min, and
the liquid was combined with 1 | glycoblue, 50 pl 3M sodium acetate, pH 5.5, and 1.5 ml of

absolute ethanol overnight at -20 °C.

2.7.2.13  High-throughput sequencing

The iCLIP protocol contains two critical steps: (1) the visualisation of the infrared protein- RNA-
L3 complexes after transfer to the Protan BA85 Nitrocellulose Membrane, and (2) the
visualisation of the cDNA library using the 6% TBE g el. Before sequencing, samples were sent
to be analysed using the Tapestation and then submitted for high-throughput sequencing on
the lllumina NextSeq 500 in collaboration with Mr. Rafiqul Hussain at the Newcastle University

Genomics Core Facility.
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(A)

(C)

(E)

(G)

Lysis Buffer

50 mM Tris-HCI, pH 7.4

100 mM NacCl

1% Igepal CA-630 (Sigma 18896)

0.1% SDS

0.5% sodium deoxycholate

PNK Wash Buffer

20 mM Tris-HCI, pH 7.4

10 mM MgCl2

0.2% Tween-20

10x Ligation Buffer (DTT free)

500mM Tris-HCL 7.5

100mM MgClI2

Crush-Soak Gel Buffer

500mM NacCl

1mM EDTA

0.05% SDS

(D)

(F)

High-salt Wash

50 mM Tris-HCIl,pH 7.4

1 M NacCl

1mMEDTA

1% Igepal CA-630 (Sigma 18896)

0.1% SDS

0.5% sodium deoxycholate

4x Ligation Buffer

200 mM Tris-HCI, pH 7 4

40 mM MgCi2

4 mM dithiothreitol

PK +SDS Buffer

10 mM Tris-HCI, pH 7 4

100 mM NaCl

1 mMEDTA

0.2% SDS

Table 2.7: List of buffer components used in the iCLIP experiment.
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iCLIP oligos and primers

L3-IR-phos

5Phos/AG ATC GGA AGA GCG GTT CAG AAA AAA AAA AAA

iAzideN/AA AAA AAA AAA A/3Bio/

irCLIP_ddR T_30

RT primer

5Phos/ WWW CGATC NNNN AGATCGGAAGAGCGTCGTGAT

iSp18/ GGATCC /iSp18/ TACTGAACCGC

irCLIP_ddR T_32

RT primer

5Phos/ WWW CTCGA NNNN AGATCGGAAGAGCGTCGTGAT

iSp18/ GGATCC /iSp18/ TACTGAACCGC

irCLIP_ddR T_34

RT primer

5Phos/ WWW GAAAC NNNN AGATCGGAAGAGCGTCGTGAT

iSp18/ GGATCC /iSp18/ TACTGAACCGC

irCLIP_ddR T_35

5Phos/ WWW GAGTT NNNN AGATCGGAAGAGCGTCGTGAT

RT primer iSp18/ GGATCC /iSp18/ TACTGAACCGC

P3 Solexa CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

P5 Solexa AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG

ACGCTCTTCCGATCT

Table 2.8: Adaptor and primer sequences used for iCLIP all sequences. All sequences were
ordered from IDT, 3’ infrared adaptor were ordered as HPLC purified DNA with 5’ phosphate.
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2.7.2.14 Bioinformatics analysis of iCLIP sequencing data
My colleague Chile Siachisumo assisted me with the iCLIP analysis. Firstly, the raw files of the
four replicates were given to Dr.Graham Smith (Newcastle University Bioinformatics Support
Unit) to create the Fastq files to be later used in the iIMAPs pipeline. The iIMAPs pipeline
eliminate the PCR duplicate copies, and used STAR to line iCLIP tags up with the mouse
genome sequence (mouse GRCm39). Then merged files were created for the four samples
that contain the crosslink sites. First, Bedtools merged the four files by adding 5 nucleotides
to each file (Quinlan & Hall, 2010). Next, a TRIMGALORE was used to remove residual lllumina-
sequencing adaptors or low-quality reads at the 5’ end. Then BOWTIE_ALIGN was used to align
the demultiplexed reads against the rRNA and mature tRNA indexes to prevent
contamination. Finally, Galaxy hub (https://usegalaxy.org) was utilised to perform PCA and

correlation analysis for the four samples and the no-antibody (negative control).

2.7.2.15 Gene Ontology (GO) enrichment analysis
From the iMAPs analysis, a list of genes was generated. Then, | performed Gene Ontology
Enrichment Analyses on the first 500 genes using ShinyGO 0.77

(http://bioinformatics.sdstate.edu/go/). | developed the graph myself. The p-value cutoff for

the analysis was set at 0.05.

2.7.2.16  Analysis of long mouse exons

Using Ensembl Genes (http://www.ensembl.org/biomart/), Dr. Sara Luzzi annotated all mouse

exons and produced a graph comparing mouse RNA-seq to RBMXL2 iclip.
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Figure 2. 4: Visual illustration of the iCLIP protocol. (1) UV radiation was used to induce
irreversible covalent RNA-protein crosslinks in mouse testes. After sonication, RNase was
used to digest the cells. (2) Cells were digested with RNase after sonication. (3) RNA was
immunoprecipitated with the anti-RbmxI2 antibody to form an RNA-protein complex. (4-5)
RNA was dephosphorylated, and a pre-adenylated L3-IR adaptor 3’ RNA linker was bound to
the RNA complex. (6) The protein-RNA complexes were separated by size using the SDS-
PAGE and nitrocellulose membrane. The area of the membrane with the protein-RNA
complex was cut out with the help of a printed template of the area. (7) The protein-RNA
region was fragmented with a scalpel and digested with proteinase K. (8) After purifying the
RNA, a primer containing a barcode sequence was used to reverse-transcribe the RNA into
cDNA. (9) AMPure XP beads were used to purify the cDNA, and then (10) Agarose gel was
used to separate DNA in the appropriate size range. (150-400 nt) that was purified and sent
for sequencing using the Illumina 500 machine.
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2.8 SiRNA knockdown

Following the instructions from the manufacturer, Lipofectamine® RNAIMAX (Invitrogen) was
used to transfect the cells in 6-well plates with 100,000 cells in each well. In addition, pre-
designed siRNA was ordered from Integrated DNA Technologies (IDT), as seen in the tables

below 2.8 and 2.9.

Transfection protocol Components volume Incubation
Reaction mix time
Mix A Opti-MEM® Medium 125uL Sminutes
Lipofectamine® RNAIMAX Reagent 5uL
Mix B Opti-MEM® Medium 125 ulL Sminutes
SiRNA (10 uM) 5uL
A+B Mix A 125 ulL 5 minutes
Mix B 125 ulL
Short spin
Add 250 pL to each well in 6 well plate and incubate at 37c overnight for 3 days

Table 2.8: Transfection protocol from Thermofisher scientific website.
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RBMX siRNA sequence

hs.Ri.RBMX.

13.1-SEQ1

5'- rArUrC rArArG rArGrG rArUrA rUrArG rCrGrA rUrArG rArGA T -3’

Table 2.9: RBMX siRNA sequence used to create the knockdown.

2.9 RNA-seq

RNA sequencing made the study of alternative splicing across the entire transcriptome
possible. RNA sequencing involves mRNA enrichment, fragmentation, cDNA synthesis,
adapter ligation, library amplification, and sequencing. Then an expression profile for each
gene is then generated by processing the sequencing reads and mapping them to a reference

genome (Wang et al., 2009).

The Newcastle University Genomics Core Facility carried out the RNA sequencing. TruSeg-
stranded mRNA-Seq was used to sequence the RNA, producing more than 40 million paired-

end 100-bp reads. For each condition, a single sample was sequenced.

2.10 Statistical analysis:

To compare the testis weight between two backgrounds, | used two-way ANOVA to
investigate whether there were statistically significant differences in the testis
measurements when considering both the mouse background (categorised into two groups )

and the presence or absence of RbmxI2 knockout (categorised into two groups).

In this study, | also used a time course experiment (over the first wave of spermatogenesis in
the neonatal mouse) to compare splicing patterns in WT and RbmxI2 knockout mice.
Traditional parametric statistical tests, such as ANOVA, were not possible due to the lack of
replication because there was only one subject or sample in each condition (KO and WT) for
each time point days 12, 14,18 and adult mice (n = 1). As a result, | relied on descriptive
statistics, such as means, medians, and standard deviations, to summarise the data, allowing
me to describe trends or differences between KO and WT across different days. Although the
small sample size prevented formal statistical hypothesis testing, | was aware of this

limitation. | chose a descriptive, data-driven approach, acknowledging the inherent
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limitations and aiming to extract exploratory insights from the available data. This

preliminary finding aims to confirm the distinctions between WT and KO.

Finally, a statistical analysis was conducted for the rescue experiment. A non-parametric t-
test was performed for each of the three replicates (n=3), comparing WT and RBMX KD with
and without the overexpression of RBMXL2, RBMY, and RBMXL2 without RRM.

2.11 Details of rescue experiment:

To first establish this protocol | used a stable cell line from our lab that can overexpress
RBMXL2-FLAG, RBMY-FLAG or RBMXL2ARRM-FLAG after tetracycline induction. A stable cell
line (Flp-In HEK293) was used. In the Flp-In HEK293 cell line, an FRT site, a Tet repressor, and
a blasticidin resistance gene are expressed and integrated within these cells’ genome. In my
stable cell lines RBMXL2 is integrated into the FRT site. Expression of RBMXL2 cloned into the
FRT site is regulated by the tetracycline promoter. Therefore, adding tetracycline (1mg/ml)
will allow the expression of RBMXL2 in those cells. In order to maintain the expression of

RBMXL2, blasticidin was added on every third passage.

The rescue protocol starts with plating two 6-well plates—one as a control (without
expression) and another for overexpression. The main difference between the two plates is
the addition of tetracycline. First, cells were seeded at 100,000 cells per well as mentioned in
section 2.6.7. Then, | performed RBMX depletion in the first 3 wells using an SiRNA directed
against RBMX using Lipofectamine™ RNAIMAX Transfection Reagent (Invitrogen). The other
wells were transfected with a control siRNA to compare with the knockdown of RBMX (section
2.8) contains the siRNA sequences purchased from IDT. The 6 well plates were kept in
incubators at 37 °C with 5% CO; for 48 hrs. Then, the experimental plate was induced with
tetracycline to overexpress the RBMXL2-FLAG. After adding the tetracycline (1mg/ml) (2ul per
well), | continued the incubation for 24 hrs before cells were harvested for RNA extraction (to
be used for RT-PCR mentioned in section 2.6.12) and protein extraction (for a western blot
mentioned in 2.6.14). Details of the experiment are shown in the figure below 2.5. | used

Western blot analysis to confirm the overexpression of RBMXL2.
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Figure 2. 5: The experiment design of rescue experiment. A) The experimental time course
to knockdown RBMX and overexpress RBMXL2 in stable HEK293 cells. B) The two (6-well
plates) one for overexpression and the other as a negative control (no tetracycline
induction). C) A schematic showing how this stable cell line was designed with an RBMXL2
open reading frame that will expressRBMXL2 if Tetracycline is added.
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Chapter 3: Do different mouse strains have a different RbmxI2

knockout phenotype?

3.1 Introduction:

The laboratory mouse has been used as a model to examine the effect of genetic mutations
on germ cell development. The reason is since mice are a relatively easy system to generate
gene mutations or knock out some genes and investigate the impact of these genes. This
Chapter is based on a recent elife paper (2019), in which Dr. Ingrid Ehrmann from our lab
successfully knocked out the Rbmx/2 gene rendering the male mice infertile (Ehrmann et al.,
2019). She also reported that no sperm were seen, and spermatogenesis was arrested at the
diplotene stage in the C57BL/6 background. The testis-specific RBMXL2 protein is expressed
in the germ cells from the pachytene to the round spermatid stage. In the work described in
this Chapter | was trying to establish whether RBMXL2 might have roles outside of diplotene.
The strategy was to cross the RbmxI2 knockout allele onto a different genetic background
(Sv/129). For example, Dazl knockout mice showed an earlier embryonic phenotype in
C57BL/6 compared to the mixed background, which shows a postnatal phenotype (Ruggiu et
al., 1997; Lin & Page, 2005).

This Sv/129 background has previously been reported to sometimes have different
phenotypes from the C57BL/6 background. Tissue damage, inflammation, and angiogenesis
were found to be more aggressive in Sv/129 mice than in C57BL/6 mice (Kiibler et al., 2021).In
addition, C57BL/6 mice showed more sensitivity to renal damage triggered by
ischemia/reperfusion injury (IRl) than what was observed in Sv/129 mice (Lu et al., 2012). Imai
et al., 2020 discovered a significant increase in the incidence of testicular teratomas in the
Sv/129 mice strain when Dnd1 was knocked out, whereas no teratomas were found in the
C57BL/6 strain. Also, this same study observed that the heterozygous Dnd1-A mutant allele
has a decreased number of sperm and is generally less fertile in Sv/129 mice than in the
C57BL/6 strain. A study by Ogonuki et al. (2010) investigated the intracytoplasmic sperm
injection (ICSI) procedure and effects of freeze and thawing for sperm and oocytes in different
mouse backgrounds (Ogonuki et al., 2010). They detected less ICSI efficiency for round
spermatids frozen and thawed in Sv/129, by 0.3% compared to C57BL/6 background. The
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study of (Adham et al., 2001) indicated that the knockout of transition protein 2 (Thp2) shows
normal fertility on a hybrid background (C57BL/6- Sv/129), although in Sv/129 mice was
completely infertile (where mice had teratospermia). Another example is deletion of the Smcp
gene (Sperm Mitochondrion-Associated Cysteine-Rich Protein) in hybrid background
(C57BL/6- Sv/129) was fertile, while Sv/129 was infertile despite producing sperm. In the
Sv/129 mouse strain, knocking out the (Smcp) gene reduced motility and sperm's ability to
penetrate oocytes. Recently, many studies identified different outcomes and phenotypes with
different mouse backgrounds, and it is most likely that those backgrounds have diverse
genetic modifiers (Lu et al., 2012; Miyata et al., 2020). In addition, a mutation of Usp26
(ubiquitin-specific peptidase 26) results in sterility or subfertility when crossed with the DBA/2
mouse strain. However, fertile mice were bred when the same mutation was introduced into
a C57BL/6 background. This example confirms that genetic background modified the effects
of the Usp26 mutation on male reproductive capacity (Sakai et al., 2019). These data shows

the important of the genetic background in mouse phenotype.

Identifying the exact stage of any block in spermatogenesis can help describe and interpret
what a gene’s effects in spermatogenesis are. During spermatogenesis, the mouse testis
undergoes 12 stages of seminiferous tubule development. Staging can be done following the
Meistrich and Hess's (2013) mouse staging roadmap. Therefore, in order to study the effect
of RbmxI2 knockout on mouse testis development, | had to learn how to stage testes. With
the assistance of Professor lan Adams from the University of Edinburgh, | began learning how
to stage mouse testes. We staged wild-type mouse testes using the mouse testes charts shown
in figure 3.1. In addition, | used some markers to check for apoptosis and DNA breakage,
including an antibody that recognises gamma-H2AX to identify leptotene, zygotene, and the
sex body in pachytene (Meistrich and Hess, 2013). However, the staging of mice is a complex
process. For example, if mice are not producing sperm, it is hard to identify the first wave of
spermatogenesis without round spermatids. Furthermore, it can occasionally be challenging

to stage dying cells like pachytene during the first wave.

A complete absence of germ cells is called Sertoli cell only syndrome, and this can also apply
to individual seminiferous tubules (called SCO tubules). Presence of SCO tubules suggests a
dramatic defect in germ cell development. There are two types of SCO: primary and
secondary. Primary refers to when prenatal damage occurs during migration to the male

gonads. In contrast, secondary SCO is postnatal damage to a healthy testis (Gashti et al., 2021).
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Figure 3. 1: Mouse testes staging chart from stage 1 to 12. Taken with modification from
(Ruthig & Lamb, 2022).

3.2 Hypothesis:

| hypothesised that Rbmx/2 knockout alleles may have cause different phenotypes in different
mouse strains. To test this the C57BL/6 with the Rbmx/2 knockout originally studied in the
eLife paper (Ehrmann et al., 2019) was backcrossed to a different background: Sv/129. We
were interested in learning whether RbmxI2 is essential during the diplotene stage or

earlier/later, and whether RBMXL2 expression would be the same in both backgrounds.

3.3 Aims:

1-To investigate whether RbmxI2 knockout mice have different phenotypes between different

strains.

2-To investigate if different mouse might strains have different RBMXL2 protein expression

patterns.

3-To investigate whether already known RBMXL2 target genes in meiosis respond to Rbmx/2

depletion in a strain-specific background.
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3.4 Results

34.1 Rbmx/2 knockout mice do not have different testis weight between the C57BL/6
and Sv/129 strains.

Dr. Ingrid Ehrmann did a preliminary study to see if the Rbmx/2 knockout phenotype in a
C57BL/6 background differs from the same knockout allele in Sv/129 using mouse testes
weights. Using Ingrid’s data, | did a testes weight comparison using a two-way ANOVA
between the two mouse strains, shown in figure 3.2. The first thing to notice is that there is a
strong change in testis size for homozygote versus wild type mice in both strains — hence the
RbmxI2 knockout likely does cause male infertility and germ cell depletion on the Sv/129
background. However, the difference in testis weight between the Sv/129 and C57BL/6 mouse

strains was insignificant, suggesting they might arrest at the same time.
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Figure 3. 2: Testis weight comparison between the RbmxI2 knockouts in the C57BL/6 and
Sv/129 strains (n=5). A significant difference between the wild-type and knockout mice
within both strains were seen. However, there were no significant differences in the testis
weight of the KO between the mouse strains. Statistical analysis (two-way ANOVA) was done
using Prism GraphPad. ns=not significant ****=P < 0.0001.
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34.2 Rbmx/2 knockout mice have an increased content of “Sertoli Cell Only” tubules in
the Sv/129 strain compared to C57BL/6

Next | started staining testis sections with H&E (Haematoxylin and eosin) to check for possible
more subtle differences between the two mouse strains. My first observations at X20
maghnification suggested that testis morphology in the Sv/129 strain was more disrupted, and
has more Sertoli cell only tubules than C57BL/6 sections as shown in figure 3.3. No round

spermatids or elongating spermatids were detected in either mouse strain.

C57BL/6 Sv/129

‘ \ 3

Round spermatids

Sertoli only tubule  zygotene

Pachytene

Figure 3. 3: Histological comparison of testis development for RomxI2 knockout mice
between the Sv/129 and C57BL/6 mouse strains at X20 magnification (n=1). (A) A
micrograph of H&E stained testis from a wild type C57BL/6 mouse shows round spermatids
and pachytene cells. (B) A micrograph of H&E stained testis from a wild type Sv/129 mouse
shows normal round spermatids and pachytene cells. (C) A micrograph of H&E stained testis
from a C57BL/6 mouse shows that one tubule appears to have only Sertoli cells. (D) In a
micrograph of H&E stained testis from a Sv/129 mouse, the tubules seemed more empty
compared to C57BL/6, with more frequent occurrence of tubules that have only Sertoli cells.
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SCO tubules were seen in three adult Rbmx/2 knockout mice in the Sv/129 strain background,
numbered 109, 54 and 98. All of these mice were adult males. However, individual 109 was
around 8 months, which might explain the higher number of empty tubules seen in
comparison to the other replicates (Mice numbers 54 and 98 were 3 months old). Higher

magnification images of histological staining with H&E seen below in the figure 3.4.

Due to the COVID-19 pandemic, we had to cull all SV/129 mouse strains during the lockdown.
Consequently, upon our return to normal laboratory operations, there was a considerable
delay in procuring new knockout mice. Therefore, | resorted to utilizing an archived set of
testes samples, specifically from individual number 109, which had been fixed in Bouins. These
testes were found to consist solely of Sertoli cell-only tubules upon microscopic examination.
With Dr. Ingrid Ehrmann's help, we confirmed that the mouse was eight months old.
Therefore, no power tests were executed due to the unavailability of appropriate replicate

samples for this analysis.
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Figure 3. 4: Histological section of WT and RbmxI2 knockout mice testis (n=3). WT exhibit
all cell types. Unlike RBMXL2 knockout individual number 109, 54 and 98 shows Sertoli cells
only tubules. Exact tubule stages cannot be identified due to complete cell loss. No
quantification analysis done beyond describing the data (qualitative assessment).
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343 RbmxI[2 deletion causes a Stage IV arrest in the Sv/129 background compared to
C57BL/6

Before investigating the stage of germ cell arrest within the Sv/129 background, I confirmed
Ingrid's findings reported in her eLife paper (Ehrmann et al., 2019). She reported that knocking
out RbmxI2 in C57BL/6J resulted in the arrest at diplotene (stage Xl). Consequently, | repeated
the analysis as demonstrated below 3.5. At a superficial level, the C57BL/6 tubules lack round
and elongating spermatids, and the pachytenes and diplotenes are not quite right. However,

diplotene was clearly detected, and another tubule showed pachytene cells. These data

confirm the stage XI defect in C57BL/6 mice caused by Rbmx/2 deletion (cells up to diplotene).

C57BLI/6

Zygotene

Diplotene _

Sertoli cell

Spermatogonia A
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Figure 3. 5: Histological section of WT and RbmxI2 knockout (C57BL/6). Wild type shows all
cells type while the KO shows arrest at diplotene. The left side tubule shows a stage Xl
tubule, where diplotene and zygotene were present. Preleptotene and pachytene are seen
on the right side tubule, indicating a stage VIl tubule.

In order to find the precise germ cell defect in the Sv/129 strain testis, more comprehensive
staging of mouse testis sections was done, as explained below. However, defining the exact
stage is more complex when the testis has a spermatogenesis defect. In the figure below, a
seminiferous tubule showed early pachytene cells, suggesting it corresponds to stages I-llI
(exact staging is difficult without the later spermatid stages). However, there are some
dying/odd-looking cells. This might be due to the fact that this mouse is around 8 months old,

and so there could be secondary effects.

Staging mouse testis was done through Hematoxylin and Eosin (H&E) staining. Hematoxylin
stained cell nuclei blue, while eosin stained the cytoplasm and extracellular matrix pink.
Initially, | aimed to identify one or two layers of spermatids. The first layer of spermatids
represented stages IX-XIl, whereas the second layer represented stages I-VIII. Following this, |
proceeded to examine the cells within the tubules, starting with spermatogonia A, which had
prominent round nuclei. Primary spermatocytes displayed larger and more irregularly shaped
nuclei. Sertoli cells were characterised by their elongated nuclei located along the basement
membrane. As | investigated further, | identified the preleptotene stage, which had round
nuclei. The leptotene and zygotene stages were identifiable through the appearance of
thread-like chromatin in the nuclei, with zygotene cells appearing smaller and darker. Finally,
the pachytene stage showcased densely stained chromosomes, similar to the Diplotene stage

but smaller in size.

69



Stage I-1ll Stage V-VI Stage IX Stage Xl
A B G D
(@))]
oN
Z
> Pachytene SR
(V] Leptotene
E Pachytene Pachytene
H
(@)
(@]
g
>
(%]
f° =
oN
;l muﬂu
E Mdﬂ“ﬂ!g
o have sloughed
o

70




Figure 3. 6: Histological section of RbmxI2 knockout (Sv/129) vs. wild type showing
different stages from (I-1X). A-D) Sections of testis from WT control mice. E) shows early
pachytene cells, suggesting it corresponds to stages I-lll (exact staging is difficult without the
later spermatid stages). There are also some dying cells. This advanced phenotype might be
due to the fact that this mouse is around 8 months old. The tubule on the right side were
Sertoli cells only tubules. F) Individual number (109) showing Stage IV and Stage V tubules.
This section highlights two tubules. One showed pachytene cells but no diplotene cells,
suggesting it corresponds to stage IV. These pachytene cells looked abnormal, they are
smaller and darker than usual compared to above Wild type. A second tubule showed
spermatogonia suggesting it corresponds to a stage V-VI tubule in which cells died after
pachytene. G) Individual umber (98) showing a stage IX tubule with Zygotene and Leptotene
cells, and with some dying sloughing cells. There were no diplotenes, suggesting earlier cell
death compared to WT. The presence of leptotene suggest this is a stage IX tubule. The
tubule on the extreme left contains some pyknotic (dying) cells; however, no cells beyond
pachytene were detected however, dipltene and round spermatid were detected in the WT.
H) Individual number 54 showed tubules with preleptotene and pachytene, suggesting stage
Xl; and tubules with zygotene and pachytene cells, suggesting stage XI which indicates the
cells apoptosis during pachytene. A Sertoli cells-only tubule was identified as well unlike the
WT (A-D). Appendix 3 has the RBMXL2 KO stages.
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Summary of staging analysis. The RbmxI2 deletion in a C57BL/6 background shows a Stage Xl
arrest. This meant the last stage to be detected was diplotene of meiotic prophase. Hence this
is what was expected for Sv/129 if it was the same as C57BL/6. My examination of Sv/129
testis slides concluded that no diplotene or later cells were detected in this background. In
many slides, pachytene cells were abnormal as seen in the figures above. Some cells were
clustered in the middle or about to slough, suggesting apoptosis. Sertoli cells only tubules
were difficult to stage due to the complete loss of cells. On all Rbmx/2 knockout slides in the
Sv/129 background | only saw up to pachytene cells; no cells were seen beyond that,
suggesting that the later cells were dead or did not progress beyond pachytene. This is hence

an earlier meiotic defect in the Sv/129 background.

344 C57BL/6 and Sv/129 strains have similar patterns of expression of RBMXL2 protein
over germ cell development

The above analyses showed that deletion of the Rbmx/2 gene caused apparent histological
differences between germ cell developments in the two mouse strains. The Sv/129 arrest at
pachytene (stage IV arrest) was different to that at diplotene (stage Xl) reported in C57BL/6
(Ehrmann et al., 2019).

Therefore, one possibility to explain this difference might be that RBMXL2 protein is expressed
differently within testes from the Sv/129 and the C57BL/6 strains. In order to test this

hypothesis | did immunofluorescence experiments as discussed below.

Ehrmann et al. (2008) demonstrated that RBMXL2 protein is expressed during meiosis and
right after meiosis (Ehrmann et al., 2008). But no detailed staging was done. | stained wild-
type testes from the two mouse strains to do more detailed histological analysis of RBMXL2
expression in these two backgrounds 3.7 and 3.8 and negative control (with no secondary

antibody to show the specificity of the RBMXL2 antibody as seen in the figure 3.9.

72



Pachytene ——

Round spermatids-

Preleptotene __

Elongating —
spermatids

Figure 3. 7: Fluorescent staining of RBMXL2 protein in wild type testis (Sv/129). RBMXL2
antibodies stained pachytene cells and round spermatids. Preleptotene and elongating
spermatids were not stained and so, are in blue counterstain DAPI.
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Figure 3. 8: Fluorescent staining of wild type testis (Sv/129). Antibodies specific to RBMXL2
stained diplotene cells undergoing the first meiotic division—the presence of diplotene in
the above tubule suggests stage XI. While, the other tubule shows pachytene with leptotene

cells suggesting stage X.
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Figure 3. 9: Fluorescent staining without secondary antibody of RBMXL2 on wild type testis
(Sv/129). This shows the specificity of RBMXL2 antibody compared to background auto-
fluorescence that is apparent after fixation in PFA and Bouins.

First | examined the distribution of RBMXL2 protein using indirect immunofluorescence and
using an antibody that recognises RBMXL2 protein. RBMXL2 protein expression was detected
in pachytene and diplotene and round spermatids, i.e. during and right after meiosis only. The
presence of two layers of spermatids (round and elongating) suggests that the tubule in Figure
3.7 is stage | to VIII. Therefore, finding another marker would be useful to identify the exact
mouse stages. Another example shows the diplotene cells in the wild-type mouse testis.
Diplotene presence is implicated with stages XI to Xl as seen in figure 3.8. However, the first

layer of the tubule needs to be differentiated using another marker to give an exact stage.
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345 Staining of wild type testes with yH2AX as a marker for the sex body
Next to solve the staging more precisely, | used an antibody that recognises yH2AX, which is a
marker used to check for double-strand breaks (DSBs). yH2AX stains the sex body in pachytene
and has a different distribution within Zygotene, Preleptotene, and Leptotene. Therefore, to
confirm the presence of pachytene cells, analysis of sex body staining would be helpful.
However, in the figure 3.10 below, | only detected the preleptotene stage. Zygotene can be
identified with yH2AX staining, as it exhibits smaller and darker cells with thread-like nuclei.
On the other hand, leptotene is larger than zygotene and can be differentiated by the
presence of a single layer of spermatids, unlike preleptotene, which is characterised by two

layers of spermatids as seen below.

Preleptotene -

Sex-body —

Figure 3. 10: Fluorescent staining of wild type testis (Sv/129). yH2AX stained preleptotene
and sex body of pachytene in green.

One possibility for the difference in phenotype between strains might be that RBMXL2 protein
is expressed differently within testes from the Sv/129 and the C57BL/6 strains. In order to test

this hypothesis | did double immunofluorescence to detect RBMXL2 protein and yH2AX.
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Figure 3. 11: Fluorescent staining of two wild-type mouse testes (Sv/129 and C57BL/6),
stage X. RBMXL2 protein is pseudocoloured red, and yH2AX is pseudocoloured green. The
RBMXL2 protein cell type expression was identical in both tubules.
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Figure 3.11 shows that the RBMXL2 staining pattern is similar for the two wild-type mouse
strains (Sv/129 and C57BL/6). Both tubules shown are at stage X, containing leptotene and
pachytene cells (sex body stained with green). RBMXL2 protein is pseudocoloured red, while
elongating spermatids are in blue (the blue represents the counterstain with DAPI). The
expression of RBMXL2 protein between cell types is similar between the two mouse strains.
Staining wild-type mouse testis Sv/129 with an antibody recognising RBMXL2 reveals its
expression in pachytene cells that were also stained with yH2AX. A similar expression of
RBMXL2 was observed in C57BL/6. RBMXL2 expression was also detected in diplotene cells in
the right tubule. yH2AX displayed a pattern comparable to that of Sv/129. RBMXL2 protein
had a similar pattern of expression in wild type C57BL/6 and Sv/129 mouse testes. Therefore,

the differences in phenotype is not caused by a change in RBMXL2 protein expression pattern.

346 Investigating important genes regulated by RBMXL2 over the first wave of
spermatogenesis

3.4.6.1 Kdm4d has an earlier cryptic splicing between in Sv/129 over the first wave of

spermatogenesis.

After finding that the Rbmx/2 knockout allele had a different phenotype within the Sv/129
strain compared to C57BL/6, yet RBMXL2 protein expression patterns are similar in both mice
strains, we anticipated that RBMXL2 protein might have different gene targets in the two

different strains, or perhaps Sv/129 has earlier splicing defects than C57BL/6.

From the literature, RbmxI2 is expressed only in the testis and found to suppress cryptic splice
sites of some important genes in meiosis (Ehrmann et al., 2019). In order to test if there was
an earlier defect in cryptic splicing in the Sv/129 background | took advantage of the first wave
of spermatogenesis in the neonatal mouse which is synchronous. Spermatogenesis is a
continuous, complex process. During the first wave of spermatogenesis, spermatogonial cells

go through mitosis and then two stages of meiosis to produce sperm (Bellve et al., 1977).

| used the time course of neonatal days 12, 14, 18, and the adult mouse testes dissected from
both strains. | then used RT-PCR to compare RNA processing patterns within the wild type and

the RbmxI2 knockout backgrounds.
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Figure 3. 12: RNAseq track of the Kdm4d gene on the UCSC website. RNAseq data was
generated from RbmxI2 knockout testes and wild type (Ehrmann et al., 2019). The inclusion
of the cryptic splice exon is shown in the RbmxI2 knockout mouse testis. Multiplex primers
were designed to analyse splicing, including a forward primer in exon 1 of the Kdm4d gene
and a reverse primer in exon 2; another reverse primer was designed to include the region
between the forward and the cryptic splice site. The primers and RNAseq data were taken
from the Ehrmann et al. (2019) paper. This screenshot was taken from the UCSC genome
browser (http://genome.ucsc.edu).

The figure above 3.12 was generated using RNA-Seq reads from the Ehrmann et al. 2019
paper. The Kdm4d gene encodes a protein involved in chromatin regulation (Zoabi et al.,
2014). The RbmxI2 knockout testis includes a cryptic exon not normally included in the wild
type. This cryptic exon is sometimes joined to the downstream exon 2, and sometimes used

as a terminal exon

| used RT-PCR to test splicing of Kdm4d in the two different mouse strains.
The figure below 3.13 shows a diagram of what we would expect if RBMXL2 was expressed
versus if RBMXL2 was knocked out. cDNA was generated by Dr. Ingrid Ehrmann in the Elliott
lab. | did the RT-PCR using the primers from (Ehrmann et al., 2019) and loaded my samples in
the giaxcel machine (Qiagen) following the protocol described in the materials and methods

chapter (2.6.12).
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Kdmdd gene:

Exon1 Intronl CrypticExon1l Exon?2

MRNA Product when Cryptic Exon is Included (RBMXL2 KO):

MRNA Product when Cryptic Exon is Excluded (Wild type):

Figure 3. 13: Diagram depicts the mRNA product with and without RBMXL2. Boxes
represent exons, while a dashed line represents introns. Because of the cryptic exon, the
RBMXL2 knockout would produce two products. In the presence of RBMXL2, however, only

one product would be visible.
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Figure 3. 14: Capillary gel electrophoresis showed the splicing patterns of Kdm4d between
the wild type and RbmxI2 knockout testes in both mouse strains (n=1). The results detect
three bands: the first band (112 bp) is where exon1 and exon2 get spliced. The band in the
middle is (198 bp), indicating the inclusion of the cryptic splice site that was not seen in the
wild-type conditions in both strains. Finally, the third band (364bp) represents splicing of the
cryptic exon and the annotated alternative exon.

The RT-PCR results (done once per sample) showed that mainly one band was seen on the
wild type, indicating the splicing of exon 1 and exon 2. However, in the Rbmx/2 knockout,
increased use of the cryptic splice site was detected, and splicing of the annotated alternative
exon that was less evident in the wild type. Only in the RbmxI2 knockout were the two bands
strongly observed (198 bp and 364 bp). On days 12 and 14, faint bands corresponding to
cryptic splicing were observed in the Rbmx/2 knockout that were not present on the same
days in the wild type. Furthermore, a smear was observed in the day 14 knockout sample on
a C57BL/6 background, as depicted above. Consequently, a quantitative analysis was
conducted in Figure 3.15 to illustrate the differences in expression between the two mouse
strains. However, it is essential to perform this RT-PCR in triplicate before conducting any

statistical analysis.

Much less cryptic splicing was observed in wild type mouse testis at all ages. The expression
of Kdm4d in wild type testis was consistent in both mouse strains. However, there was
evidence of increase cryptic splicing of Kdm4d in the Sv/129 background at days 12 and 14

that were less obvious in the Rbmx/2 knockout of C57BL/6 background.
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Figure 3. 15: KDM4D expression was investigated in this time course study comparing
C57BL/6 and SV/129 backgrounds (n=1).It is important to note that each sample was
analysed only once, and there was an observed smear on day 14 in the RBMXL2 knockout
sample, indicating the need for repetition.
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3.4.6.2 Meioc has an earlier cryptic splicing in Sv/129 over the first wave of

spermatogenesis.

The second example gene | investigated was Meijoc. MEIOC is a conserved meiosis-specific
protein in all metazoans with an uncharacterised coiled-coil domain known as PF15189 (Soh
et al., 2017; Woijtas et al., 2017). Meioc is expressed in male and female mouse germ cells
during meiotic prophase I. Meioc is expressed exclusively in the testes of male mice (postnatal
and adult). A knockout of Meioc revealed germ cells initiating meiosis normally and reaching
the preleptotene stage before germ cell arrest, while some cells developed into the zygotene
stage. However, Ccna2 misexpression was seen in spermatocytes that were missing Meioc.
This showed that the cell-cycle program did not correctly move to the meiotic prophase (Abby

et al.,, 2016; Soh et al., 2017).

Knockout of RbmxI2 leads to the use of an exitron within exon 5 of Meioc that is not normally
used in the wild type. Mice lacking RbmxI2 have weak splice sites included in exon 5 of Meioc,
which leads to the production of a shorter Meioc protein isoform (Ehrmann et al., 2019).The
figure below 3.16, was generated using RNA-Seq reads from the Ehrmann et al. 2019 paper.
The RbmxI2 knockout testis includes an exitron within exon 5 of the Meioc gene that is not
seen in the wild type. An inclusion of weak splice sites on 5’ and 3’ on exon 5 of Meioc
represents the exitron. RbmxI2 is known to suppress the use of these cryptic splice sites within

ultra-long exons such as Meioc exon 5.

RBMXL2 -/- day 18 Exon 5 Cryptic 3' S5

Cryptic 5’ SS
Exon 4 P ¢

'

RBMXL2 +/+ day 18 RBMXL2_RNAseq testes_WT.sortbw

RNA-seq reads
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GENCODE VM32 (2 items filtere

Your Sequenc

Figure 3. 16: RNAseq track of the Meioc gene on the UCSC website including RNAseq data
generated from RbmxI2 knockout testes and wild type. The inclusion of the exitron is
shown in the RbmxI2 Knockout. Multiplex primers were designed to include forward in exon
4 of the Meioc gene and reverse to include exon 5; another reverse primer was designed to
amplify the region between the forward and the cryptic 5’ splice site.
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| used RT-PCR to test splicing of Meioc in the two different mouse strains. cDNA was generated
by Dr. Ingrid Ehrmann in the Elliott lab. | did the RT-PCR using the primers from (Ehrmann et
al.,, 2019) and loaded my samples in the Qiaxcel machine (Qiagen) following the protocol in

the materials and methods chapter section (2.6.12).
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Figure 3. 17: Gel electrophoresis showed the splicing of Meioc between testes from wild
type and RbmxlI2 knockout testes in both mouse strains (n=1). The results indicate three
bands. The smallest band (150 bp) is where Exon4 and Exon5 get spliced. The band in the
middle (170 bp) represents the inclusion of the cryptic 3' splice site that was not seen in the
wild-type conditions in both strains. Finally, the third band (250 bp) included the cryptic 3'
and 5' splice sites.
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The RT-PCR results showed that only one band was strongly seen in the wild type testis,
indicating the inclusion of exon 4 and exon 5. However, in the Rbmx/2 knockout, the use of
the 3’ and 5’ cryptic splice sites were observed. Only in the RbmxI/2 knockout were the two
cryptic bands strongly observed (170 bp and 250 bp). On days 12 and 14, faint bands
representing cryptic splicing were observed that were not present on the same days in the
wild type. While days 12 and 14 in the wild type showed one band only at 150 bp, indicating
exon 4 and 5 inclusion as usual, three bands were observed in both the 18-day-old knockout
mice and the adults (150 bp, 170 bp and 250 bp). These cryptic splice bands were expressed
at a high level in the day 18 knockout testis. While again, only one band was seen in the wild
type of days, 18 and adults. The splicing pattern of Meioc showed an increase in cryptic
splicing on days 12 and 14 in the Sv/129 background compared to in the RbmxI2 knockout of
the C57BL/6 background. This splicing pattern demonstrates cryptic splicing following Rbmx/2
deletion. This suggests stronger cryptic splicing changes occurred earlier in the Sv/129 mouse
strain than in the C57BL/6 background. The earlier splicing defects observed in the Sv/129 may
explain the developmental arrest observed in the Sv/129 testis. A Moreover, as shown earlier,
there was a detectable smear in the day 14 knockout sample from the C57BL/6 background.
Subsequently, Figure 3.18 includes a statistical analysis demonstrating the disparities in
expression between the two mouse strains. Nevertheless, it is crucial to emphasize the
necessity of conducting the RT-PCR in triplicate before proceeding with any statistical

assessments.
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Time course data for Meioc
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Figure 3. 18: Meioc expression was investigated in this time course study comparing
C57BL/6 and SV/129 backgrounds (n=1). It's worth highlighting that each sample underwent
a single analysis, and a smear was observed in the RBMXL2 knockout sample on day 14,
suggesting the necessity for further replication.
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3.47 ARbmx/l2 knockout has additional DNA breakage in the first wave of
spermatogenesis of Sv/129 mice strain.

| saw earlier that there had been a pachytene arrest in the Sv/129 strain after the Rbmx/2
deletion. We suspected that this might be caused by a synaptic defect that leads to cell
apoptosis. Cells create several DNA double-strand breaks to start homologous recombination,
making it possible for homologous chromosomes to share genetic information and ensuring
that chromosomes are split correctly during meiosis (Murakami & Keeney, 2008). The
presence of Sertoli cells only tubules in testes from old mice indicate apoptosis had cleared
germ cells, which means something wrong was happening in the early stages. Therefore, in
orderto lookinto the earlier arrest at the pachytene stage in the Sv/129 mouse strain, | stained
three younger Rbmx/2 knockout mouse testes with yH2AX antibodies and compared them to
the wild type. Three testes were taken from mice at 21 days old to capture the first wave of
spermatogenesis. Analysis of these Sv/129 21 day samples indicated that spermatogenesis did
proceed to diplotene in the first wave of spermatogenesis. Evidence of unresolved DNA
double-strand breaks were seen during meiosis in the metaphase stage, as seen in the figure
below 3.20. However, these DNA double-strand breaks were not detected in the wild-type
testes. These images demonstrate that during the first wave, cells enter metaphase, with

unresolved DNA damage.
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Figure 3. 19: Analysis of DNA damage in SV/129 Wild type vs. RbmxI2 knockout testis
(n=3). Fluorescent staining of wild type mouse testes tubule stage Xl, at (40X) and (63X)
magnification (A and B), stained with yH2AX revealed normal round sex-body in pachytene
cells (no extra dots outside the sex body). Moreover, fluorescent staining of Rbmx/2
knockout testis examined at (40X) and (63X) magnification (C and D), and stained with
YH2AX, displayed some abnormal sex-body staining in pachytene cells (dots outside the sex
body and worm-shaped sex body) and additional yH2AX staining in metaphase. Last picture
showing negative control were no secondary antibody added (E).
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Moreover, staining with yH2AX antibodies showed some dots that were observed outside the
sex body of pachytene cells at stage Xl in the Rbmx/2 Knockout. Unresolved DNA damage were
seen as snake- or worm- shaped sex body in RbmxI2 knockout. In contrast, in the Wild type
mouse testes, the sex bodies were round. In metaphase, additional yH2AX staining was
detected. In order to confirm the DNA damage abnormality that was see in the RbmxI/2
knockout, three wild testes mouse were used as a control. In stage XlI, no abnormal sex bodies
were detected in pachytene cells. Wild-type testes were stained with yH2AX antibodies,
similar to the RbmxI/2 knockout testes. Two mouse testes showed normal pachytene staining
in stage Xll, and cells entered metaphase without the additional double-stranded DNA
breakage that was detected in the Rbmx/2 knockout. Moreover, some round spermatids were
detected, indicating the normal spermatogenesis process in the wild type, as seen in the figure

3.19 above.
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3.5 Discussion:

3.5.1 Rbmx/2knockout mice have different phenotypes between the Sv/129 and
C57BL/6

Deletions or mutations in mouse models affect fertility depending on the genetic
background—for example, mutations in the nuclear export factor called NXF-2. The C57BL/6
Nxf2 knockouts are subfertile but do not show meiotic arrest. In contrast, Nxf2 knockout in
mixed backgrounds resulted in sterility with meiotic defects in a third of the males (Pan et al.,
2009). RbmxI2 knockout on a C57BL/6 background was previously reported to have a stage XI
seminiferous tubule block, equivalent to when diplotene cells appeared. However, all earlier
stages are histologically normal (Ehrmann et al., 2019). An earlier histological phenotype was
seen when the RbmxI2 knockout C57BL/6 mice were backcrossed into the Sv/129 background,
a stage IV arrest was identified. However, earlier stages (I-1ll) were histologically normal.
Beyond stage IV, a significant loss of pachytene cells were seen. Sv/129 RbmxI2 knockout mice
testes have more Sertoli Cell Only tubules than the C57BL/6 mice. Below is Figure 3.20, which
illustrates the diplotene arrest in C57BL/6 mice compared to the stage IV arrest on the Sv/129

background.

Histological analysis showed that there were also fewer Sertoli cell-only (SCO) tubules in the
C57BL/6 background. However, many SCO tubules were seen in the Sv/129 background.
Ehrmann et al., (2019) reported, sometimes round spermatids are detected in the C57BL/6
background. But on Sv/129 no round spermatids were observed. The testis-to-body weight
ratios are comparable in the Rbmx/2 Sv/129 knockouts and the C57BL/6 background, despite

the early cell loss that was seen in the Sv/129 RbmxI2 knockout.
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Figure 3. 20: A diagram illustrates the meiotic arrest between the two mouse strains,
Sv/129 and C57BL/6, after knockout of the RbmxI2 gene.

3.5.2 RBMXL2 protein expression pattern is similar in both mouse strains

RbmxI2, a testis-specific gene, is expressed during and immediately after meiosis (Ehrmann et
al., 2019). Previous staining on two mouse strains (Sv/129 and C57BL/6) revealed that RBMXL2
protein is expressed in the leptotene, pachytene, diplotene, and round spermatids. Both
mouse strains exhibited the same expression pattern. Consequently, there is no difference in

protein expression that might explain the differences in phenotype.

3.5.3 Defective splice patterns appear earlier in Sv/129 in the first wave of

spermatogenesis

RBMXL2 protein is expressed only in the testis. Rbmx/2 knockout causes mouse sterility.
RBMXL2 protein was reported to preserve the correct splice isoforms of a number of genes
such as Kdm4d, Meioc and Escol among others, by preventing the cryptic splice sites. To
analyse if there is a change in RNA processing caused by the Rbmx/2 knockout | analysed
Kdm4d and Meioc, both genes involved in meiosis (Ehrmann et al., 2019). The expression of
both genes increased with the older mouse (day 18 and adults), and the cryptic splice sites for
Kdm4d and exitron of Meioc were evident with the Rbmx/2 knockout. Moreover, stronger
cryptic splicing defects appeared to be observed earlier in Sv/129 compared to C57BL/6

background.
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3.5.4 Investigating the first wave of spermatogenesis of Sv/129 Rbmx/2 knockout

After analysing adult testes from the two mouse strains, | first confirmed Dr. Ingrid Ehrmann's
findings from Professor Elliott's lab. She reported an arrest at diplotene in C57BL/6
background caused by Rbmx/2 knockout. However, some random round spermatids were
detected. In contrast, knockout of RbmxI2 in the Sv/129 background caused pachytene arrest
with no sperm detected. SCO tubules were seen in Sv/129 but were less frequently observed
in older mice on the C57BL/6 background. To see if there is more germ cell death | did
investigated the first wave of spermatogenesis in the Sv/129 RbmxI2 knockout, with the
prediction that there might be less cell death earlier in neonatal development. | did detect
later stages than Stage IV in the Sv/129 background at day 21 compared to adult testis. | also
detected increased DNA breakage in stage X| and additional double-stranded DNA breaks in
metaphase | that were not seen in wild type mice. Normal spermatocytes show gamma-H2AX
immunofluorescent staining during leptotene. This is when homologous sister pairs come
together to form the synaptonemal complex. After that, yH2AX staining begins to vanish from

autosomal chromosomes but retains on the X-Y sex body in pachytene (Celeste et al., 2002).

Arrest at stage IX, during meiosis when pachytene cells are present, was reported before; for
instance, mice lacking H2AX showed a pachytene arrest (Celeste et al., 2002). Another
example is the knockout of MIh1 in mice shows arrest at pachytene (Edelmann et al., 1996).
In addition, knockouts of genes like Brcal and the RNA-binding protein Hnrnpk were found to
cause infertility and pachytene arrest (Xu et al., 2003, 2022). Furthermore, extra double-
stranded DNA breakage was observed in the Rbmx/2 knockout that was not seen in the wild
type. All DNA breakage must be resolved before initiating metaphase |. Therefore, these
additional DNA breakages imply a problem with DNA repair mechanisms that could result in
abnormal sperm and infertility. In these circumstances, more investigation may be needed to

find out what caused the DNA to break and what effects it could have.
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3.6 Chapter summary:

The testis-specific RbmxI2 gene is essential for mouse fertility; mice lacking RbmxI/2 on a
C57BL/6 background exhibited diplotene arrest. In this Chapter | investigated the effect of
RbmxI2 on the Sv/129 mouse strain and identified an earlier arrest at pachytene. In order to
investigate this further, staining with yH2AX during the first wave of spermatogenesis in
RbmxI2 knockout mouse testes revealed extra dots in pachytene cells other than the sex body,
indicating extra DNA damage in the Sv/129 background. In addition, additional DNA breakage
was observed during metaphase | that was not present in the wild type. These observed
histological differences require further investigation. Moreover, RBMXL2 protein expression
was comparable between the two mouse strains. . However, the cryptic splicing defects were
seen earlier in Sv/129 compared to C57BL/6 background. Analysis of further mice are needed

to confirm this result.
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Chapter 4: Identification of novel targets of RBMXL2-RNA protein

contact using iCLIP
4.1 Introduction:

Previous work and my own work in chapter 3 showed (Ehrmann et al., 2019) that RBMXL2 is
only expressed in the testis during and right after meiosis. This findings was proved by
histological staining with antibodies against RBMXL2 in my previous chapter. The results of
an RBMXL2 HITS-CLIP experiment was published in the same 2019 paper but using one mouse
testis. The HITS-CLIP technique generated a library of only a few thousand reads mapped to
the mouse genome. Accordingly, the primary purpose of this chapter was to identify and
characterise direct RBMXL2 targets in mouse testes through individual crosslinking and
immunoprecipitation (iCLIP) in experiments performed in quadruplicate, so increasing the

number of replicate testes and the number of sampled mice.

Konig et al. (2010) developed iCLIP to identify global protein-RNA interactions at single-
nucleotide resolution as shown in the figure 4.1 below. Due to a lag in the reverse transcription
reaction at the site of cross linking, the HITS-CLIP protocol produces truncated cDNAs (Urlaub
et al., 2002). The iCLIP protocol was developed and tested to address this issue (Konig et al.,
2011; Huppertz et al., 2014). The idea behind iCLIP is to crosslink RNA- protein interactions in
vivo and then immuno-precipitate the resulting complexes using an antibody that recognises
RBMXL2 protein. SDS-PAGE is then used to separate the immunoprecipitated complexes, and
a LI-COR machine is used to visualise these complexes after Western blotting. According to
the protocol, the protein-RNA complexes must be taken off the membrane at size of between
150 and 400 nt. Complexes are then purified and subjected to reverse transcription in order
to generate a cDNA library, which will then be amplified and submitted for sequencing to
generate a transcriptome map of RBMXL2 protein RNA targets using the iMAps pipeline. This
will allow the identification and characterisation of novel RNA targets of RBMXL2 protein in

mouse testis on a broad transcriptional scale.

During my PhD, with the assistance of my colleague Chile Siachisumo, | optimised the iCLIP
experiment to identify RBMXL2 global RNA targets, and to generate a list of genes that bind
RBMXL2 protein to perform gene ontology (GO) analysis. Also, with Dr Ivailo Yonchev, |
performed K-mer analysis to identify RNA sites highly enriched in RBMXL2 protein crosslinks.

| then took RBMXL2 protein's direct RNA targets and combined them with RNA-seq data from
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RbmxI2 knockout testes (Ehrmann et al., 2019) to compare how splicing changes correlate
with sites of RNA-protein interaction, and analyse how RBMXL2 protein controls splicing. | also
utilised the minigene assay to investigate splicing regulation of some of these targets, and how

these are controlled by RBMX and RBMXL2.
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Figure 4. 1: Visual illustration of the iCLIP protocol (1) UV radiation was used to induce
irreversible covalent RNA-protein crosslinks in mouse testes. (2) Testis extracts were
digested with RNase after sonication. (3) RNA was immunoprecipitated with the anti-
RBMXL2 antibody to form an RNA-protein complex. (4-5) RNA was dephosphorylated, and a
pre-adenylated L3-IR adaptor 3’ RNA linker was bound to the RNA complex. (6) The protein-
RNA complexes were separated by size using the SDS-PAGE and nitrocellulose membrane.
The area of the membrane with the protein-RNA complex was cut out with the help of a
printed template of the area. (7) The protein-RNA region was fragmented with a scalpel and
digested with proteinase K. (8) After purifying the RNA, a primer containing a barcode
sequence was used to reverse-transcribe the RNA into cDNA. (9) AMPure XP beads were
used to purify the cDNA, and then (10) Agarose gel was used to separate DNA in the
appropriate size range. (150-400 nt) that was purified and sent for sequencing using the
[llumina 500 machine.

94



4.2 Aims:

1-ldentifying RNA targets of RBMXL2 in mouse testis using individual-nucleotide UV

crosslinking and immunoprecipitation (iCLIP).

2-Investigate RBMXL2 mechanisms of splicing regulation by combining iCLIP results with RNA-

seq data obtained previously in our lab (Ehrmann et al., 2019).

3-Investigate whether RBMX is involved with RBMXL2 in splicing and regulation of target exons

using a minigene assay.

4.3 Results:
Sample1l Sample 2
-ve 1 2 3 4
u-Tubulin —— 55KD
RBMXL2 — 50KD

Figure 4. 2: Western blot to show the specificity of the RBMXL2 antibody. Lane 1 contains
protein extracted from (MDA-MB-231 cells) as a negative control. Lanes 2 -5 contains protein
extracted from mice testis (duplicate samples). A loading control (a-tubulin) was used to
prove protein availability on the blot. However, the membrane is over-exposed which makes
it difficult to distinguish the tubulin signals in some lanes.
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4.3.1 Optimisation of the RBMXL2 iCLIP experiment

Optimising the iCLIP experiment was performed with Dr. Chile Siachisumo's assistance figure
4.1. | first examined how specific the RBMXL2 antibody was that we had made in our lab
several years ago (Ehrmann et al.,, 2008, 2019). | did this by measuring the expression of
RBMXL2 protein in a wild-type testis and negative control (breast cancer cell line, MDA-MB-
231, that does not express RBMXL2) using the Western blot technique. | probed this western
bot for RBMXL2 followed by a loading control (a-tubulin, sigma Cat# T6199). This
demonstrated the expression of the testis specific RBMXL2 in all mouse testis samples but not
in the breast cancer cell line which does not express RBMXL2, supporting the specificity of the

antibody as seen in the figure 4.2.

| next set out to optimise the other steps in the iCLIP procedure. The iCLIP protocol was
provided by the Ule Lab (unpublished). They substituted a non-radioactive IR dye for the
radioactive dye in their previously published protocol (Huppertz et al., 2014). Also, they
tweaked the elution, circularisation conditions, and beads-to-sample ratio during purification,

but the core steps remained the same.

The steps used in the iCLIP procedure are shown in Figure 4.1. Mrs Caroline Dalgleish provided
wild-type mouse testes, which were diced into small pieces with cold-PBS and a protease
inhibitor, and serial pipetting was performed prior to UV cross-linking. Mouse testis was UV
cross linked 4 times at 254 nm with mixing in between. Following Chile's advice, | kept the
Bioruptor® sonication cycles at 10 cycles. Then, the immunoprecipitation of RNA-protein
complexes, observed by gel electrophoresis and detection of Infra-red labelled complexes,
was next optimised. The iCLIP protocol needs to be optimised at various points to ensure
accurate immunoprecipitation of RBMXL2. The RBMXL2 antibody was confirmed as specific,
as tested before using Western blot and confirmed by IgG antibody immunoprecipitation
samples that showed no signal. In contrast, only RBMXL2 precipitated samples showed an IR
signal, as shown in Figure 4.3. The RNase amount used was also built in Chile's optimisation
step, with RNase amounts of 0.8U/ml for high RNase | and 0.25 U/ml for low RNase. A high
concentration of RNase | showed better RNA-protein complexes as seen below figure 4.3 in

comparison to the low RNase I.
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The last stage of the optimisation was the number of PCR cycles used for the purpose of
amplifying the iCLIP cDNA library. Fewer cycles are generally preferred; however, sufficient
cycles are required to yield PCR products for cloning. | tried 15, 19 and 30 cycles. This is shown
in Figure 4.4. 19 cycles provided the highest level of specific amplification (bands were seen
around 150 to 400 bp) with minimal to no non-specific amplification. 15 cycles showed non-
specific bands around 10 to 150 bp, while 30 cycles showed smear amplification. Then,
libraries for four biological replicates were produced. The samples were then sent to the
Tapestation (bioanalyser) for analysis, and no primer dimer was detected as seen in the figure

4.5 below. Finally, the core genomics facility at Newcastle University sequenced the samples.

RNasel U/ml 08 08 2508 25

RBMXL2 Antibody -  + + o+ +
IgG Antibody + - - - -

KDa
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Figure 4. 3: iCLIP early optimisation of immunoprecipitations step. Samples on the blot
membrane after SDS-PAGE are a ladder shown in Red, followed with immunoprecipitates
made with IgG antibody (lane 1 as a negative control) and 2 replicates of high RBMXL2
antibody with low RNase (lanes 2 and 4), and 2 samples was high antibody and high RNAse
(lanes 3 and 5). The RNA-protein complexes appear as a smear above the 60 kDa RBMXL2
protein.
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Figure 4. 4: TBE agarose gel showing experiments to optimise production of cDNA libraries
at 15, 19, and 30 cycles with a DNA size marker (ladder). The red box designates the region
excised (150—400 bp) following the iCLIP protocol for gel purification.
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Figure 4. 5: Tapestation result for the cDNA library of one of iCLIP samples. The
amplification product was around 143 bp (region designated in the dotted red box).
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4.3.2 RBMXL2 iCLIP analysis of the genome-wide RNA targets

Following sequencing, raw data files were received, and Dr Graham Smith helped process the
Fastqg files for the four samples to be analysed with the iMaps pipeline
(https://imaps.goodwright.com). The primary analysis pipeline of iMaps was used to analyse
and demultiplex Fastq files. iMaps evaluates the reads' quality, eliminates duplicates, and
demultiplexes the reads following the Unique Molecular Identifier (UMI). The iCLIP libraries

were aligned to the mouse genome reference (GRCm39).

RBMXL2 was found to be bound to 30,945 genes, of which 14,048 were coding genes. Some
of these coding genes were not yet well annotated, while other genes were non-coding,
including Long Non-Coding RNAs (IncRNAs), Small Nucleolar RNAs (snoRNAs), and MicroRNAs
(miRNAs). The bam files were used on the bioinformatics tool, Galaxy server

(https://usegalaxy.org), to generate correlation analysis between the four biological replicate

samples as seen in the figure 4.6 below. The correlation between samples were high (above

90%) as indicated in the blue boxes. The orange boxes show the no antibody sample.
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iClip-RbmxI2-Rep4.bam
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Figure 4. 6: A correlation analysis between the 4 biological replicates showing the positive
correlation. Correlation matrix made with Dr. Chile Siachisumo's assistance on
(https://usegalaxy.org/).
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4.3.3 Location of RBMXL2 binding within the genome.

The downstream analysis of the iCLIP experiment was carried out using a merged file of all 4
replicates, after it was confirmed that the iCLIP libraries created from the 4 biological
replicates had a positive correlation across the 4 samples with a slight variation. To establish
where RBMXL2 protein binds to RNA at a global level, | looked at where its binding sites are in
the transcript regions. The resulting figure 4.7 showed that most RBMXL2 binding sites were

in the intronic regions, however, around 10 % are in the coding regions of the genome.
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Figure 4. 7: Bar chart showing where RBMXL2 protein binds to different regions of the
genome. RBMXL2 binds strongly in intergenic and intronic regions.
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The genome is divided into exons (frequently protein-coding regions) and introns (non- coding
regions between exons), while non-coding regions between genes are referred to as
intergenic. The three types of exons are coding sequences (CDS), 3’ untranslated regions
(UTR), and 5’ untranslated regions (UTR). As seen in figures 4.7 above and 4.8 below, the
regions of transcripts that RBMXL2 protein prefers to bind to were identified using the iMAPS
pipeline. Intron and intergenic regions contained the majority of RBMXL2 binding sites. This
may be due to the fact that a significant proportion of the genome is made up of introns and
intergenic regions, so these are quite a big target for crosslinking. However, RBMXL2's strong
affinity for introns suggests a potential function in controlling pre-mRNA splicing. Around 10%

of the RBMXL2-crosslink sites are within exonic regions (CDS and 3 UTR).
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Figure 4. 8: Bar chart showing the subtypes of gene that are bound by RBMXL2 protein.
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Gene ontology (GO) was used to determine the biological processes/pathways associated with
genes that bind RBMXL2. The first top 500 genes that bind to RBMXL2 (when ordered by the
number of tags) were employed from 2 biological replicates. Figure 4.9 shows that the
majority of the 20 enriched pathways were related to spermatogenesis, sexual reproduction,
and reproductive processes, with pathways involved in cilium (sperm tail) assembly and

movement.
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Figure 4. 9: A chart representing gene ontology enrichment analysis of RBMXL2 bound
genes (Top 500 genes) identified by iCLIP. The chart was produced in ShinyGO 0.77
(http://bioinformatics.sdstate.edu/go/).
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4.3.4 Analysis of known regulated targets of RBMXL2 protein for iCLIP RNA binding

site

iCLIP provides single nucleotide resolution of RNA-protein binding sites that can be visualised
on genome browsers. On the IGV (Integrative Genome Visualisation) browser, tags (where
RBMXL2 binds to RNA) were clearly visible within interesting target genes. | also had access to
RNAseq data from wild type and RbmxI2 knockout mice. In RNA-seq, peak calling involves
identifying the number of tags bound to each gene. Therefore, | have chosen the Meioc gene

to demonstrate the peak calling, as shown in Figure 4.10 below.

Meioc exon 5

Peak calling

Peak calling

iCLIP :
L LRES ik, ks P — T —

Figure 4. 10: A screenshot from IGV shows the effect on processing of Meioc exon 5 after
knockout of the RbmxI2 gene versus the wild type. This Figure displays the number of iCLIP
tags mapping to exon 5 of the Meioc gene. The knockout (KO) sample exhibits fewer peaks
compared to the wild type (WT) sample. Picture taken as snapshot from the Integrative
Genomics Viewer (Robinson et al., 2011).
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Escol, Meioc, Kdm4d, Alms1 and Brca2 were identified as important genes based on previous
HITS-CLIP and RNA-Seq data (Ehrmann et al., 2019) so | particularly analysed these genes.
Starting with Escol, the 5’ cryptic splice site was seen within the ultra-long exon 3, as shown
in Figure 4.11 and 4.12. Tags were observed around 60 bp from the utilised cryptic splice site
in ultra-long exon 3. Additionally, multiple tags can be found throughout the exon as seen in

figure 4.12.

RBMXL2 KO
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Figure 4. 7: Cryptic splicing of Escol. Screenshots from Sashimi plot showed the utilisation
of the 5’ cryptic splice site in exon 3 of Escol of the Rbmx/2 knockout that is not seen in the
wild type testis. The arrow shows position of the cryptic splice site. This is RNA-seq data from
18 days mouse consist of RbmxI2 knockout and Wild type testis. Numbers indicates the
splicing junction reads. Picture taken as a browser snapshot from the Integrative Genomics
Viewer (Robinson et al., 2011).
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Figure 4. 8: RBMXL2 binding to Escol. Screenshots from IGV showed several iCLIP tags
bound to exon 3 of Escol. iCLIP tags were rich with As and Ts were detected close to the
cryptic splice site used in the RbmxI2 knockout mouse. The arrow showed the position of the
cryptic 5’ splice site within exon 3. Picture taken as a browser snapshot from the Integrative
Genomics Viewer (Robinson et al., 2011).

106



Another example of RBMXL2 regulation of cryptic splicing is Meioc, which is known to be
expressed during meiosis and was seen to form an exitron in exon 5 if Rbmx/2 was deleted.
Figure 4.13 of the sashimi blot demonstrates the utilisation of the weak cryptic 3’ and 5’ splice
sites within Meioc gene that were not seen in the wild type testis. In addition, iCLIP tags were
detected close to the cryptic splice sites in the 3' (within 150 bp) and 5' (within 236 bp) splice

sites, as shown in Figure 4.14. Tags were identified in regions rich in As and Ts sequences.

RBMXL2 KO

L\

T anol

Figure 4. 9: An exitron within the Meioc gene. Screenshots from Sashimi blot showed the
formation of an exitron within exon 5 of the Rbmx/2 knockout that is not seen in the wild
type testis. RNA-seq data from 18 days mouse (RbmxI2 knockout and wild type). Arrows
show the utilisation of the weak 3’ and 5’ splice sites. Picture taken as a browser snapshot
from the Integrative Genomics Viewer (Robinson et al., 2011).
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Figure 4. 10: iCLIP mapping of RBMXL2 RNA protein interactions within Meioc exon 5.
Screenshots from IGV showed several iCLIP tags bound to exon 5 of Meioc. iCLIP tags were
rich with As and Ts were detected close to the 5’ and 3’ cryptic splice sites used in the
RbmxI2 knockout mouse. Picture taken as a browser snapshot from the Integrative
Genomics Viewer (Robinson et al., 2011).

The third gene | checked was Kdm4d, which has a cryptic exon in the Rbmx/2 knockout mouse
testis that is not present in the wild type. The figure below 4.15 illustrates the inclusion of the
cryptic exon after knockout of Rbmx/2. This cryptic exon was repressed in the wild type testis
when RBMXL2 protein was present. Also, inclusion of an already annotated alternative spliced
exon was observed. In addition, multiple tags are present throughout the exon, as depicted in
Figure 4.16. Moreover, an iCLIP tag was detected near the cryptic splice site (less than 20 bp)

and bound to an A-rich sequence region.
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\ RBMXL2 KO

inclusion of cryptic exon in RbmxI2 knockout that is not seen in the wild type testis. RNA-seq
data from 18 days mouse (Rbmx/2 knockout and wild type). Black arrow showed the
inclusion of the known alternative exon while the green arrow showed the inclusion of the
cryptic exon. Picture taken as a browser snapshot from the Integrative Genomics Viewer
(Robinson et al., 2011).
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Figure 4. 12: Mapping of iCLIP tags within the Kdm4d gene. Screenshots from IGV showed

several iCLIP tags bound to Kdm4d. iCLIP tags were rich with As and Ts were detected close

to the cryptic exon in the RbmxI2 knockout mouse. Picture taken as a browser snapshot from

the Integrative Genomics Viewer (Robinson et al., 2011).
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Alms1 is another gene implicated in cell division and cilia formation (Arsov et al., 2006). The
RbmxI2 knockout led to the utilisation of a cryptic 5’ splice site within ultra-long exon 5. Figure
4.17 shows that the cryptic 5’ splice site was repressed in the wild type when RBMXL2 was
expressed. Additionally, several iCLIP tags were detected in exon 5. Figure 4.18 shows that an

iCLIP tag was detected close (around 70 bp) to the 5' cryptic splice site.
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Figure 4. 13: Cryptic splicing in Alms1. Screenshots from Sashimi blot showed the utilisation
of the 5’ cryptic splice site within exon 5 in RbmxI2 knockout that is repressed in the wild
type testis. Arrows showed the 5’ cryptic SS. RNA-seq data from 18 days mouse (Rbmx/2
knockout and wild type). Picture taken as a browser snapshot from the Integrative Genomics
Viewer (Robinson et al., 2011).
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Figure 4. 14: Mapping of iCLIP tags near to the cryptic splice site used in Aims1.
Screenshots from IGV showed several iCLIP tags bound to AIms1. iCLIP tag was rich with As
and Ts and was seen close to the 5’ cryptic splice site of Rbmx/2 knockout mouse testis. The
arrow showed the position of the cryptic 5’ splice site within exon 5. Picture taken as a
browser snapshot from the Integrative Genomics Viewer (Robinson et al., 2011).

Based on RNA-seq data, the RbmxI/2 knockout demonstrated usage of the 5' cryptic splice site
within exon 11 of the Brca2 gene, as shown in Figures 4.19 (Ehrmann et al., 2019). Figure 4.20
reveals that no iCLIP tags were detected in the Brca2 gene, which suggests that either (1)
RBMXL2 protein may regulate this cryptic splice site independent of RNA binding, or (2) the

iCLIP mapping might not be totally comprehensive.
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Figure 4. 15: Cryptic splicing in Brca2. Screenshots from Sashimi blot showed the utilisation
of the 5’ cryptic splice site within Brca2 gene exon 11 in RbmxI2 knockout that is repressed in
the wild type testis. The arrow shows the position of the cryptic 5’ splice site. RNA-seq data
from 18 days mouse (RbmxI2 knockout and wild type). Picture taken as a browser snapshot
from the Integrative Genomics Viewer (Robinson et al., 2011).
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Figure 4. 16: Cryptic splicing of Brca2. Screenshots from IGV showed no iCLIP tags mapped
to the Brac2 gene exon11.The arrow shows the cryptic 5" splice site. RNA-seq data from 18
days mouse (RbmxI2 knockout and wild type testis). Picture taken as a browser snapshot
from the Integrative Genomics Viewer (Robinson et al., 2011).
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4.3.5 Identification of RBMXL2 binding site sequences (this analysis was done with

collaborators mentioned below).

RNA-binding proteins typically bind to motif sequences of 6 to 8 nucleotide long. | collaborated
with Dr. Ivaylo Yonchev (Sheffield University) to use my iCLIP data to identify binding sites
preferentially bound by RBMXL2. Ivaylo conducted enriched motif analysis (kmer analysis) and
metagene analysis of my iCLIP data. First, analysis of the top 50 motif sequences from Figure

4.21 showed that RBMXL2 binding was enriched in TTT-rich sequences.

This was different than the HITS-CLIP results where we identified RBMXL2 binding was

enriched in AAA sequences (Ehrmann et al., 2019).

TACATTH I ]
ACATTT |
TTTTGT A
AGTTTT
TTTATTY [
TCACAT A
TTGTTT A ]
TTTCAC 1
TTTAAG 1
TCACAC 1
TTATTTY L
TTTAGAY L
GATTTTH Ll
ArtTTAad [
TTCcACAq [l ]
TTAAAAL | l
TTTTGG ]
CTACAC A |
TTACAT - |
AATTTTH L ]
CTTTTT A | )
GTTTTAY | |
TACATAY [l |

K—mer

Figure 4. 17: Top 50 K-mer enrichment determined from analysis of my iCLIP data. Pink is
the control (iCLIP done with IgG antibody) while grey is RBMXL2 protein binding to the
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motifs. The most enriched motif was TACATT.
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While analysing RBMXL2 RNA processing, we detected that RBMXL2 regulates splicing events
within ultra-long exons such as Meioc, Escol, and Kdm4d among others. These particular
genes are longer than the average size of mouse exons, which is around 120 bp. Dr. Sara Luzzi
performed additional analysis to indicate that RBMXL2-regulated and bound exons were
significantly longer than all mouse genome exons. The analysis is included in the figure 4.22

below.

CLIP: exons counted once
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Figure 4. 18: RBMXL2 binds and regulates RNA processing events in ultra-long exons. Light
blue colour demonstrating the distribution plots of all mouse exons; Red colour representing
all RBMXL2 bounds genes identified by iCLIP (counted once). The dotted green line indicates
the median mouse exon size and the dotted red line represents the iCLIP median exons size
bound genes. Red dotted box shows the longer exons bound by RBMXL2.This analysis was

done by Dr. Sara Luzzi, Newcastle University.
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4.3.6 RBMXL2 Binds the 3' end of the transcript

Dr Ivaylo Yonchev (Sheffield University) also identified RBMXL2 binding sites across a typical
gene in a metagene analysis profile 4.22. Metagene analysis is a tool for analysing gene
expression across multiple samples by aligning the genes against a common reference point,
such as the transcription start site, to generate an average expression profile from which we
can identify gene expression patterns. lvaylo generated a gene list using Ensembl annotations

for the mouse genome (http://mart.ensembl.org/info/genome/genebuild/index.html). The

RBMXL2 binding signal is highest toward the end of the whole transcript. Most sites where
RBMXL2 binds are at the 3' end of the transcript, while the signal at the 5' end is weaker as

seen in the figure 4.23.
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Figure 4. 19: Metagene analysis of RBMXL2 iCLIP tracks from mouse testes shown full
transcript regions normalized per gene. Highest RBMXL2 binding density were seen towards
the 3’ end of the gene.
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4.3.7 Investigation of RBMXL2, RBMX mechanism to regulate mouse £scol gene using

a Minigene assay

Having identified RBMXL2 binding sites within total testis RNA using iCLIP, | next wanted to
use this information to test the importance of specific binding sites on RNA processing control.
Splicing regulation in vivo is frequently studied using the minigene system (Mardon et al.,
1987). The minigene system allows for mutational changes to binding sites within plasmids. In
addition, several studies (Liu et al., 2009; Ehrmann et al., 2019) have examined the regulation

of splicing by RBMXL2 protein using minigenes.

Minigene construction involves cloning the target region from the genomic DNA into an exon
trap vector. Our exon trap vector (pXJ41) comprises two beta globin exons, downstream of a
promoter. Minigene studies are suitable for investigating cis- and trans- acting factors that
affect a particular area of a gene or to introduce new sequence (Anna & Monika, 2018). |
attempted to characterize the splicing of RBMXL2-controlled target exons using minigenes.
From our previous RNA-seq data and HITS-CLIP data (Ehrmann et al., 2019), the Escol gene
was identified as target for RBMXL2 RNA processing control. Exon 3 of the Escol gene utilises
a cryptic splice site if Rbmx/2 is depleted. This switch can be observed on the IGV genome
browser, comparing RNA-seq signals from wild type versus Rbmx/2 knockout mouse testis
figure 4.24. ESCO1 protein is essential for chromatid cohesion, especially on DNA repair,

chromosome loop formation, controlling transcription, and stabilisation (Alomer et al., 2017).
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Figure 4. 20: A screenshot of a Sashimi plot shows RNA-seq data from day 18 mouse testis,
three wild type samples then three RbmxI2 knockout samples. In the Rbmx/2 knockout
samples there is a clear utilisation of the cryptic splice site in exon 3 of the Escol gene
(annotated by arrows) which is not seen in the wild type testis. The Sashimi plot is a
snapshot from the IGV genome browser, Integrative Genomics Viewer (Robinson et al.,
2011).

After cloning and verification, the minigene was transfected into HEK-293 cells for splicing
analysis. There were 3 possible products: (1) Full exon inclusion of exon 3 of Escol, although
this is too long to be amplified by RT-PCR (Escol exon 3 is an ultra-long exon) so should not be
detected by RT-PCR. (2) Exon 3 skipping, joining the beta-globin exons. (3) Splicing of the
cryptic 5’ splice site between the beta globin exons. Using RT-PCR | should only be able to
detect the skipping of exon 3 or the use of the cryptic 5’ splice site (the use of cryptic splice

site of exon 3) as seen in the figure below 4.25.
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Figure 4. 21: A schematic of the Escol exon 3 minigene design. Exon 3 with flanking introns
was cloned between two B-globin exons within pXJ41 plasmid. The three products would be
(1) Full exon inclusion of exon 3 of Escol, although this is too long to be amplified by RT-PCR.
(2) Exon 3 skipping, joining the beta-globin exons. (3) Or finally, the use of the cryptic 5’
splice site. Boxes indicates exons while black lines represents introns.

To investigate splicing control, | then transfected cells using different expression vectors.
These vectors expressed GFP (as an internal control), RBMXL2-GFP, RBMXL2ARRM-GFP
(RBMXL2 without the RNA recognition motif), and RBMX- GFP as seen in the figure 4.26.
Transfections were done in triplicate to ensure that any changes in splicing could be replicated
and were statistically significant. RNA was extracted from the transfected HEK-293 cells,
analysed by RT-PCR using PXJF and PXJR primers as shown in the figures below, and analysed

by Qiaxcel capillary gel electrophoresis figure 4.27.
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Figure 4. 22: : A schematic figure showing domain structures of RBMXL2 and RBMX
proteins and proteins construct missing domains of RBMXL2 and RBMX proteins tagged
with GFP. Green boxes show the RNA-Recognition motifs while blue boxes represents the
disordered domains.
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Figure 4. 23: QlAxcel electrophoretogram displaying splicing patterns of the Escol
minigene. RT-PCR for samples from different cell transfection were analysed in triplicate
(GFP (lanes 1-3), RBMXL2-GFP (lanes 4-6), RBMXL2ARRM-GFP (lanes 7-9), RBMX (lanes 10-
12) using PXJF and PXJR as RT-PCR primers, and then analysed by capillary gel
electrophoresis.
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Figure 4. 24: RBMX weakly supresses the use of the cryptic 3’ splice site in Escol exon 3
(n=3). Statistical analysis presented the PSI and P value associated for each condition on
Escol exon3 splicing. RBMX showed greater splicing repressor affect in comparison to
RBMXL2 and RBMXL2ARRM. The PSI was calculated using data from three biological
replicates. Lines in the bar plots represent the mean + SEM. P-values were calculated using
an unpaired t-test on GraphPad Prism v 9.31 (*, **, *** p-value 0.05).
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Figure 4. 25: Western blot shows plasmids were expressing similar levels of RNA binding
proteins in triplicate transfections. Western blots were probed with antibodies specific for
GFP. No loading control was performed for this experiment.

121



After RNA was extracted from transfected HEK293 cells, the PXJF and PXJR primers were used

in a one-step PCR reaction to map the splicing patterns of the Escol minigene.

In Figure 4.27, | analysed the RT-PCR products using capillary electrophoresis. Then | calculated
the percentage splicing inclusion of the short form of Escol exon 3 Figure 4.28 using the
equation described in the 2" chapter (materials and methods 2.6.10). Firstly, in the HEK293
cells transfected with the GFP expression plasmid (lanes 1-3), | observed two amplification
products, the lower band representing the exclusion of the insert (exon 3) and the upper band
indicating the use of the (cryptic) weak 5' splice site. In the cells transfected with RBMXL2
(lanes 4-6), | detected two products representing beta-globin splicing (the skipping of the
(insert) and the splicing inclusion of the cryptic splice site of exon 3. This analysis showed that
RBMXL2 weakly represses the cryptic 5 splice site. HEK293 cells transfected with
RBMXL2ARRM (lanes 7-9) also showed similar results to RBMXL2 (lanes 4-6). Both RBMXL2
and RBMXL2RRM transfections were statistically significant compared to GFP on the
transfection shown in (lanes 1-3). HEK293 cells transfected with RBMX (lanes 10-12) displayed
two amplification products: a strong band representing the skipping of the insert and a faint
band indicating the utilisation of the cryptic splice site of exon 3. The result from transfection
with RBMX was significantly different from GFP transfection (lanes 1-3), indicating that RBMX
can more strongly suppress the selection of the cryptic splice site in Escol exon 3 compared

to RBMXL2.

Finally, | did a Western blot to confirm that the transfection had worked and that the amount
of GFP-Fusion protein in each condition was equal, as indicated above in Figure 4.29. The
amount of protein in RBMX-transfected cells was less than the amount in RBMXL2 and
RBMXL2ARRM-transfected cells. However, it shows the higher impact of RBMX on Escol
minigene splicing in comparison to the other conditions. In addition, it seems that the N-
terminal RNA Recognition Motif in RBMXL2 did not affect the inclusion or the exclusion in exon

3 of Escol gene.
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These experiments showed that expression of RBMX prevents the use of the cryptic splice site
of exon 3 of Escol more strongly than expression of RBMXL2 and RBMXL2ARRM. As
mentioned earlier exon 3 of Escol gene is ultra-long exon, meaning it cannot be easily
visualised in the RT-PCR reaction. To further study the splicing activation patterns of the full
exon in the Escol minigene | designed a new set of primers that should be able to detect the
longer version of the Escol exon 3 figure 4.30. To get around this, a combination of PXJF and

PXJR with an internal Escol exon 3 primer was used as seen below figure 4.31.
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Figure 4. 26: Schematic figure of Escol gene exon 3 with internal primer to detect the full
length, inserted within pXJ41 plasmid. The orange blue boxes indicate the b-globin exons.
The blue box in the middle is representing the 2.4 kb of exon 3. The black arrow represents
the Escol internal primer and blue arrows represent PXJF and PXJR.
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Figure 4. 27: QlAxcel electrophoretogram displaying the full-length splicing of exon 3 of the
Escol gene (n=3). RT-PCR for RNA extraction samples from different cell transfection carried
out in triplicates: GFP (lanes 1-3), RBMXL2-GFP (lanes 4-6), RBMXL2ARRM-GFP (lanes 7-9),
and RBMX- GFP (lanes 10-12). RT-PCR was carried out using PXJF and PXJR primers with
internal Escol exon3 primer. However, the bands are not consistent in all lanes. GFP shows
full-length expression along with the cryptic 5'ss, and exon skipping (to give the beta globin
band). In the remaining lanes, there are no full-length bands; only the cryptic 5'ss and beta
globin products are visible.
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The new primer combinations enabled me to detect the splicing inclusion of full-length Escol
exon 3 figure 4.30. Transfection with GFP (lanes 1-3) revealed three bands in Figure (4-31),
representing the skipping exon, the full length splicing of exon 3, and the use of the cryptic
splice site. Then, transfection with RBMXL2 (lanes 4-6) revealed two bands: the insert skipping
and the full length of exon 3, indicating that RBMXL2 (lanes 4-6) clearly suppressed both the
use of the cryptic splice site and the full length exon. This means that RBMXL2 is not only
suppressing the cryptic splice site, but also the full length exon inclusion. It's worth mentioning
here that 2 out of the three replicates worked (4-6), which may affect the accuracy of the
statistical test. Like RBMXL2, RBMXL2RRM-GFP (lanes 7-9) inhibits the use of the cryptic splice
site and the full length exon. A stronger result was obtained for cells co-transfected with RBMX
lanes (10-12). Very strong repression of both the full length and cryptic exon 3. RBMX was able
to prevent exon inclusion. The above data showed that RBMX and RBMXL2 did supress
selection of a cryptic 5’ splice site in Escol exon 3, but surprisingly also suppressed selection

of the whole exon 3 as well.

4.3.8 Investigation of RBMXL2, RBMX mechanism to regulate human £5CO1 gene

using Minigene assay

To investigate this further, | examined the splicing regulation of human ESCO1 exon 4. This
exon was selected because it was identified as an activated exon by RBMX from RNA-seq of
MDA-MB-231 cells depleted for RBMX (Chile Siachisumo thesis, 2022). Using RBMX
Knockdown RNA-seq we identified skipping of exon 4 in human ESCO1 figure 4.32 (Chile
Siachisumo thesis, 2022). Therefore, | wanted to test ESCO1 splicing in human, specifically if
RBMX expression will activate the inclusion of exon 4 within the minigene context. To test this
| designed the cloning primers using similar steps to those used for mouse Escol. Figure 4.33

shows the process.
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Figure 4. 28: Exon 4 of the ESCO1 gene is activated by RBMX. A screenshot of a Sashimi
plot shows control sample (normal expression of RBMX) and RBMX knockdown sample.
The arrow shows clear a skipping of exon 4 of the ESCO1 gene. The junction reads show
more skipping after depleting RBMX, which is not seen in the control. This means that RBMX
normally activates ESCO1 exon 4. Picture taken as a browser snapshot from the Integrative
Genomics Viewer (Robinson et al., 2011).

Normal SS Normal SS

B-globin D1 exon 4 B-globin

Exon skipping

Figure 4. 29: A schematic of the ESCO1 exon 4 minigene design. Exon 4 with flanking
introns was cloned between two B-globin exons within the pXJ41 plasmid. Predicted two
products would be 1) activation of exon 4 of ESCO1; (2) exon 4 skipping, joining the B- globin
exons. Boxes indicates exons while black lines represents introns.
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To investigate splicing regulation of ESCO1 exon 4, similar to the previous minigene, |
transfected cells using different expression vectors. These vectors expressed GFP (as an
internal control), RBMXL2-GFP, RBMXL2ARRM-GFP (RBMXL2 without the RNA recognition
motif), RBMX- GFP and RBMXACterm- GFP as seen in the figure 4.27.

Triplicate transfections were performed to ensure that any changes in splicing could be
replicated and were statistically significant. PXJF and PXJR primers were used in RT-PCR to
analyse the RNA extracted from the transfected HEK-293 cells, which was then analysed by

Qiaxcel capillary gel electrophoresis figure 4.34.

GFP RBMXL2 RBMXL2ARRM RBMX RBMXAC

exon 4
—» O—

PXJ41F&PXJ41R

>

1 2 3 45 6 7 8 9101112131415

Figure 4. 30: RBMXL2 and RBMX supress the splicing of exon 4 of human ESCO1 gene (n=3).
Automated electrophoretic separation from QlAxcel machine, showing RT-PCR products
from transfection of the human ESCO1 minigene into HEK293 cells along with different
expression vectors (encoding GFP (lanes 1-3), RBMXL2-GFP(lanes 4-6), RBMXL2ARRM-GFP
(lanes 7-9), RBMX-GFP (lanes 10-12), and RBMXACterm-GFP (lanes 13-15)). RT-PCR analysis
was done similar to the previous minigene analysis 4.30.

Beginning with GFP (lanes 1-3) in Figure 4.34, two bands were observed: a prominent band
representing exon 4 inclusion and a fainter band representing exon 4 skipping. RBMXL2
transfected cells (lanes 4-6) displayed two identical bands, one for the inclusion of exon 4 and
the other for exon 4 skipping. There was reproducibly more of the lower band, representing
exon skipping. RBMXL2ARRM-GFP (lanes 7-9) showed similar results to RBMXL2. Similar to

RBMXL2, RBMX (lanes 10-12) and RBMXCterm-GFP (lanes 13-15) produced similar results to
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RBMXL2. Exon 4 splicing inclusion was reduced in all transfections except for cells expressing

GFP (lanes 1-3) (control).

A PSI calculation was done using the equation mentioned earlier in 2" chapter (materials and
methods 2.6.10), and then statistical analysis was performed in Graphpad Prism, as seen in
the figure below 4.35A. Finally, | did a Western blot to check that plasmids are expressing

similar level of protein in each condition, as indicated in figure 4.35B.

Since RBMX activates human ESCO1 exon 4, | originally hypothesised that by introducing
RBMXL2 and RBMXL2ARRM-GFP, RBMX and RBMX without the C-terminus, | would see more
exon 4 inclusion. However, with the exception of GFP (control), we saw less exon 4 splicing
inclusion when cells were transfected with RBMX or RBMXL2 proteins compared with GFP.
This means that RBMX is repressing the splicing inclusion of human ESCO1 exon 4. No
difference was detected between RBMXL2 and RBMXL2ARRM, which might suggest that the
RRM is not essential for the inclusion of ESCO1. These experiment suggest that RBMX and
RBMXL2 are mainly splicing suppressers in minigene experiments, but are also not

reproducing how the RBMXL2 protein works in mouse testis.
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Figure 4. 31 :RBMXL2 and RBMX supresses the activation of exon 4 in human ESCO1 gene
(n=3). A) Statistical analysis showed the P value for each condition on ESCO1 exon 4
expression. Data from three biological replicates were used to calculate the PSI. The mean
SEM is shown as lines in bar plots. Furthermore, P-values were calculated using an unpaired
t-test on GraphPad Prism v. 9.31 (*, **, **** p-value 0.05). RBMXL2, RBMXL2ARRM, RBMX
and RBMXACterm shows reversed affect comparing to the control GFP. B) Shows the amount
of protein in each condition in triplicates. Lanes 1-6 are from one membrane, lanes 7-12
from a different membrane, lanes 13-15 from a third membrane. However, RBMXL2 and
RBMXL2ARRM are not clearly visible (because the membrane is over-exposed), and no
loading control was performed for this experiment.
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4.4 Discussion

In earlier work RBMXL2 was identified to work mainly as a cryptic splice site suppressor
(Ehrmann et al., 2019). In this chapter, | used the iCLIP protocol to identify RBMXL2 protein-
RNA binding sites in the mouse genome down to the single nucleotide. | then carried out
minigene experiments with the aim of using this to dissect the function of specific binding sites

in splicing repression.

44.1 RBMXL2 iCLIP in mouse testes

After a preliminary result was produced from one replicate using HITS-CLIP previously in
Professor Elliott's lab (Ehrmann et al.,, 2019), one of the main goals of my project was to
conduct a global analysis of RBMXL2 in mouse testes. First, | identified RBMXL2's genome-
wide RNA targets using the iCLIP method. This required some troubleshooting. The Western
blot technique was used to test the RBMXL2 antibody, and the iCLIP experiment was then
adjusted for RBMXL2 immunoprecipitation and cDNA amplification. SDS-PAGE and transfer
showed that the RBMXL2 antibody was specific and could accurately detect an RBMXL2-RNA
crosslink. Additionally, barcoded sequences were used in the computational analysis to
distinguish unique cDNA. The generated iCLIP data is consistent across 4 testis samples, and

there was a strong correlation between all four biological replicates.
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4.4.2 RBMXL2 binding within the genome

| analysed the genome-wide distribution of RBMXI2 binding sites using the iCLIP technique.
Based on where RBMXL2 binds in the genome, | found that it binds most often in intergenic
and intronic regions. Also, enrichment binding was seen in pre-mRNA introns, indicating a role
in splicing. | also looked at candidate genes that we had originally identified as targets for
RBMXL2 processing (Ehrmann et al., 2019). Many iCLIP tags were detected close to cryptic
splice sites. Meioc, for example, shows many iCLIP tags within exon 5; some iCLIP tags were
observed close to the cryptic 5’ and 3’ splice sites, which form the exitron. However, no iCLIP
tags were found in Brca2, which might mean that RBMXL2 indirectly regulates cryptic splice
sites or that iCLIP is perhaps not fully comprehensive. Finally, from iCLIP data RBMXL2 was

found to bind preferentially and regulate longer exons.

4.4.3 Identifying RBMXL2 binding motifs

A Kmer analysis performed by Ivaylo Yonchev with my data identified that RBMXL2 binds to
regions rich in TTT nucleotides. This may suggest a role in binding at branch points or the 3’
splice site of introns. A metagene analysis of the iCLIP tags showed high enrichment of RBMXL2

binding in the 3’ UTR of the transcript, which might be involved in alternative 3’ end formation.

444 RBMXL2-bound genes that have a role in spermatogenesis and meiosis

Gene Ontology analysis showed that RBMXL2-bound genes are involved with
spermatogenesis, tail assembly, and movement. The testis-specific Meioc, for example, is
described in the literature as essential for meiosis and mice lacking Meioc are infertile (Soh et
al., 2017). Another example is Escol, which is implicated in sister-chromatid cohesion in cells
(Alomer et al., 2017). The Alms1 gene is involved in cell division and cilia formation; AIms1-
deficient mice are sterile (Arsov et al., 2006), indicating this gene's significance in
spermatogenesis. In addition, another tumour suppressor gene, Brca2, is involved in
homologous recombination; deletion of Brca2 rendered mice infertile with no sperm observed

(Sharan et al., 2004).
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4.4.5 Mouse and human £SCOI minigene assays did not follow the expected pattern
of splicing regulation by RBMX and RBMXL2

In this chapter, | attempted to study the regulation of splicing by different RNA-binding
proteins, such as RBMXL2 and RBMX in the Escol gene. However, the result using minigene
differed from what we expected from the RNA-seq. For mouse Escol, the RBMXL2 and RBMX
proteins suppressed the cryptic 5' splice site on exon 3; however, they also suppressed the
inclusion of the full- length exon 3. This led to the investigation of human ESCO1, in which the
activation of exon 4 was observed when RBMX was expressed within cells. However, after
transfection with different proteins (RBMX and RBMXL2), the inclusion of exon4 was
suppressed. Previous data had suggested that RBMX binds to A-rich sequences, based on NMR
which showed that RBMX binds to an AAN regions (Moursy et al., 2014). Also, Professor
Elliott’s lab showed that RBMX binds to A-rich regions via iCLIP (Chile Siachisumo thesis, 2022).

However, the minigene experiment did not replicate the splicing regulation of RBMXL2 and
RBMX. Moreover, there are no differences between RBMXL2 and RBMXL2 without the RRM,
suggesting that the RRM is not essential for splicing control. This finding is also consistent with
the findings of Liu et al. (2017), who showed that the disordered domain of RBMX, not the
RRM, is responsible for RNA binding (Liu et al., 2017).

A possible reason for these discrepancies is that the minigene is an artificial system that does
not replicate endogenous gene regulation in vitro. Plasmid DNA in minigene assays is within a
double helix, but not organised into chromatin. Chromatin conformation has been found to
influence splicing. Modifications to histones, like H3K36me3, play a role in transcription by
influencing splicing activity. In addition, these modifications have been found in weakly
expressed and alternatively spliced exons, indicating that they regulate the splicing outcome

(Wilhelm et al., 2011; Braunschweig et al., 2013).

Another possible reason why the minigene experiments did not work is that we might have
missed some intronic regions within our minigene constructs that affect alternative splicing.
To study the splicing regulation of RBMXL2, we need to use a stable cell line to mimic the
endogenous genes in vitro. These experiments are described in the next Chapter. Using an
overexpression approach, where a gene is introduced into cells in excess, comes with

complexities when compared to knockdown methods that reduce gene activity.
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Overexpression of a gene can disrupt normal cell processes, making it difficult to understand
its effects. It may also result in the formation of non-functional protein complexes and even
cellular damage, complicating the determination of the gene's precise function.
Overexpression can also unintentionally affect other genes, making data interpretation

difficult.

In contrast, knockdown methods such as RNA interference or CRISPR provide more precise
control over gene activity with fewer side effects. They generally excel at avoiding unintended
consequences for unrelated genes or processes. However, it is essential to note that
knockdown methods have their own limitations, such as the possibility of off-target effects

and incomplete gene suppression (Zhang et al., 2003; Prelich, 2012; Tavleeva et al., 2022).

4.5 Chapter summary:
lidentified genome-wide RBMXL2-RNA targets and RBMXL2 binding sites in mouse testis using
iCLIP. The global analysis revealed that RBMXL2 binds to TTT-rich regions. Furthermore, a
metagenome analysis of the iCLIP tags revealed that the transcript's 3' UTR enriched RBMXL2
binding. Finally, a gene ontology analysis revealed that RBMXL2-bound genes are involved in

spermatogenesis and reproduction.
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Chapter 5 : RBMXL2 is functionally interchangeable with RBMX in

somatic cells.
5.1 Introduction:

RBMXL2, RBMX and RBMY are a family of RNA-binding proteins containing an N-terminal RNA
recognition motif (RRM) and a C-terminal disordered domain (including a small region for
recruitment of nascent RNA and a C-terminal region used for mediating RNA-Protein
interactions, Figure 1.8 (Elliott et al., 2019). The RBMX and RBMY genes are located on the X
and Y chromosome respectively. RBMX and RBMY are ancient genes that evolved around 300
million years-ago (Lahn et al., 1997). RBMX is ubiquitously expressed in all tissues. RBMY has
a testis-specific expression which suggests a link to spermatogenesis (Delbridge et al., 1999).
RBMXL2 is intron-less, a retrogene derived from RBMX that evolve 65 million years ago (Elliott
et al., 2000). RBMXL2 is expressed during meiosis when the X and Y are inactivated (Delbridge
et al., 1999). For many years it was not known what biological processes these RNA binding
proteins were involved in. Then the Elliott lab showed RBMXL2 is able to supress cryptic splice
site selection in some long exons (sometimes more than 1 KB in length) within genes
implicated in genome stability (Ehrmann et al., 2019). RBMXL2 and RBMX proteins have 73%
protein similarity, and they share similar structure as aforementioned. RBMX and RBMXL2 are
both closely related to a gene on the Y chromosomes long arm named RBMY, which was found
mutated or deleted in some infertile men (Ma et al.,, 1993; Elliott et al., 1997). Similar to
RBMXL2, recent data to which | contributed (Siachisumo et al, submitted 2023), showed that
RBMX is functioning as a splicing repressor in human cell lines. Moreover, RBMX is important
in repressing cryptic exons in ultra-long exons. Splicing changes were identified in the Rbmx/2
knockout mouse compared to the wild type using day 18 testis transcriptomes (Ehrmann et
al., 2019). Many splice events were repressed, but some were predicted to be activated by

RBMXL2. RBMX activates splicing of human ESCO1 exon 4.
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In the previous chapter, | described experiments that attempted to recapitulate these splicing
patterns using minigenes, including cloning exon 3 of Escol into an exon trap vector and co-
transfecting into HEK293 cells with RBMXL2. The prediction was that the RBMXL2 protein,
should repress the cryptic splice site of Escol exon 3, but we observed repression of the whole
exon (which was not predicted). The same experiment was repeated for human ESCO1 exon
4, and again the result was not as expected: instead of human ESCO1 exon 4 being activated
by RBMX and RBMXL2, within minigenes exon repression was seen. So, these results show the
minigenes are not working to recapitulate what is going on in vivo. This suggested that
minigenes were not an appropriate route to investigate the RBMXL2 function. In this chapter,
| attempted an alternative approach using stable cell lines to replace RBMX function after

RBMX had been depleted using siRNA.

Once established, | used this approach to test if RBMXL2, RBMX, and RBMY performed the
same functions. In addition, | tested whether splicing regulation in stable cell lines depended
on the RRM or the disordered domain of RBMXL2. An advantage of using a stable cell line
approach will allow for the analysis of splicing patterns in the endogenous genes that would
have their normal chromatin structure. RBMX has also been found to be associated with
chromatin (Matsunaga et al., 2012). RBMX was found to be enriched within heterochromatin
and was involved with a repressed chromatin marker (H3K9me3) to prevent gene
transcription (Becker et al.,, 2017). However, a disadvantage is that functional testing by
making mutations for genes in situ on chromosomes is more challenging than making

mutations for minigenes.

To test whether the rescue approach was working, | looked at both activated and repressed
exons. In the minigene context, both these exons were repressed by RBMX and RBMXL2.
However, if the rescue experiments were really working, | should be able to induce activation
and repression as appropriate of exons within endogenous genes. | further hypothesised that
if RBMXL2 and RBMY are performing the same functions as RBMX, they should be able to
rescue the effects of RBMX knockdown in HEK293 cells. This hypothesis was tested using a set
of inducible cell lines. For example, | should see the activation (inclusion) of exon 4 in ESCO1
by RBMXL2 over-expression. But if RBMXL2 is not replacing RBMX (restoring its function), |
would expect exon 4 to be repressed or left out. The same principle applies to the rest of the

targets.
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Chileleko Siachisumo (former PhD student from our lab) provided some of the basis for the
experiments this Chapter. Chile depleted RBMX in MDAMB-231 cells and using RNAseq
identified some genes controlled by RBMX that are implicated in meiosis, sister chromatid
separation, and replication. Below chord plot for Gene Ontology figure 5.1 and a table 5.1
shows some important RBMX targets with their functions (Siachisumo et al, submitted 2023).
For example, ETAA1 (Ewings Tumour Associated Antigen 1) gene, requires RBMX to prevent a
cryptic 3' splice site that reduces the size of its exon 5. REV3L contains a similar cryptic splice
event to ETAA1 within an ultra-long exon, and encodes a protein essential in chromosome
break repair (Ben Yamin et al., 2021). RBMX knockdown caused an activation or recognition
of a 3' cryptic splice site normally suppressed by RBMX. ATRX (alpha thalassemia patients with
a mental retardation syndrome X-linked) is another example of an ultra-long exon (3074 bp).
According to Nandakumar et al. (2017), the ATRX protein is crucial for maintaining genome
stability, cell cycle regulation, and chromatin remodelling (Nandakumar et al., 2017). The
depletion of RBMX boosts the use of an exitron in ATRX exon 9. The term "exitron" refers to a
region inside the exon that develops into an intron. In contrast ESCO1 exon 4 is activated by
RBMX. The ESCO1 gene encodes an essential protein for sister chromatid cohesion, DNA repair
and formation of the chromosome loop as well as transcriptional control (Alomer et al., 2017).
Depletion of RBMX was found to increase the skipping of ultra-long exon 4 (longer than 2000
bp), and ESCO1 was enriched with RBMX tags. However, in the presence of RBMX, the

inclusion of that exon was seen.

GO Terms

[l replication fork processing

[[] meictic cell cycle process

B double-strand break repair via homologous recombination
[[] DNA-dependent DNA replication maintenance of fidelity

D meiotic cell cycle
———
—_— . recombinational repair

D meiotic nuclear division

~ ———

. sister chromatid segregation
[l carbohydrate derivative catabolic process

|:| DNA-dependent DNA replication

D nuclear chromosome segregation

[l double-strand break repair

Figure 5. 1: Chord plot showing Gene Ontology of enriched genes involved in cell cycle and
DNA repair within RBMX regulated exons.
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RNA Exon

Gene Function processing length
event (nt)
(Ewing's Tumar-Associated Antigen 1) Protein accumulates| 3'ss repressed by
at sites of DNA damage and promotes progression RBMX
ETAA1 |at replication forks (Feng et al., 2016). 2111
LRIF1 (Ligand Dependent Nuclear Receptor Interacting Skipped alternative

Factor 1) is a retinoic acid receptor binding. LRIF1-HP11a
interaction isimportant for accurate cell division and
LRIF1 mitotic cell division {Akram et al., 2018). REMX 1527

exon activated by

ATRX (alpha thalassemia/mental retardation syndrome X- | Exitron
linked) protein is part of the chromatic remodelling family

d by RBMX
of proteins. It facilitates DNA replication and is involved in repressed by

ATRX gene regulation atinterphase (Nandakumar et 3097
al., 2017).
REV3L reversionless 3-like (REV3L) Protein ensures progression of | _, 4162
T 3'ss repressed by
replication forks and prevents spontaneous chromosome
break formation (Ben Yamin et al., 2021). RBMX
ESCO1 [ESCO1is involved in cohesion functions during cell cycle 2117

. Skipped alternative
progression (Alomer et al., 2017).

exon activated by

RBMX

Table 5.1: functionally important RBMX RNA processing targets.

5.2 Hypothesis:

After the failure of the minigene to reproduce the splicing changes that were predicted from
study of the Rbmx/2 knockout mouse compared to the wild type using day 18 testis
transcriptomes, | hypothesised that a stable cell line might work better. This chapter's primary
aim is to determine whether the inducible cell line approach can actually be used to determine
whether the RBMX family, (which consists of RBMXL2, RBMX, and RBMY) is capable of carrying
out the same functions in a somatic cell. | hypothesised that RBMXL2 and RBMY are replacing
the function of RBMX in somatic cells. Additionally, | investigated whether the disordered

domain or the RRM of RBMXI2 are required for rescue of RBMXL2 splicing functions.
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5.3 Aims:

1- To establish an experimental system using stable tetracycline-inducible cell lines.
2- 2- Investigate whether RBMX family proteins can substitute for each other in somatic

cells.

5.4 Results:

5.4.1 Establishment of a new strategy to investigate RBMXL2 using an inducible stable cell line

approach

To first establish this protocol | used a stable cell line from our lab that can overexpress

RBMXL2-FLAG. A stable cell line (Flp-In HEK293) was used.

The rescue protocol starts with plating two 6-well plates—one as a control (without
expression) and another for overexpression. The main difference between the two plates is
the addition of tetracycline. First, cells were seeded at 100,000 cells per well. Then, |
performed RBMX depletion in the first 3 wells using an SiRNA directed against RBMX using
Lipofectamine™ RNAIMAX Transfection Reagent (Invitrogen). The other wells were
transfected with a control siRNA to compare with the knockdown of RBMX (section 2.8)
contains the siRNA. The 6 well plates were kept in incubators at 37 °C with 5% CO, for 48 hrs.
Then, the experimental plate was induced with tetracycline to overexpress the RBMXL2-FLAG.
After adding the tetracycline (1Img/ml) | continued the incubation for 24 hrs before cells were

harvested for RNA
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extraction (to be used for RT-PCR mentioned in section 2.6.12) and protein extraction (for a
western blot mentioned in 2.6.14). Details of the experiment are shown in the figure below
5.2. lused Western blot analysis to confirm the overexpression of RBMXL2, and to confirm the
depletion of RBMX compared to a house keeping protein (tubulin) as seen in the figure below
5.2. However, Western blot showed that RBMX knockdown was modest. Despite the low

knockdown level achieved, it significantly impacted RBMX overall activity and functionality.

+ tetracycline - tetracycline
i [ S

1 2 3 45 6 7 8 9 1011 12

RBMX control RBMX  control
SIRNA SIRNA SIRNA SIRNA

Figure 5. 2: A western blot showing the successful knockdown of RBMX compared to the
siRNA control and tubulin as a control. This western confirms the knockdown of RBMX.
Detection of the FLAG-fusion protein indicates that the tetracycline-induced HEK293 cells
express RBMXL2.
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5.4.2 RT-PCR analysis of some initial targets of RBMX to establish if the rescue experiment

was working:

Initially, we were not sure if RBMXL2 would be able to rescue splicing defects after RBMX
depletion. To test this, | followed the experimental strategy of depleting RBMX, then inducing
RBMXL2 by tetracycline for 24 hours, followed by RNA extraction. | first tested some candidate
genes using RT-PCR. These candidate genes had predicted splicing defects after RBMX
depletion (Siachisumo et al, submitted 2023), Therefore, | selected an initial group of genes to
test splicing activation and repression patterns by RBMX from the chord plot mentioned above
5.1. | used the primers from my colleague Chile's thesis as seen in the table below 5.2, and |
analysed splicing patterns of the genes shown in figure 5.3. | used the one-step PCR kit from
Qiagen following the manufacturer's protocol, and samples were analysed using capillary gel

electrophoresis figure 5.4.

PCR primer sequences

Gene Forward primer Reverse primer Internal primer
5’-GCTGGACATGTGGA 5'GTGGGAGCTGCATTT [5’-GTGCTCCAAAAAG
TTGGTG ACAGATG CCTCTGG

ETAA1
5 -TCACTGTGCAGAAA 5’-AGGCCACGTCTACAA |5’-ACATGGGAAGAAA
TACCCAC GTTCA GGGCACT

REV3L

ATRX 5'TGAAACTTCATTTTC 5’ATCAAGGGGATGGCA _
IAACCAAATGCTC GCAG

ESCO1 5’ TGCTGTGTGATGTGT 5’ACTGAGCAGAGTCGA [5’AAAACCACAGAAAG
TAAGAGC AGCAG GGCTCC

LRIF1 5’GCAACTCCAGCCCA 5’ TTGTCATTTCTTCCTT _
ACATTC GGGCAC

Table 5.2: list of PCR primer sequences used for RT-PCR analysis of RBMX-regulated exons.

140




ETAA-1 primers design

ESCO1 primers design

Your Sequence from PCR Search

GENCODE V43 (1 items filtered out)

I — <
4= Int-R
1

LRIF1 primers design

A .F; 4-R
Your Sequence from PCR Search
era - I
ETAAT
F,  JntR LN
- - Your Sequence from PCR Search oL
eTAax - | |
GENCODE V43 (2 items filtered out) 47.(
F
B REV3L primers design |-’
| |
E | R
- Your Sequence from PCR Search
GENCODE V43 (8 items filtered out)
F- Int-R
F
l i =
B
ATRX primers design .
c 5 &

Your Sequence from PCR Search

GENCODE V43 I? items filtered out)

&

Your Sequence from PCR Search

GENCODE V43

Figure 5. 3: A snapshot of primers designed from the UCSC website
(http://genome.ucsc.edu/). Some of these primers were designed by my colleague Chileleko
Siachisumo. A) Set of ETAA-1 primers. Reverse transcription-PCR using ETAA-1F& ETAA-1R
will detect the alternative exon (short product only), as the full length exon is longer than 1

KB and can't be efficiently amplified. Therefore, another internal Int-R is used to detect the
expression of the long exon. B) RT-PCR analysis of REV3L. Similar to ETAA-1, the first set of
primers REV3LF& REV3LR will only detect the alternative exon as the long exon is longer

than 1 KB and can't be efficiently amplified. An internal REV3L primer called int-R is utilised

to show the expression of the long exon. C) The ATRX gene formed an exitron within exon 9
if RBMX was depleted. Therefore, | used ATRXF and ATRXR to analyse the exitron region. If
there are two bands, that means the exitron is being removed. D) A set of primers to detect
the activation of the ESCO1 gene exon 4. The first set containing ESCO1F and ESCO1R will
show the skipping of exon 4 as the forward primer on exon 3, and the reverse primer is on

exon 5. The size of the skipped exon 4 means that it is too big to amplify. Therefore, an

internal-R is needed to show the activation of exon 4. So, the inclusion will show as one

band, while the skipping will show as two bands. E) LRIF1F& LRIFR detect the expression of
LRIF exon 2. RBMX activates this exon. If RBMX is depleted, one band will be detected, which
means exon 2 is not activated. However, if RBMX were expressed, two bands would be

present, showing the splicing of exon 2.
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http://genome.ucsc.edu/
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Figure 5. 4: Capillary gel electrophoretograms show RBMXL2's ability to substitute RBMX
in somatic cells and ensure the proper splicing inclusion of ultra-long exons on different
genes (Siachisumo et al., 2023). RT-PCR analysis following different experimental conditions
for each gene was run in biological triplicate, comparing the RBMX siRNA to the siRNA
control, and when tetracycline was added to induce RBMXL2, to check if RBMXL2 is rescuing
the use of the cryptic splice site, thus possibly replacing RBMX function. Boxes below each
triplicate gel electrophoresis show the mean after calculating the PSI percentage. In addition,
the P value was calculated for each gene to show the significance between RBMX
Knockdown and RBMX Knockdown with RBMXL2 overexpression (the P value was calculated
using t-test by Graphpad). These experiments were performed by me and are part of the
Siachisumo et al 2023 manuscript of which | am joint first author.
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Our data demonstrated that RBMX facilitates the inclusion of the full-length exon 5 of the
ETAA-1 gene. ETAA-1 is involved in genome stability, and the knockdown of RBMX caused an
increased selection of the weak 3’ splice site of exon 5, producing a shorter defective mRNA. |
tested the impact of RBMXL2 on ETAA-1 expression using RT-PCR from an inducible cell line
that overexpressed RBMXL2 if Tetracycline was added. | found (lanes 7-9), where RBMX is
depleted, showed an increase in the inclusion of the shorter isoform of exon 5, compared to
(lanes 10-12) that were transfected with control siRNA. In parallel | analysed RNA samples
from the other plate that was induced with tetracycline to overexpress RBMXL2. Samples
(lanes 4-6) that were treated with the control siRNA were similar to samples (lanes 1-3), where
RBMX was depleted and RBMXL2 was overexpressed. This showed restoration of RBMX
function, as less inclusion of the short ETAA1 exon 5 was seen. In each case the PSI was
calculated, and Graphpad prism was used to get the P value and to compare the RBMX
knockdown in the control plate (without overexpression) with the RBMX knockdown and
RBMXL2 overexpression. This analysis showed that result was significant, and indicating that

RBMXL2 successfully replaced the function of RBMX.

Another example | tested was the REV3L gene, which is also implicated in cell cycle regulation
and genome stability. Use of the 3’ cryptic splice site of exon 13 was analysed after RBMX
depletion. To test splicing of this gene using the stable cell line, | started by analysing the RT-
PCR of the control plate. On (lanes 10-12) treated with siRNA control, amplification products
from the long exon 13 were the only ones detected. However, in (lanes 7-9) where RBMX was
knocked down using siRNA, the long isoform and the short isoform of exon 13 were seen,
which indicates the increased use of the 3’ cryptic splice site in the absence of RBMX protein.
For the experimental plate where RBMXL2 was overexpressed after the induction of
tetracycline, (lanes 1-3) show more of the long exon 13 and only a slight expression of the
short exon 13. PSl values were calculated, and Graphpad prism was used to get the P value in
order to compare the RBMX knockdown in the control plate (without overexpression) with
the RBMX knockdown and RBMXL2 overexpression. The result was significant, showing that
RBMXL2 successfully replaced the function of RBMX. Finally, (lanes 4-6), treated with the

control siRNA, detected the long exon 13 only.

The third example | tested is ATRX. Our data had showed that when RBMX is depleted, the

ultra-long exon 9 of the ATRX gene has an exitron that is usually not seen when RBMX is
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present. This exitron is formed due to the selection of cryptic 5" and 3’ splice sites in exon 9. |
used the same experimental approach to test if RBMXL2 can restore the function of RBMX and
prevent the formation of this exitron. Two bands were seen on (lanes 10-12) made from cells
treated with siRNA control. The expression of full length exon 9, and a slight expression of
exitron (a shorter product) were both detected. However, these two amplification products
were more equal where RBMX was knocked down using siRNA, as seen on (lanes 7-9). This
means depleting RBMX induces the exitron. On the experimental plate where RBMXL2 was
overexpressed after tetracycline induction, the expression of the long version of ATRX exon 9
was strong, and only a faint band representing the exitron was also detected, shown in (lanes
1-3). PSl values were calculated, and Graphpad prism was used to apply the t-test to get the P
value in order to compare the RBMX knockdown in the control plate (without RBMXL2
overexpression) with the RBMX knockdown and RBMXL2 overexpression. The result was
significant, showing that RBMXL2 successfully replaced the function of RBMX. In fact, use of
the exitron in lanes 1-3 was very similar to that in cells treated with the control siRNA in (lanes

4-6) as seen in the figure 5.4.

RBMX activates splicing of exon 4 within the ESCO1 gene. Therefore, the depletion of RBMX
leads to skipping the ultra-long exon 4 (around 2.4KB). Multiplex primers were designed to
allow the detection of exon 4. To test splicing of this gene using the stable cell line, | started
by analysing the RT-PCR of the control plate. On (lanes 10-12) prepared from cells treated with
siRNA control, the ultra-long exon 4 was included. However, two bands were detected in
(lanes 7-9), where RBMX was depleted using siRNA. The upper bands represents exon 4
inclusion and the lower band increased skipping of exon 4 that was not seen in the presence
of RBMX. On the experimental plate, RBMXL2 was overexpressed after the induction of
tetracycline. These samples (lanes 4-6) showed the inclusion of exon 4 only, while (lanes 1-3)
showed even more of the inclusion of exon 4 and a slight expression of skipping of exon 4. The
PSI was calculated, and Graphpad prism was used to apply the t-test to get the P value in order
to compare the RBMX Knockdown in the control plate (without overexpression) with the
RBMX Knockdown and RBMXL2 overexpression. The result was significant, showing that

RBMXL2 partially replaced the function of RBMX as seen in the figure 5.4.
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Another gene that contains an exon that is activated by RBMX is LRIF1. Depletion of RBMX
leads to the skipping of the ultra-long exon 2. To test this gene using the stable cell line, |
started by RT-PCR analysis of the control plate. On (lanes 10-12) from cells treated with siRNA

control, two bands were detected: these are from inclusion and the skipping of exon 2.

However, in (lanes 7-9), when RBMX was depleted using siRNA, the skipping of exon 2 was the
only amplification product detected. This shows that RBMX depletion prevents inclusion of
LRIF1 exon 2. On the experimental plate, RBMXL2 was overexpressed after the induction of
tetracycline. Samples from (lanes 4-6) that were from cells treated with the siRNA control and
with overexpression of RBMXL2 showed amplification products corresponding to the inclusion
of exon 2, and also from the skipping of the same exon. While (lanes 1-3) that have the
depletion of RBMX and the overexpression of RBMXL2 showed more inclusion of exon 2 and,
a slight expression of skipping of exon 2, with a pattern that is similar to the siRNA control.
The PSI values were calculated, and Graphpad prism was used to get the P value in order to
compare the RBMX knockdown in the control plate (without RBMXL2 overexpression) with
the RBMX Knockdown and RBMXL2 overexpression as seen in the figure 5.4. The result was

significant, indicating that RBMXL2 replaced the function of RBMX.
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5.4.3 RNA-seq data from knockdown of RBMXwith and without overexpression of RBMXL2:

The above experiments using RT-PCR to analyse splicing patterns of specific target genes
clearly showed that tetracycline-induced RBMXL2 expression was sufficient to rescue
depletion of RBMX. In order to enable more global analysis of this | next used RNAseq to
monitor gene expression changes at the transcriptome level. This global data would mean that
| would be able to monitor splicing effects on any gene on the IGV genome browser. RNA
exraction was performed on all samples (overexpressing RBMXL2 and those without
overexpression) and then sent for sequencing in the Newcastle University Genomics Core
Facility. | analysed a sample for each of the four conditions (O/E RBMX knockdown, O/E
control, RBMX knockdown, and control). Below are Sashimi plot snapshots of genes of interest

to check for splicing changes figures 5.5 to 5.9.
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Figure 5. 5: RNAseq data used to analyse the effects of the rescue experiment on ESCO1
gene. The RNAseq data was visualised using a Sashimi plot. Picture taken as a browser
snapshot from the Integrative Genomics Viewer (Robinson et al., 2011).
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The Sashimi plot shows that RBMX activates the inclusion of exon 4 in the ESCO1 gene. A

snapshot from the IGV genome browser shows that the ultra-long ESCO1 exon 4 (around

2.4KB) is included in the mock depletion, when the siRNA control has been used. However,

the depletion of RBMX leads to skipping of the ultra-long ESCO1 exon 4 (notice exon skipping

junction reads). The third track is the siRNA control when tetracycline induction overexpresses

RBMXL2. Again, the inclusion of exon 4 is seen. Tetracycline overexpressed RBMXL2 is shown

in the final condition, where siRNA has been used to deplete RBMX. No exon 4 skipping was

seen, so the fact that exon 4 was included confirms that RBMXL2 can replace the function of

RBMX in somatic cells. These RNAseq results thus confirmed the RT-PCR results that were seen

before.
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Figure 5. 6:RBMXL2 can substitute the function of RBMX in ensuring appropriate splicing

and inclusion of ETAA1 exon 5.
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RNAseq of RBMXL2-FLAG cells showing: Cells treated with control siRNA with no tetracycline;
Cells treated with RBMX siRNA with no tetracycline (that should show the effect of the RBMX
knockdown); Cells treated with control siRNA and tetracycline; Cells treated with RBMX siRNA
and tetracycline (that should show the effect of the rescue). (A) A snapshot from IGV for ETAA1
showing the use of a cryptic splice site in the RBMX knockdown that was not used after the
induction of RBMXL2. (B) Sashimi plot of RNAseq data used to analyse the effects of the rescue
experiment on ETAAL. The RNAseq data was visualised using a Sashimi plot. Picture taken as
a browser snapshot from the Integrative Genomics Viewer (Robinson et al., 2011).

Another example | analysed is the ETAAI gene. A snapshot from the IGV genome browser
shows that RBMX is repressing the use of the cryptic 3’ splice site of exon 5. So, the full exon
5 was expressed normally in the first siRNA control condition. However, when RBMX is
depleted by siRNA, this second condition uses the 3’ cryptic splice site of exon 5, leading to a
defective, shorter mRNA that was not seen if RBMX was expressed. The third condition
represents siRNA with overexpression of RBMXL2, showing the normal inclusion of the full-
length exon 5. Finally, the last condition is where RBMX is depleted using siRNA, and RBMXL2
is overexpressed after tetracycline induction. Again, the full-length exon 5 is included, which
means that RBMXL2 is substituting for RBMX by suppressing the use of the cryptic splice site.
The conclusion is that RBMXL2 successfully replaced the function of RBMX that was seen in

both RT-PCR and RNAseq.
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Figure 5. 7: RBMXL2 can substitute the function of RBMX in ensuring appropriate splicing
and inclusion of REV3L. RNAseq of RBMXL2-FLAG cells showing: Cells treated with control
siRNA with no tetracycline; Cells treated with RBMX siRNA with no tetracycline (that should
show the effect of the RBMX knockdown); Cells treated with control siRNA and tetracycline;
Cells treated with RBMX siRNA and tetracycline (that should show the effect of the rescue).
(A) A snapshot from IGV for REV3L showing the use of a cryptic splice site in the RBMX
knockdown that was not used after the induction of RBMXL2. (B) RNAseq data used to
analyse the effects of the rescue experiment on REV3L. The RNAseq data was visualised
using a Sashimi plot. Picture taken as a browser snapshot from the Integrative Genomics
Viewer (Robinson et al., 2011). The numbers of exon junction reads are shown.
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Another example is the REV3L gene, which is shown in figure 5.8, in a snapshot from the IGV
genome browser. This shows that RBMX is repressing the use of the cryptic 3’ splice site of
exon 13. So, the full exon 13 was expressed normally in the first sSiRNA control condition.
However, when RBMX is depleted by siRNA, the result is use of the 3’ cryptic splice site of exon
13, leading to a defective, shorter mRNA that was not seen if RBMX was expressed. The third
condition represents control siRNA with overexpression of RBMXL2, showing the normal
inclusion of the full-length exon 13. Finally, the last condition is where RBMX is knocked down
using siRNA, and RBMXL2 is overexpressed after tetracycline induction. Again, the full-length
exon 13 is included, which means that RBMXL2 is substituting for RBMX by suppressing the
use of the cryptic splice site. The conclusion is that RBMXL2 successfully replaced the function

of RBMX that was seen in RT-PCR and RNAseq.
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Figure 5. 8: RBMXL2 can substitute the function of RBMX in ensuring appropriate splicing
and inclusion of ATRX exon 9. RNAseq of RBMXL2-FLAG cells showing: Cells treated with
control siRNA with no tetracycline; Cells treated with RBMX siRNA with no tetracycline (that
should show the effect of the RBMX knockdown); Cells treated with control siRNA and
tetracycline; Cells treated with RBMX siRNA and tetracycline (that should show the effect of
the rescue). (A) A snapshot from the IGV genome browser for the ATRX gene showing the
use of an exitron in the RBMX knockdown sample that was not used after the induction of
RBMXL2. (B) Sashimi plot of RNAseq data used to analyse the effects of the rescue
experiment on ATRX. The RNAseq data was visualised using a Sashimi plot. Picture taken as a
browser snapshot from the Integrative Genomics Viewer (Robinson et al., 2011).
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A snapshot from the IGV genome browser shows that RBMX is repressing exitron formation
within exon 9 of the ATRX gene. The full ATRX gene exon 9 was expressed normally in the first
siRNA control condition. However, when RBMX is depleted by siRNA, in the second condition,
the formation of exitron, is seen, leading to a defective, shorter RNA that is not seen if RBMX
is expressed. The third condition is control siRNA with overexpression of RBMXL2, which
shows the full-length exon 9 as it is usually expressed. Finally, the last condition is where RBMX
is knocked down using siRNA, and RBMXL2 is overexpressed after tetracycline induction.
Again, the full-length exon 9 is included, which means that RBMXL2 is substituting for RBMX
by suppressing the exitron formation. The conclusion is that RBMXL2 successfully replaced the

function of RBMX.
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Figure 5. 9: RNAseq data used to analyse the effects of the rescue experiment on RBM41
gene. RNAseq data was visualised using a Sashimi plot. Picture taken as a browser snapshot
from the Integrative Genomics Viewer (Robinson et al., 2011). A snapshot of the IGV genome
browser shows that RBMX represses exitron formation within exon 7 of the RBM41 gene.
The full exon 7 was expressed normally in the control siRNA condition. However, when
RBMX is depleted by siRNA, the RBMX KD condition, the formation of exitron is seen, leading
to a defective, shorter mRNA that is not seen if RBMX is expressed. The third condition is
siRNA with overexpression of RBMXL2 (O/E control), which shows the full-length exon 7 as it
is usually expressed. Finally, the last condition (O/E RBMX KD) is where RBMX is knocked
down using siRNA, and RBMXL2 is overexpressed after tetracycline induction. Again, the full-
length exon 7 is included, which means that RBMXL2 is substituting for RBMX by suppressing
the exitron formation. The conclusion is that RBMXL2 successfully replaced the function of
RBMX.

5.4.4 Experiment to test if RBMY is able to replace RBMX function in somatic cells:

From the previous experiment, | demonstrated that RBMXL2 is able to provide a like-to- like
replacement for RBMX. Therefore, | wanted to replicate this same kind of experiment using
the more distantly related RBMY protein. RBMY has been reported as a splicing regulator
(Venables et al., 2000; Elliott, 2000). However, the mechanism of this regulation and whether

RBMY is similar to RBMX still needs to be better understood.

Therefore, | used a stable cell line (FIp-In HEK293) from our lab that can overexpress RBMY-
FLAG. Therefore, adding tetracycline will allow the overexpression of RBMY in those cells. The
protocol closely follows the one outlined in Chapter 2, Section 2.11. Afterward, cells were
harvested for RNA extraction (to be used in RT-PCR) and protein extraction, as demonstrated

in Figure 5.10 below.
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Figure 5. 10: Western analysis of RBMY rescue experiment. The western blot shows the
successful knock down of RBMX against the siRNA control and tubulin as a control. (even
across the membrane). Finally, the signal detected using the flag antibody indicates that the
tetracycline induced HEK293 cells express RBMY.
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Figure 5. 11: Capillary gel electrophoretograms show RBMY's ability to substitute for RBMX
in somatic cells and ensure the proper splicing inclusion of ultra-long exons on different
genes (Siachisumo et al., 2023). Each experimental condition was run in triplicate, comparing
the RBMX siRNA to the siRNA control, and when tetracycline was added to induce RBMY, to
check if RBMY is preventing the use of the cryptic splice sites, thus replacing RBMX function.
Boxes below each triplicate gel electrophoresis show the mean of PSI values. The P value
was calculated for each gene to show the significance between RBMX knockdown and RBMX
knockdown with RBMY overexpression. These experiments were performed by me and are

part of the Siachisumo et al 2023 manuscript of which | am joint first author.

155



| followed a similar kind of “rescue” experiment to those described above for RBMXL2. This
experiment was analysed using RT-PCR for the same ultra-long exon targets of RBMX: ETAAI,
REV3L, ATRX, ESCO1, and LIRF1. Rather than doing RNAseq, | only analysed the experiment

using a one-step RT-PCR (Qiagen) and capillary gel electrophoresis figure 5.11.

Our previous data show that the depletion of RBMX caused an increased selection of the weak
cryptic 3’ splice site within exon 5. Here, | tested the effect of RBMX depletion on ETAA-1
cryptic splicing using RT-PCR analysis of RNA from an inducible cell line that overexpressed
RBMY if Tetracycline was added. | depleted RBMX using siRNA, or used an siRNA control, in
three biological replicates. In (lanes 7-9), where RBMX was depleted, the inclusion of the
shorter isoform of exon 5 was only detected, while (lanes 10-12) that were treated with
control siRNA showed expression of full length of exon 5. On the experimental plate, cells
were induced with tetracycline to overexpress RBMY. Similar to (lanes 10-12), which had the
control siRNA transfection, (lanes 4-6) showed expression of full length of exon 5 and a small
amount of the shorter isoform. Finally, (lanes 1-3), where RBMX was depleted and RBMY was
overexpressed, showed more inclusion of the full-length ETAA1 exon 5 compared to when
RBMX was depleted without RBMY overexpression (compare lanes (1-3) with lanes (7-9)) . The
PSI was calculated, and Graphpad prism was used to perform t test to calculate the P value
and to compare splicing patterns after the RBMX knockdown from the control plate (without
overexpression) with the RBMX knockdown and RBMY overexpression. The result was

significant, showing that RBMY successfully replaced the function of RBMX.

The second example | tested is the REV3L gene, which is also implicated in cell cycle regulation
and genome stability. The 3’ cryptic splice site of exon 13 was used after RBMX depletion. To
test cryptic splicing of this gene using the stable cell line, | started by analysing the RT-PCR of
the control plate. On (lanes 10-12) treated with siRNA control, the long version of exon 13 was
the only one detected. However, in (lanes 7-9), where RBMX was knocked down using siRNA,
the long isoform and the short isoform of exon 13 were seen, which indicates the increased
use of the 3' cryptic splice site. However, on the experimental plate where RBMY was
overexpressed after the induction of tetracycline, (lanes 4-6) showed production of the long
exon 13 isoform only.Finally, (lanes 1-3) were similar to the control siRNA lanes, showing the

long exon 13 only. The PSI values were calculated, and Graphpad prism was used to calculate
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the P value in order to compare the RBMX Knockdown in the control plate (without
overexpression) with the RBMX Knockdown and RBMY overexpression. The result was

significant, showing that RBMY successfully replaced the function of RBMX.

The third example is ATRX. Our data showed that when RBMX is depleted, the ultra-long exon
9 of the ATRX gene has an exitron that is usually not seen when RBMX is present. | used the
same approach to test if RBMY can restore the function of RBMX and prevent the formation
of this exitron. Two amplification products were seen on (lanes 10-12) from cells treated with
the siRNA control. There was strong expression of long exon 9 and a slight expression of exon
9 after exitron removal. However, the levels of these two products changed on (lanes 7-9)
where RBMX was knocked down using siRNA, indicating increased exitron use. On the
experimental plate where RBMY was overexpressed after tetracycline induction, the
expression of the long exon 9 was strong, and a faint band representing the exitron was also
detected. Finally, in (lanes 1-3), where RBMX was depleted and RBMY was overexpressed,
again, two bands were seen. The expression of the long exon 9 was strong, and a faint band
representing the exitron was also seen. The PSI was calculated, and Graphpad prism
was used to get the t test and P value in order to compare the RBMX knockdown in the control
plate (without overexpression) with the RBMX Knockdown and RBMY overexpression. The

result was significant, showing that RBMY successfully replaced the function of RBMX.

RBMX activates the splicing of exon 4 in the ESCO1 gene. Therefore, the depletion of RBMX
leads to skipping the ultra-long exon 4 (around 2.4KB in length). To test this gene using the
stable cell line, | used RT-PCR. On (lanes 10-12) with siRNA control, RT-PCR showed that the
ultra-long exon 4 was included. However, two bands were detected in (lanes 7-9), where
RBMX was depleted using siRNA. On the experimental plate, RBMY was overexpressed after
the addition of tetracycline. (Lanes 4-6) showed the inclusion of exon 4 after treatment with
the control siRNA. Amplification products in (lanes 1-3), from cells depleted for RBMX were
similar to (lanes 4-6) treated with control siRNA, both showing inclusion of exon 4. The PSI was
calculated, and Graphpad prism was used to get the t test and P value in order to compare the
RBMX Knockdown in the control plate (without overexpression) with the RBMX Knockdown
and RBMY overexpression. The result was significant, showing RBMY was successfully

substituted for RBMX in activation of ESCO1 exon 4.
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The last gene tested in these experiments was LRIF1, for which RBMX activates exon 2. On
(lanes 10-12) from cells treated with siRNA control, two bands were detected: the inclusion
and the skipping of exon 2. When RBMX was depleted with siRNA, only the skipping of exon 2
was detected in (lanes 7-9). On the experimental plate, RBMY was overexpressed after the
induction of tetracycline. (Lanes 4-6) that were treated with the siRNA control and induced for
overexpression of RBMY showed strong inclusion of exon 2, as well as another band that
showed the skipping of the same exon. While (lanes 1-3) that were depleted for RBMX and
also had overexpression of RBMY induced by tetracycline showed more inclusion of exon 2
similar to the siRNA control (lanes 4-6). The PSl was calculated, and Graphpad prism was used
to get the P value in order to compare the RBMX depletion in the control plate (without
overexpression) with the RBMX depletion and RBMY overexpression. The result was

significant, indicating that RBMY replaced RBMX's function.
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5.4.5 Investigating the importance of the RBMXL2 (RRM) in RNA binding:

After proving that RBMXL2 and RBMY are able to replace RBMX function in somatic cells, |
wanted to study the importance of the RRM and the disordered in RBMXL2 protein. |
hypothesised that removing the RRM will affect the RNA-protein interactions. Thus if these
RRM-RNA interactions are important for splicing control, then the RBMXL2ARRM protein will
not replace the function of RBMX efficiently as the full length RBMXL2. Note that the C-
terminal disordered region can also interact with RNA (Ottoz & Berchowitz, 2020), so if the C-
terminal disordered region is important for splicing regulation, then the RBMXL2ARRM protein

will still rescue.

The rescue same experiment was repeated, using RT-PCR for some ultra-long exon targets,
such as ETAA1, REV3L, ATRX, LIRF1 and ESCO1. One-step RT-PCR (Qiagen) was used, and
samples were run on the Qiaxcel machine (Qiagen) following the manufacturer's protocols, as
seen in the figure below 5.13. PSI and P values were calculated using Prism GraphPad
software. Finally, a Western blot was used to confirm the overexpression of the

RBMXL2ARRM-FLAG and the knockdown of RBMX.

| first used a stable cell line from our lab that Mrs Caroline Dalgliesh constructed to establish
this protocol. This was a stable cell line that overexpressed the RBMXL2 without the RRM
(RBMXL2ARRM-FLAG, as seen in the figure below 5.12).

Like the previous rescue experiment, the protocol starts with plating two 6-well plates—one
as a control (without overexpression) and another for overexpression. The main difference
between the two plates is the addition of tetracycline. Following the same protocol in chapter
2"d cells were harvested for RNA extraction (to be used for RT-PCR) and protein extraction (for
a western blot). Lastly, | used Western blot to confirm the overexpression of RBMXL2ARRM
and the depletion of RBMX against a housekeeping protein (tubulin), as seen in the figure

below 5.14.
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Figure 5. 12: Comparison of the full-length RBMXL2 protein and RBMXL2ARRM that was
used for the stable cell line.
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Figure 5. 13: Western analysis of the RBMXL2ARRM rescue experiment. The western blot
shows the successful depletion of RBMX compared the siRNA control and tubulin as a
control (even across the membrane) confirms the knockdown of RBMX. Finally, the probing
with the flag antibody indicates that HEK293 cells express RBMXL2ARRM. However, the
membrane exhibits some degree of over-exposure in the Tubulin control.
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Figure 5. 14: Capillary gel electrophoretograms show RBMXL2ARRM's ability to substitute
for RBMX in somatic cells and ensure the proper splicing inclusion of ultra-long exons on
different genes (Siachisumo et al., 2023). Samples from each gene were run in triplicate,
comparing the RBMX siRNA to the siRNA control, and when tetracycline was added to induce
RBMXL2ARRM, to check if RBMXL2ARRM is rescuing the use of the cryptic splice site, thus
replacing RBMX function. Boxes below each triplicate gel electrophoresis show the mean
after calculating the PSI percentage. The P value was calculated using a t test (graphpad
prism) to show the significance between RBMX knockdown and RBMX knockdown with
RBMXL2ARRM overexpression. These experiments were performed by me and are part of
the Siachisumo et al 2023 manuscript of which | am joint first author.
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| followed a similar kind of “rescue” experiment to those described above for RBMXL2. This
experiment was analysed using RT-PCR for the same ultra-long exon targets of RBMX: ETAAL,
REV3L, ATRX, ESCO1, and LIRF1. Rather than doing RNAseq, | only analysed the experiment

using a one-step RT-PCR (Qiagen) and capillary gel electrophoresis figure 5.14.

| tested the effect of RBMX protein on ETAA-1 expression using RT-PCR from an inducible cell
line that overexpressed RBMXL2ARRM if Tetracycline was added. | did deplete RBMX using
siRNA or treated with siRNA control in three biological replicates (without overexpression of
RBMXL2ARRM). Lanes (10-12), containing control siRNA exhibited two bands representing the
full length of exon 5 and the shorter isoform. However, lanes (7-9), where RBMX is depleted,
increase of the shorter isoform was detected along with the full length of ETAA-1 exon 5. On
the other plate, that was induced with tetracycline to overexpress RBMXL2ARRM. Similar to
lanes (10-12), which had the control siRNA, lanes (4-6), two bands were seen, one indicating
the full length of exon 5 and another faint band represent the expression of the shorter
isoform. Last lanes (1-3) where RBMX was knockdown using siRNA and RBMXL2ARRM was
overexpressed, partial restoration of RBMX function were seen as more inclusion of the full
length were detected. However, small amount of the short isoform was also observed. PSl was
determined, and GraphPad prism was used to calculate the t test and obtain the P value to
compare the RBMX knockdown in the control plate (without RBMXL2RRM overexpression) to
the RBMX depletion with RBMXL2RRM overexpression. RBMXL2RRM partially restored the

function of RBMX; the result was statistically significant.

162



The REV3L gene is also associated with cell cycle regulation and genome stability. Depletion
of RBMX caused the use of the 3’ cryptic splice sites of exon 13, produces a shorter defective
mMRNA that was not seen if RBMX was expressed. The previous experiment analysed the RT-
PCR of biological replicates from the control plate. On lanes (10-12) treated with control
siRNA, amplification of the long exon 13 was the only one detected. However, in lanes (7-9)
where RBMX was depleted, only the short isoform was observed (although some of these
bands did not align perfectly with each other on the capillary gel electrophoretogram), which
confirmed the use of the 3’ cryptic splice sites for the overexpressed experimental plate
RBMXL2ARRM after the addition of tetracycline. Lanes (4-6) treated with control siRNA were
similar to lanes (10-12), showing the amplification of the long exon 13 only. However, unlike
lanes (1-3), showed both the long exon and the faint band that stands for the shorter isoform.
Again, PSI was obtained, and GraphPad prism was used to calculate the t test and P value. The

result was statistically significant, and RBMXL2ARRM replaced the function of RBMX.

The ATRX gene was the third example; depletion of RBMX causes an exitron on the ultra-long
exon 9 of the ATRX gene that is usually not seen when RBMX is expressed. The exitron is
formed due to the selection of cryptic 5’ and 3’ splice sites in exon 9. | tested the importance
of the RRM in RBMXL2 using the same method as the last experiment. On the control plate no
RBMXL2ARRM overexpression is introduced in the absence of tetracycline. On (lanes 10-12)
treated with control siRNA, detection of the full-length exon 13 was observed along with a
slight expression of the exitron. However, on (lanes 7-9), where siRNA reduced the amount of
RBMYX, the stronger lower band showed the increased use of the exitron. The samples from
the other plate where RBMXL2ARRM was overexpressed after tetracycline induction gave the
following results: on (lanes 4-6) where cells were treated with control siRNA, one band was
observed, indicating the expression of the full length of exon 13. However, on (lanes 1-3)
where RBMX was depleted, and RBMXL2ARRM was overexpressed after tetracycline
induction, two bands were observed, displaying the expression of the full- length exon 13 and
a faint band representing the slight expression of the exitron. The mean PSI values were
determined, and Graphpad prism was used to get the P value using a t-test. The P value was

significant, and indicates that RBMXL2ARRM substituted the function of RBMX.
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The ESCO1 gene is one of the genes containing an exon activated by RBMX. RBMX depletion
causes a skipping of the ultra-long exon 4. To test whether the RRM is important for splicing
control of the ESCO1 gene using the stable cell line, | started by analysing the RT-PCR of the
control plate. One band was amplified on (lanes 10-12) treated with siRNA control,
representing splicing inclusion of the ultra-long exon 4. While on (lanes 7-9), where RBMX was
knocked down by siRNA, two bands were observed. Corresponding to the splicing of the ultra-
long exon 4 and also skipping of exon 4 that was not seen in the previous lanes. On the other
plate, RBMXL2ARRM was overexpressed after tetracycline induction. (Lanes 4-6) were similar
to (lanes 10-12) and showed the activation of the ultra-long exon 4. While (lanes 1-3)
presented with two lanes, the activation of exon 4 and another faint band represent the slight
level of exon 4 skipping. Mean PSI values were calculated for exon 4 inclusion and GraphPad
prism was used to calculate the P value using a t-test. Despite differences of expression
between replicates, the results were significant, showing that RBMXL2ARRM was partially able

to replace the RBMX function.

The LRIF1 gene is another example of the genes that RBMX control via exon activation.
Depletion of RBMX leads to the skipping of the ultra-long exon 2. | tested if RBMXL2ARRM is
able to replace the function of RBMX in the activated genes. To test splicing of this gene using
the stable cell line, | started by analysing the RT-PCR of the control plate. In (lanes 7-9), where
RBMX was knocked down by siRNA, the skipping of exon 2 was the only product seen.
However, on (lanes 10-12) treated with siRNA control, two bands were observed: the skipping
of exon 2 and the faint band representing the inclusion of exon 2. On the experimental plate,
RBMXL2ARRM was overexpressed after tetracycline induction. (Lanes 4-6) were treated with
siRNA control with overexpression of RBMXL2ARRM. This samples presented with two bands,
the activation of exon 2 and the skipping of the same exon. Finally, (lanes 1-3) treated with
RBMX siRNA and the overexpression of RBMXL2ARRM, also gave two bands, one for the
inclusion of exon 2 and a shorter band showing the expression of skipping exon 2. Importantly,
more exon 2 splicing was seen when RBMXL2ARRM was expressed. Exon 2 activation was seen
when RBMXL2ARRM overexpressed in both conditions. The mean PSI values were
determined, and GraphPad prism was used to obtain the P value by performing a t-test and
compare results from the RBMX knockdown in the control plate (without RBMXL2ARRM
overexpression) to the RBMX depletion and RBMXL2ARRM overexpression. These data
showed that RBMXL2ARRM restored the function of RBMX; the result was statistically

significant.
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5.5 Discussion:

In this chapter | showed that a “rescue” experiment can be used to study the function of
RBMXL2 protein much better than a minigene. This kind of rescue experiment involves the use
of a cell line that expresses RBMXL2 after tetracycline induction. | then analysed RNA samples
after RBMX depletion to test whether RBMXL2 expression is able to replace the loss of RBMX.
This approach showed that RBMXL2 is able to replace RBMX. Even more surprising, RBMY is
also able to replace RBMX function. | also did experiments that showed that the C-terminal

disordered domain of RBMXL2 is able to restore function of RBMX as well as full length protein.

5.5.1 RBMXL2 is replacing RBMX in somatic cells:

The Elliott Lab established that RBMX is important for proper splicing inclusion of a group of
long exons, called "ultra-long exons" that are more than 1 kb in length. Also, they found that
RBMX, which is ubiquitously expressed, frequently functions as a splicing repressor. RBMX
and RBMXL2 both act as splicing repressors. RBMX is known to bind to RNA from genes
essential for genome stability, and the depletion of RBMX leads to increased DNA damage.
Moreover, a study showed that RBMX is vital for genome stability during replication by
activating the ATR pathway (Zheng et al., 2020). Professor Elliott's lab showed that a shorter
version of the ETAAI mRNA was produced in the case of depletion of RBMX. However, a full
length version of ETAA1 mRNA and encoded protein is required for repairing stalled
replication forks and enabling DNA repairs to sustain the genome's stability (Lee et al., 2016).
A study found that RBMX also turns on the homologous recombination pathway to ensure
BRCA?2 is expressed correctly (Adamson et al., 2012). My data demonstrated the ability of
RBMXL2 to replace the function of RBMX in somatic cells despite their divergence 65 million

years ago.
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5.5.2 RBMY another member of the family is also replacing the function of RBMX:

RBMY is located on chromosome Y and has a testis-specific expression. Deletion of the RBMY
gene leads to azoospermia. A previous study showed that RBMXL2 and RBMX work
as co-regulators for the splicing inclusion of TLE4-T (Liu et al., 2009) after confirming that
RBMXL2 is able to replace the function of RBMX in somatic cells. RBMY is less like RBMX than
RBMXL2, but still rescue the function of RBMX.

5.5.3 The disordered domain of RBMXL2 is responsible for RNA-protein binding:

RBMY and RBMX share 88% similarity in the RRM sequence. In contrast, the RRM in RBMXL2
shared 84% similarity with RBMY (Skrisovska et al., 2007). In this chapter, | tested the
importance of the RRM in RBMXL2. | hypothesized that RRM of RBMXL2 directly binds to RNA
and so would likely be important for splicing control. Therefore, Mrs Caroline Dalgliesh
constructed a tetracycline- inducible cell line to test this theory that would overexpress the C-
terminus disordered domain without the RRM. Then | tested the same genes that | analysed
for the full-length RBMXL2. Remarkably, | found that the RRM is not essential in rescuing
cryptic splicing pattern. Thus, the disordered domain in the RBMXL2 is the key region for
rescuing cryptic splicing. In the literature, Liu et al. (2017) showed that the disordered domain
on RBMX is responsible for RNA binding as well as the RRM. My data showed that
RBMXL2ARRM successfully restored the function of RBMX. The RRM is the most conserved
region but seemingly not important for rescue. For example, a direct comparison of wild-type
(WT) and RBMX knockdown on splicing of LIRF1 was carried out using RBMXL2 overexpression
without the RRM domain. This showed increased activation in response to tetracycline and
the control siRNA, as compared to tetracycline plus the siRNA specific to RBMX. This shows

that endogenous RBMX can activate this exon as well as RBMXL2.

Over-expressing other regions of RBMXL2 would be interesting as these would define the
important sequences for splicing function. This comparison also aids in determining whether
the RRM domain can compensate for the absence or dysfunction of other protein regions,

which could be significant.
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5.6 Chapter summary:

The RBM family of RNA-binding proteins consists of RBMX, RBMXL2, and RBMY. Here | found
that despite the divergence between RBMX and RBMY around 200 million years ago and
between RBMX and RBMXL2 around 65 million years ago, both RBMY and RBMXL2 substitute
for the function of RBMX in somatic cells. In addition, RBMXL2 is expected to directly replace
the role of RBMX when XY is inactivated during meiosis. | also demonstrated the significance

of RBMXL2's disordered c-terminus domain for binding.
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Chapter 6 : Discussion and future work:

Gene expression involves different RNA processing steps, including capping, polyadenylation,
and Pre-mRNA splicing. Pre-mRNA splicing is an integral part of controlling gene expression. It
involves taking out introns and joining exons in different ways to make proteins with diverse
functions. This process, known as “alternative splicing,” is coordinated by various RNA-binding
proteins. The testis-specific RBMXL2 was identified as a splicing repressor, and the same study
from Elliott’s lab revealed that RBMXL2 is repressing the splicing of weak splice sites, known

as “cryptic splicing events.”

It is fundamental to understand the mechanisms of gene expression and protein synthesis,
especially in the testis, where numerous splicing events occur. Therefore, by knowing the RNA
targets of these proteins, we can gain insights into their role in splicing and gene expression.

In this thesis | described experiments to identify the role of the RNA-binding protein RBMXL2.

6.1 Rbmx/2 knockout has a severe phenotype on the Sv/129 background.

The first aim of my PhD work was to determine whether the phenotype caused by the Rbmx/2
knockout gene was strain-dependent. During my PhD, | managed to compare the effect of
deleting the RbmxI2 gene within two mouse strains (C57BL/6 and Sv/129). Lack of RbmxI2 in
the C57BL/6 strain causes infertility and arrest at diplotene, according to a previous study from

the Elliott lab (Ehrmann et al., 2019).

First, | confirmed Dr Ingrid Ehrmann's findings on the C57BL/6 mouse strain. The phenotype
caused by RbmxI2 knockout was then investigated in the Sv/129 mouse strain. | discovered
that mice lacking RbmxI2 were infertile, and their development was arrested at the pachytene
stage. This demonstrates that deletion of Rbmx/2 causes an earlier meiotic defect on the
Sv/129 mouse background. Apoptosis was also observed at the pachytene stage, with many
seminiferous tubules devoid of germ cells. These results demonstrate that RBMXL2 protein is
essential during meiosis and not only during diplotene, as we had previously thought based
on the original C57BL/6 mouse model. Despite the differences in phenotypes, both mouse
strains lack sperm and are infertile, indicating the importance of Rbmx/2 in meiosis and germ

cell development.
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These differences in phenotype were not caused by differences in RBMXL2 protein expression
patterns. In both strains, RBMXL2 protein is still only expressed in the testis during and
immediately after meiosis (from pachytene to the round spermatid stage). Histological
staining demonstrated that deleting Rbmx/2 resulted in strain-specific phenotypes in both
backgrounds. These phenotypes indicate the presence of modifier genes that might lead to
differences in germ cell development dependence on RBMXL2 between C57BL/6 and Sv/129

mice (Ramsbottom et al., 2020).

In my research, | chose not to employ a random sampling approach to investigate patterns of
Hematoxylin and Eosin (H&E) staining because my main goal was to visually identify and
distinguish different cell types in mouse testicular tubules for staging purposes. Since my study
focused on qualitative observations, it was essential for me to be precise in choosing tubules
that contained a variety of cell types. Unfortunately, the SV129 mouse strain | was studying
had numerous tubules with only Sertoli cells, making the selection process more challenging.
This unique characteristic of the mouse strain supported my decision to opt for a non-random

staining approach, ensuring the accuracy and relevance of my qualitative investigation.

If I had more time, | would use apoptotic markers like caspase 3 or TUNEL antibodies to stain

both mouse strains, to determine if cell death in both cases was associated with apoptosis.

6.2 Using iCLIP to identify direct targets of RBMXL2:

The second Aim of my thesis was to identify direct targets of RBMXL2 in mouse testis. To
answer this, | used iCLIP to conduct a global transcriptome analysis of RBMXL2-RNA binding
targets in mouse testis. A modified iCLIP protocol (unpublished) was utilised to identify

RBMXL2 binding sites.

My results show that RBMXL2 protein RNA-binding was high in intergenic and intronic regions.
Furthermore, the RBMXL2 iCLIP revealed an enrichment of binding sites in ultra- long exons.
RBMXL2 was previously recognised as a splicing suppressor because it inhibited the cryptic

splice sites of long exons (Ehrmann et al., 2019; Aldalagan et al., 2022).

Furthermore, my iCLIP results shown an enrichment of binding sites in meiosis-essential
genes like Meioc and Escol, defects in splicing of which could contribute to the male
infertility that is caused by Rbmx/2 deletion. In addition, gene ontology analysis reveals that
RBMXL2 protein binding is enriched in transcripts from genes involved in spermatogenesis,
particularly meiosis and sperm formation and movement genes. My iCLIP results showed a
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high density of RBMXL2 protein binding within ultra-long exons, which is consistent with a
model that the RBMXL2 protein binds to RNAs to mask sequences needed for cryptic splice
site selection. | successfully analysed the global transcriptome of RBMXL2-RNA binding
targets in mouse testis. Furthermore, the minigene experiment did not replicate what |
observed in the iCLIP and RNA-seq results. This could be due to GFP-fusion proteins that
have an added GFP tag that could affect protein function. GFP does have several advantages
in research, including low cellular toxicity, pH stability, and non-invasive monitoring of
specific promoter activity. GFP is an effective environmental toxicity assessment reporter,
helps with protein localization, tracks DNA and protein distribution, and aids in protein
localization. It does, however, have some disadvantages. Despite these advantages, when
GFP is fused to a target protein, it can significantly increase its size and molecular mass,
potentially altering its natural function and intracellular transport. Care must be taken when
employing GFP-fusion constructs. This could explain the ineffectiveness of the minigene

experiment involving RBMXL2 (Remington, 2011; Ansari et al., 2016).

Following the differences between minigene and stable cell line experiments, we speculate
that RBMX requires chromatin to function as a cryptic splice suppressor. Therefore, utilizing
an alternative minigene experiment becomes of interest. In this approach, after transfecting
cells, we would extend the incubation period beyond 24 hours, allowing for chromatin
structure remodelling. This strategy draws inspiration from the work of Ast et al. (2014),
where they tested a minigene with reduced nucleosome occupancy, leading to delayed RNA
polymerase |l progression, coupled with the addition of Histone deacetylase (HDAC)
inhibitors. Furthermore, investigating RBMXL2 without its C-terminus in iCLIP analysis is an
interesting avenue to explore its RNA-binding behaviour. Furthermore, performing a rescue
experiment with a stable cell line expressing RBMXL2 minus the C-terminus allows for data
comparison with RBMXL2ARRM overexpression, assisting in the identification of critical
functional domains. Another possible experiment could be a gel shift assay, in which purified
RBMXL2 protein with and without the RRM domain are incubated with RNA, followed by gel

electrophoresis to observe differences in RNA-binding based on gel shift.

If  have more time | would do detailed study of the RNA binding of processing control. | would

learn more bioinformatics so | can correlate binding patterns with RNA processing.

Alternately, | will use RNA-seq data from purified cell types (recently generated by Dr.
170



Ehrmann) also to correlate with sites of RNA-protein interaction that | have already mapped
to determine the rules by which the RBMXL2 protein regulates RNA processing. Furthermore,
preliminary RBMXL2 iCLIP experiments were conducted without the RRM domain, and binding
was observed. Replicating this experiment and comparing the results with my RBMXL2 iCLIP

data would be of interest.

6.3 RBMXL2 can substitute for RBMX and RBMY in cell lines to ensure accurate splicing of

ultra-long exons.

Previously, Professor Elliott's lab demonstrated that the testis-specific protein RBMXL2
inhibits splicing of cryptic splice sites within some ultra-long exons during meiosis. Dr. Chile
Siachisumo (a former PhD student in Elliott's lab) revealed that the paralog RBMX protein also
suppresses some cryptic splice sites within ultra-long exons in somatic cells. To test if these
proteins are functionally interchangeable, | replaced RBMX with RBMXL2 and RBMY in stable
cell lines and demonstrated that RBMXL2 and RBMY directly replaced RBMX functions in
somatic cells. RBMXL2 suppresses cryptic splice sites for important genes in genome stability,
such as Brca2 (Ehrmann et al., 2019). Similarly to RBMX, which has been found to regulate
important genes in genome stability, such as REV3L, ATRX, and ETAA1 (Chile Siachisumo, PhD
thesis, 2022).

Consequently, RBMXL2 replaces RBMX during meiosis when the X chromosome is inactive.
This fits into a broader picture, where numerous X-linked genes have testis-specific retrogenes
that are only expressed during meiosis when both X and Y are inactive. RBMX has thus
maintained its function as a splicing regulator for at least 200 million years. Finally, |
demonstrated that the disordered domain at the RBMXL2 protein's C-terminus is required for
cryptic splicing repression. This might be clinically important. A frameshift in the disordered
C-terminus domain of human RBMX led to intellectual disability syndrome. RBMX was found
to be more abundant in the isolate with the m6A-methylated hairpin. These findings identify
RBMX as a protein that recognizes m6A modifications and has a specific relationship with an
m6A-modified hairpin structure observed in MALAT1, a long non-coding RNA. In addition, a
study demonstrated that the C-terminal disordered region of RBMX promotes exon inclusion

by recognising and binding to m6A (N6-methyladenosine) (Liu et al., 2017; Shashi et al., 2015).
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6.4 Conclusion:

In this thesis, | demonstrate that RBMXL2 regulates the mRNA processing of meiosis- and
fertility-related genes. | also showed that RBMXL2, like RBMX, inhibits the cryptic splice sites
in ultra-long exons. Furthermore, | have shown that RBMXL2 directly replaces the function of
RBMX during meiosis when the X and Y are inactivated. In addition, | have demonstrated that
the RBMXL2 knockout phenotype is more severe in the Sv/129 mouse strain than in the

previously reported 57BL/6 background.
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Appendix 3: RBMXL2 KO Sv/129 testis sections. From figure 3.6
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High levels of transcription and alternative splicing are recognized hallmarks of gene expression in the testis and
largely driven by cells in meiosis. Because of this, the male meiosis stage of the cell cycle is often viewed as having
a relatively permissive environment for gene expression. In this review, we highlight recent findings that identify
the RNA binding protein RBMXL2 as essential for male meiosis. RBMXL2 functions as a “guardian of the
transcriptome” that protects against the use of aberrant (or “cryptic”) splice sites that would disrupt gene
expression. This newly discovered protective role during meiosis links with a wider field investigating mechanisms
of cryptic splicing control that protect neurons from amyotrophic lateral sclerosis and Alzheimer’s disease. We
discuss how the mechanism repressing cryptic splicing patterns during meiosis evolved, and why it may be
essential for sperm production and male fertility.

Pre-mRNA RNA splicing is a crucial mechanism in
eukaryotes and is required to enable expression of
protein-coding RNAs (mRNAs) from most
mammalian genes. Splicing joins together exons
within nascent RNA transcripts, thus creating open
reading frames from split genes. Splicing is carried
out by a molecular machine called the spliceosome
[1]. For accurate pre-mRNA splicing the spliceosome
needs to precisely identify short consensus sequences
called splice sites at exon- intron junctions and join
these together. Because of their short length,
sequences similar to splice sites (but not selected by
the spliceosome) can occur somewhat frequently
within genes. Such infrequently used splice sites have
the potential to be selected by the spliceosome but are
generally not used, so are referred to as “cryptic” in
this review (Figure 1). Cryptic splice site sequences
are only weakly recognized by the spliceosome and
may be located within repetitive sequences and
repressed by nuclear RNA binding proteins [2-4].
However, cryptic splice sites can become activated
under certain conditions, including some
neurological diseases, and their selection can disrupt
production of full-length proteins [5].

Some nuclear RNA binding proteins play key roles in
repressing the selection of cryptic splicing pat- terns
within the nervous system. These include TDP43
protein that represses cryptic splicing pat- terns in
neurons but becomes disrupted in amyo- trophic
lateral sclerosis (ALS) leading to the death of motor
neurons [6—9]. Cryptic exons are also included in the
hippocampus of patients with Alzheimer’s disease
[10]. Through its role in cryp- tic splicing repression
TDP43 has been identified as a “guardian of the
transcriptome” that is essen- tial for neuron survival
[7]. Whether repression of cryptic splicing is
important outside of the nervous system has been less
well understood. Here, we highlight recent research
that reveal a male germ cell-specific nuclear RNA
binding protein that operates as a newly discovered
guardian of the transcriptome during meiosis.

The testis is considered a relatively permissive site for
gene expression patterns. Most human genes produce
multiple different mRNAs by using alter- native splice
sites or by using different combinations of exons. Such
alternative splicing permits single genes to produce
multiple mRNA isoforms to help amplify the
information embedded in the genome.
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Key:
------ Productive splicing pattern
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Figure 1. Schematic diagram of cryptic splicing patterns. Most genes are split between exons (shown as gray boxes here) and introns
(shown as connecting lines between the boxes). Normal patterns of splice site selection will involve the spliceosome recognizing bona
fide splice sites, and joining exons together to create mRNAs. In this example, normal productive splicing is indicated with dashed
blue lines. Cryptic splice sites (smaller red boxes) resemble physiological splice sites (smaller blue boxes), and are found within both
introns and exons. While normally these cryptic splice sites are ignored by the spliceosome, potentially they could act as decoy sites
splice sites for spliceosome selection. Use of cryptic splice sites would produce different mRNAs from genes. Here the normal splicing
patterns is shown as a broken blue line joining the physiological splice sites. Examples of cryptic splicing are indicated with dashed
red lines. These cryptic splicing events are inclusion of a cryptic exon embedded deep within an intron; selection of cryptic 5’ and 3’
splice sites; and aberrant recognition of cryptic splice sites within an exon, leading to the interior of this exon being aberrantly
recognized as an intron (in a cryptic splicing event known as an exitron).

Particularly high levels of alternative splicing have
been detected in the testis and in the brain compared to
other tissues [11-13]. Alternative splicing patterns can
evolve rapidly between species and early analyses
detected higher levels of evolutionary divergent spli-
cing in the testis compared to other tissues. This
includes the brain, where alternative mRNA iso- forms
were more likely to be frequently conserved between
species than alternative splice isoforms in the testis
[I1]. More recent comparative transcrip- tomic
analyses confirm some newly evolved exons are
exclusively expressed within the testis but suggest there
may also be broadly similar levels of conserved mRNA
splice isoforms in the testes compared to other tissues
[14-16]. The more recently evolved splicing events
within the testis are less likely to play a fundamental
biological role than more evolu- tionarily ancient
alternative splicing events that have been maintained
under selective pressure. However, some recently
evolved exons within the testis might later evolve into
more generally useful mRNA iso- forms via an
evolutionary model, which is called the “testis-first”
hypothesis. This hypothesis suggests that splicing
permissiveness in the testis enables
genes to “try out” new exon combinations before

they can later be placed under selective pressure [17].
As well as high levels of alternative splicing, there are
also particularly high levels of transcription within the
testis compared with most other tissues — both in
amounts of RNA produced and numbers of genes
transcribed [12,18,19].
The human testis produces between 45 and 207
million sperm a day, making it one of the most active
developmental pathways still operating in adults
[20,21]. The testis contains populations of germ cells
(in the developmental pathway leading to sperm) and
somatic cells (including Sertoli cells that support germ
cell development and Leydig cells that produce
testosterone). A population of mitoti- cally active cells
called spermatogonia that are early in the germ cell
developmental pathway differentiate into cells called
spermatocytes. Spermatocytes undergo meiosis, a
special form of cell division that produces haploid
daughter cells via two sequential divisions. The first
meiotic division is preceded by a long prophase that
lasts around 2 weeks in mice, referred to as meiotic
prophase 1. This is divided up into five sequential sub-
stages called leptotene, zygo- tene, pachytene, diplotene
and diakinesis — all char-
acterized by distinct

chromosomal behaviors.



During meiotic prophase I chromosomes condense, and
non-sister chromatids form crossovers and undergo
genetic recombination. Subsequently, cells separate
sister chromatids through a second cell division called
meiosis II. This produces haploid spermatids that after
meiosis differentiate into sper- matozoa (Figure 2).
The cell types that are responsible for the high levels of
splicing and gene transcription in the testis have been
identified as spermatocytes [12,16,22,23]. Recent
transcriptomic analyses of purified testicular cell types
reveal that alternative splicing and gene expression
levels peak during mid to late pachytene and diplotene
stages of meiosis (Figure 2) [24]. In contrast, leptotene,
zygotene and early pachytene are transcriptionally
quiescent [24-27]. Further RNA sequencing analyses
of purified mouse germ cell types detected extensive
transcription of both genes and intergenic regions
during pachytene and diplo- tene and in round
spermatids, pinpointing these particular cell types as
being major contributors to the high levels of testis
gene expression and tran- scriptome complexity [28].
The more “permissive” gene expression environment
in the testis may per- haps occur as a result of relaxed
chromatin folding. High levels of autosomal
transcription during pachy- tene and diplotene are
driven by patterns of open chromatin, including
increased levels of the epige- netic mark H3K4me?2 (a
marker of active promoters)
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and decreased CpG methylation (a modification
normally associated with patterns of gene repres- sion)
[12,29]. Furthermore, bursts of meiotic gene expression
are driven by activation of super enhan- cers bound by
the MYBL1 and SCML2 transcription factors [30].

A permissive gene environment during meiosis would
be consistent with some relaxation of splicing fidelity
being tolerated. Despite this, recent data sug- gest that
the interesting parallels between gene expression
programs in the brain and testis [13] also extend to a
requirement to repress cryptic spli- cing patterns that
would cause cell death. Humans and mice (and likely
all placental mammals) express a testis-specific RNA
binding protein called RBMXL2 (also known as
heterogeneous nuclear ribonucleoproteins G-testis or
hnRNP-GT) [31,32]. Mutations have been detected
within infertile men for the human RBMXL2 gene [33].
Mouse RBMXL2 protein is expressed in pachytene and
diplotene sper- matocytes, the stages of meiosis that
have the highest levels of transcription and alternative
splicing (Figure 2) [34]. Genetic deletion of the mouse
RbmxI2 gene causes cell death during meiotic diplo-
tene, thereby reducing testis size and preventing sperm
production [34]. Detailed molecular analysis of this
mouse model show that RBMXL2 protein prevents the
spliceosome selecting cryptic splice sites during the
pachytene and diplotene stages of

SpermatoguniaEQ Spermatocyte Eﬁ» Round spermatids % Elongatingspermatids@ Spermatozoa

I XY inactivation
I  RBMIXL2

Sex body

' 00D 00
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©
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Figure 2. RBMXL2 is expressed during diplotene and pachytene of male meiotic prophase. a. Mouse germ cell development, showing
the expression window of RBMXL2 and time period of XY inactivation. b. Transcription patterns of the X chromosome and autosomes
during meiotic prophase. c. Seminiferous tubule counterstained with antibodies specific to RBMXL2 protein (pseudoco- loured red,
detected within nuclei of cells in pachytene in this tubule) and yH2AX (green color, detected within nuclei of pre- leptotene cells and

witheméiseteeX tbydinst 3faahyteoa caimrbinations before
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male meiosis [34] — thus performing a similar mole-
cular role to TDP43 in neurons. Both RBMXL2 and
TDP43 are members of a group of proteins called
hnRNPs (heterogeneous nuclear ribonucleopro- teins)
that bind to nuclear RNAs as they are tran- scribed to
control their splicing patterns. Although they both
operate as “guardians of transcriptomes”, RBMXL2
protein is only expressed in spermatocytes and
spermatids. In contrast, TDP43 protein is expressed
more ubiquitously. Despite this, point mutations
affecting TDP43 specifically cause neuro- nal cell
death [35]. Interestingly, while complete genetic
knockout of TDP43 causes embryonic death in mice
[36,37], conditional genetic knockout of TDP43 in the
testis causes male infertility [38].

Genes encoding mRNAs that are incorrectly spliced
in the absence of RBMXL2 are enriched in functions
associated with meiosis, chromosome segregation
and spermatogenesis (Sara Luzzi unpublished). The
inappropriate selection of cryp- tic splice sites in
spermatocytes in the absence of RBMXL2 protein
might therefore cause spermato- cyte cell death by
preventing proper expression of key genes needed for
meiosis. RBMXL2 regulates splicing patterns of over
a hundred genes during meiotic prophase. Important
genes that contain cryptic splice sites that are
repressed by RBMXL2 protein include Brca2
(encoding a DNA repair protein involved in genetic
recombination) and Meioc (which encodes a
cytoplasmic protein that 1is critical during meiotic
prophase) [39-41]. Exactly which RBMXL2 target
genes are most important for spermatocyte survival is
unknown. Complicating this prediction, the
phenotypes caused by splicing errors within a narrow
window of meiosis might be different from traditional
genetic knockouts that assess when a gene is first
needed in a developmental pathway. For example,
Meioc genetic knockout spermatocytes have an
unusually short meiotic prophase and do not reach
pachytene or diplotene — the developmental window
in which RBMXL2 protein is expressed (Figure 2).
Similarly, genetic knockout of the Brca2 gene
prevents germ cell development at an early stage
before germ cells enter meiosis [41]. The effects of
changing Meioc and Brca2 RNA processing pathways
during the narrow window of meiotic prophase when
RBMXL2 is normally expressed are not well
understood and difficult to

predict. An alternative cause of spermatocyte cell
death in the absence of RBMXL2 may be through
genotoxic damage via formation of RNA:DNA
hybrids (R-loops). The loss of splicing factors can
cause normally intronic regions to be included within
incorrectly spliced mRNAs (rather than being
removed by splicing). R-loops form as aresult of
transcription involving local melting of DNA close
to the elongating RNA polymerase, and intronic
regions remaining within the pre- mRNA being able
to base pair with the melted DNA duplex (forming R
loops), leading to DNA damage [42]. In principle it
should be possible to potentially correct aberrant
splicing patterns caused by loss of RBMXL2 during
meiosis. However, while individual cryptic splice
sites can be therapeutically targeted using antisense
oligo- nucleotides [43], it would be difficult to use
this approach to correct the hundreds of targets that
are normally controlled by RBMXL2 during meiosis.
Understanding RBMXL2 function fits into a
bigger picture involving the evolution of new genes
and regulation of gene expression patterns in the
body. The RBMXL2 gene originated via retro-
transposition of an mRNA encoded by the X-linked
gene RBMX approximately 65 million years ago. As
a result of this, the RBMXL2 gene does not contain
introns [32]. RBMX is an RNA

binding protein important for controlling splicing,
transcription and genome stability [44,45]. Unpaired
regions of the X and Y chromosomes (including also
RBMX gene) become transcrip- tionally silent
during pachytene, within a heterochromatic
structure called sex body (or XY body) (Figure 2).
This process is termed meio- tic sex chromosome
inactivation (MSCI) [46], and leads to either reduced
or complete loss of sex- linked gene expression for the
reminder of meiosis (over ~9 days in mice and even
longer in humans [47]). Most retrogenes decay rapidly
after they are formed. However, many essential X-
linked genes that are transcriptionally silenced by
MSCI are functionally replaced by retrogenes that are
only expressed in the testis [48].

RBMXL2 is only expressed during and immedi- ately
after meiosis, so how are the genes controlled by
RBMXL2 in the testis normally spliced in other
tissues that do not express RBMXL2? A possible



answer is that the splice events that are controlled by
RBMXL2 during meiosis might be controlled instead
by RBMX in other cell types within the body. In this
scenario RBMXL2 may functionally replace RBMX
function during meiotic prophase, either as a direct
“like for like” replacement or as a more specialized
replacement that has evolved to

control specific gene expression pathways needed for
meiosis [49-51]. However, whether RBMX and
RBMXL2 proteins have similar functional activity is
not yet fully answered. RBMXL2 mainly oper- ates as
a splicing repressor during meiotic pro- phase in mice.
In contrast, global data from human cells has
characterized the properties of RBMX protein mainly
as a splicing activator that binds to specifically
methylated pre-mRNA to slow progression of RNA
polymerase II  transcription thus facilitating
spliceosome function and activat- ing exon inclusion
[52]. RBMX is also mutated in the X-linked
intellectual disability syndrome Shashi syndrome,
where it leads to increased p53 activity and neuronal
defects via splicing activation of MDM4 exon 6 [53].
Why is it important to repress cryptic splice sites
during meiosis? Conventional splice sites have
evolved to enable exons to be precisely joined
together and maintain protein-coding open read- ing
frames. Since cryptic splice sites are usuallynot used
they are not under the same selective pres- sure as
bona fide splice sites. Cryptic splice site inclusion into
mRNAs often disrupts protein- coding reading frames
by introducing premature termination codons (PTCs).
In cells that are not dividing by meiosis, PTC-
containing mRNAs are degraded by an RNA stability
pathway called Nonsense Mediated Decay (NMD)
that prevents translation into truncated proteins that
could be harmful to the cell. However, uniquely in the
testes PTC-containing transcripts can become
stabilized. This stabilization occurs during meiosis,
thus increasing the likelihood of mRNAs originating
from cryptic splicing being translated into poten-
tially toxic proteins. The reason for this stabiliza- tion
is because of meiotic-associated changes inthe NMD
pathway. One of the core protein com- ponents of the
NMD pathway is a protein called UPF3B that is
encoded by a gene on the X chromosome that
is turned off during meiosis by MCSI. As a
consequence its autosomal
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paralogue gene UPF3A becomes active when germ
cells enter pachytene [54]. Genetic deletion of
UPF3A induces meiotic defects in a mouse model
showing UPF3A expression is critical for meiosis
[54]. However, UPF3A protein has only weak
activity in the NMD pathway because of an amino
acid substitution compared to UPF3B. In

fact, while UPF3B promotes mRNA degradation via
NMD, UPF3A may operate as an NMD repres- sor
[54]. Hence meiotic expression of UPF3A may lead
to translation of some PTC-containing mRNAs and
represent a possible reason why it is particularly
important to repress cryptic splicing events during
meiosis.

Other RNA binding proteins are also essential for
splicing control during meiosis and have been recently
reviewed [55-57]. However, the molecular defects that
appear during mouse meiotic prophase in the absence
of RBMXL2 protein, involving a high frequency of
aberrantly selected cryptic splicing events, are largely
distinct from those that have been identified for other
splicing regulators during meiosis. One example is the
splicing regulator PTBP2 that is expressed at high
levels in spermato- cytes [58]. Although PTBP2 protein
represses cryptic splice sites in other cell types, its role
during germ cell development seems more consistent as
a master regulator of developmentally regulated
splicing [58,59]. Genetic knockout of Ptbp2 causes
male germ cells to be prematurely sloughed off into the
lumen of seminiferous tubules and defects to accu-
mulate in the Sertoli cells cytoskeleton, suggesting
impaired interactions between somatic and germ cells
without PTBP2 protein [58]. This testicular phenotype
correlates with disrupted splicing pat- terns detected for
~200 genes normally controlled by PTBP2, mainly
with roles in Sertoli-germ cell communication. In
contrast, more than 60% of the splicing events
controlled by RBMXL2 during meio- sis involve
repression of cryptic splice sites rather than regulation
of already known alternative splice events [34].

How does cryptic splicing repression by RBMXIL.2
integrate with other recently discovered aspects of
splicing control during meiosis? High-throughput RNA
sequencing analysis of purified meiotic sper- matocytes
and spermatids show that 10% of the alternative
splicing events during meiosis occur via intron
retention [23,24,60]. These intron-retained
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mRNAs play a key role in developmental gene
expression. Stable mRNAs containing retained introns
are transcribed in spermatocytes and remain nuclear for
a few days before being spliced and translated in the
post-meiotic stages of spermatogen- esis to encode
crucial proteins in sperm development [23].
Mechanistically, intron retention involves the
repression of splice sites, leading to whole introns being
retained within mRNAs. The retained introns detected
in spermatocytes and round spermatids have weak
splice sites, suggesting a model where the extremely
high levels of transcription during meiosis may
overload the splicing machinery thus leading to intron
retention. Despite RBMXL2’s established role in
repressing the selection of cryptic splice sites during
meiosis, global changes in intron retention were not
detected in the RbmxI2 knockout mouse model [34].
However, slower patterns of intron removal during
meiosis may make some pre- mRNAs more vulnerable
to cryptic exons being mis- takenly selected by the
spliceosome in mice that do not express RBMXL2
protein.

A key question for the future is why do sper-
matocytes die without RBMXL2 protein, and to

what extent does this resemble neuronal cell death
in cells depleted for TDP43 activity? Is cell death
caused by the loss of specific important proteins as a
result of cryptic splicing events in protein coding
mRNAs or does cell death result from genotoxic
damage caused by accumulation of R-loops from
incorrectly spliced mRNAs (Figure 3)? What is the
mechanism by which RBMXL2 represses cryptic
splicing patterns? Does RBMXL2 bind to sequences
in pre- mMRNAs near to cryptic splice sites to
sterically occlude the spliceosome? Or does
RBMXL2 pro- tein bind and antagonize the function
of splicing activator proteins [61] preventing them
from activating selection of cryptic splice sites that
are otherwise poised for selection by the spliceo-
some? Could RBMXL2 repress cryptic exons by
stabilizing formation of stalled spliceosomes on
nascent RNA [62,63] (Figure 3)? Does RBMXL2
only repress cryptic splicing patterns or is it also
involved in other aspects of meiosis (Figure 3)?
Finally, do RBMX and RBMXL2 perform similar
functions in cryptic splicing repression? This last
question is of wide importance: RBMX protein
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Figure 3. Mechanistic models to explain the impact of cryptic splicing on meiosis, and possible additional roles of RBMXL2.

a. RBMXL2 could repress cryptic splicing by either counteracting the function of splicing activators; sterically blocking access of the
spliceosome to cryptic splice sites; or promoting stalling of splicecosome assembly at cryptic splice sites. In the absence of RBMXL2
protein cryptic splicing could hinder production of proteins important for meiosis (Model 1) or alternatively impair transcription
elongation and promote formation of R-loops (Model 2). Both scenarios would lead to meiotic arrest. b. Both RBMX and RBMXL2
are known to regulate splicing in somatic and germ cells respectively. Could RBMXL2 also have a function in other pathways known
to be regulated by RBMX such as RNA polymerase Il transcription and DNA repair/cell division?.



has been implicated in controlling chromosome
biology and DNA repair as well as splicing and
transcription and is also mutated in an X-linked
intellectual ~ disability  syndrome  [44,53,64].
Supporting a wider biological role, RBMX also
controls transcription of the CBX5 gene within
leukemia cells [65,66]. Further mechanistic inves-
tigations of RBMXL?2 and RBMX functions will help
to address these issues and should reveal further gene
expression pathways that operate during human
development and disease.
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