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“The proper function of man is to live, not to e-XIST.
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Abstract

Long non-coding RNAs (IncRNAs) are >200-nucleotide transcripts that do not
encode proteins, but interact with proteins and regulate gene expression. Whilst full-
length sequence conservation is rare for IncRNAs, short regions of higher
conservation can exist across species. The XIST IncRNA mediates dosage
compensation via X chromosome inactivation (XCI) of a single X chromosome in
females. Maintaining gene dosage across sexes is vital for placental mammal
prenatal development, failure of which is embryonic lethal. Despite its presence
throughout placental mammals, most studies have focused on mouse Xist. It is yet to
be determined whether mouse Xist-protein interactions are shared across placental
mammals where the timing and nature of XCI differ. Here, we aimed to dissect
XIST's interactors in placental mammals with different implantation strategies.

Spen, Hnrnpk, Ciz1, Rom15 and Wtap proteins were previously identified as
mouse Xist functional interactors. Their average amino acid identity is >70% across
human, mouse, cow and pig. RT-qPCR and western blotting revealed coordinate
expression of XIST and putative protein partners in endometrial tissues/cells from
those species. RNA immunoprecipitations showed SPEN, hnRNPK, WTAP and ClZ1
proteins bind human XIST but interactions could not be robustly assessed in cow.
RNA pulldowns revealed bovine ClZ1 interacts with XIST E-repeat in cow and
RBM15 interacts with human XIST A-repeat, as occurs in mouse. Proteomic
analyses indicated hnRNPU and TOP1 bound bovine XIST A-repeat. Bovine XIST A-
repeat bound MATR3, RALYL and YY1 in human lysates. Selective pressure
variation analyses identified residues under positive selection in a subset of these
proteins, but could not explain their differential binding to human and bovine XIST.
Altogether, the XIST interactome was characterised for the first time in endometrial-
derived bovine cells, revealing cow-specific and conserved interactors across
placental mammals. Bovine XIST interactors from human cells reported here may
contribute to our understanding of IncRNA-protein partner co-evolution.
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RIP, RNA immunoprecipitation

RMM, RNA recognition motif domain

RNA FISH, RNA fluorescent in situ hybridisation

RNA-seq, RNA-sequencing
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RNP, RNA protein complex

RT-gPCR, reverse transcriptase quantitative PCR

SAP, SAF-A/B, Acinus and PIAS domain

SHAPE, Selective 2’ Hydroxyl Acylation analyzed by Primer Extension
SPOC, SPEN paralogue/orthologue C-terminal domain

SPRY, SPla and the RYanodine Receptor domain

TE, Transposable element

XClI, X chromosome inactivation

ZF, zinc finger domain

w, ratio of dN/dS



Main Introduction

1.1. Discovery and features of long non-coding RNAs (IncRNAs)

The complete draft of the Human Genome Project originally identified 20,000-
25,000 protein-coding genes and did not aim to characterise non-protein-coding
genes (International Human Genome Sequencing, 2004). The ENCODE project
found 20,687 protein-coding genes, representing 2.94% of the genome (Dunham et
al., 2012). In addition, deep sequencing of the transcriptome revealed that >80% of
the genome participates in a biochemical RNA or chromatin-associated reaction
(Dunham et al., 2012). The cascade of RNA sequencing experiments that
succeeded the Human Genome Project have identified that the human genome is
pervasively transcribed (Carninci et al., 2005, Derrien et al., 2012). One class of
transcripts identified are long non-coding RNAs (IncRNAs) which are defined as
RNAs > 200 nt long that do not encode for proteins. Although currently this
description does not reflect a single class of transcripts given it is defined by
exclusion criteria, it has remained an easy classification benchmark adopted by
many researchers (Gil and Ulitsky, 2020, Seal et al., 2020). Despite the growing
numbers of these transcripts being detected, the proportion of them shown to be
functional remains extremely low. For instance, the current catalogue of long non-
coding RNA transcripts, according to LNCipedia v5.2, comes up to >100,000
(Volders et al., 2019) but only around 100 have an experimentally validated function.
According to GENCODE v38, in human, there are 17,944 IncRNA genes generating
48,752 transcripts whereas there are 19,955 protein-coding genes, giving rise to
86,757 transcripts.

LncRNAs comprise a heterogeneous pool of transcripts since several transcripts fit
into that category. In order to provide some structure into this extensive catalogue of
transcripts, INncRNAs can be further sub-categorised based on their genomic
organisation. The majority of IncRNAs are transcribed from distinct, well-annotated
genomic loci similar to protein coding genes, also termed long intergenic (or
intervening) non-coding RNAs (or lincRNAs; Figure 1A). There are IncRNAs that can
be transcribed in the antisense orientation to a protein-coding gene, i.e. natural

antisense transcripts (NATs; Figure 1B and 1C) (9). Bi-directional promoters can



direct transcription of genes in the sense and antisense orientation at the same time.
Therefore, depending on how INcRNA genes are positioned, this can give rise to
antisense IncRNAs (Figure 1D) (10). Moreover, INcCRNA transcription start sites can
overlap exons or introns of protein-coding genes (see Figure 1E and F) and might
even be harboured entirely inside an intron of a protein-coding gene (1). Additionally,
a protein-coding or another non-coding RNA (ncRNA) gene may reside within a
larger spanning INcRNA locus (Figure 1G). Finally, IncRNA have additionally been
detected to originate from enhancers (eRNAs and elIncRNAs; as in Figure 1H),
upstream to and from promoters (PROMPTS and pIncRNAs; Figure 11) as well as
from ultra-conserved elements (11, 12). Overall, IncRNAs can arise from multiple
genomic loci, frequently overlapping other non-coding RNA or protein-coding genes
which complicates the study of their biological significance. Beyond this, transcripts
within the IncRNA category can further vary depending on their subcellular
localisation (see below), conservation (Section 1.2) and function (Section 1.3).
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Figure 0.1. LncRNAs stem from diverse genomic loci and be transcribed in
various orientations.

A) LncRNA (or lincRNA) gene in the sense direction. B&C) IncRNA (or lincRNA) gene
in the anti-sense orientation. D) Bi-directional promoters can drive simultaneous
expression of both sense and anti-sense transcripts. E&F) LncRNAs can reside in
exons or introns of protein-coding genes. G) Protein-coding genes can be part of a
larger spanning non-coding RNA gene. H) Enhancer or I) promoter regions are
capable of generating IncRNA transcripts. Coloured arrows pointing to the right
indicate sense whereas arrows pointing to the left indicate anti-sense transcription

orientation.



LncRNAs share similarities with mRNAs in that they are both transcribed by RNA
polymerase |l (Pol II) and some IncRNAs can be 5’-capped and polyadenylated
(Cabili et al., 2011, Derrien et al., 2012). Some IncRNAs also contain multiple exons
and can be spliced, albeit at a lower efficiency than mRNAs (Tilgner et al., 2012,
Melé et al., 2017), coincident with weaker IncRNA binding by SR proteins
(Krchnakova et al., 2019). The median half-life of IncRNAs is also comparable to
mMRNAs (3.5 vs 5.1 hrs) (Clark et al., 2012), with MALAT1 and NEAT1 IncRNAs
having a longer half-life due to the presence of a triple helix motif, instead of a poly-A
tail (although that is likely to vary with cell type)(Brown et al., 2012, Wilusz, 2016).
Despite their name, INcRNAs tend to be shorter than mRNAs, with a median length
of 592 nt compared to 2453 nt, respectively (Derrien et al., 2012). LncRNAs are also
less abundantly expressed than protein-coding genes and, cell-type and tissue-
specificity restriction, indicative of more specialised expression patterns (Mercer et
al., 2008, Derrien et al., 2012, Pauli et al., 2012). This may explain why they were
only detected after extensive RNA-Seq of a variety of biological samples, such as 15
different human cell lines (Djebali et al., 2012), zebrafish embryos (Pauli et al.,
2012), mouse brain (Ponjavic et al., 2009) and human and mouse blood cells (Roux
et al., 2017), to name a few.

The function of a IncRNA is likely to be related to its subcellular localisation
(Carlevaro-Fita and Johnson, 2019). LncRNAs can be localised both in the nucleus
and the cytoplasm, despite original estimates suggesting a bias in nuclear
enrichment (Ulitsky and Bartel, 2013). The precise mechanistic details which would
lead to a predictive power of knowing where each IncRNA should localise based on
its sequence are currently lacking. Several parameters have been characterised to
influence IncRNA localisation though, all of which highlight the importance of
IncRNA-protein interactions. Certain IncRNAs can utilise the same nuclear export
machinery route via nuclear RNA export factor 1 (NXF1) and the transcription-export
(TREX) complex, as mRNAs do (Zuckerman et al., 2020). LncRNAs that associate
strongly with splicing factors, are efficiently spliced or contain more than one exon
are more likely to be granted cytoplasmic entry, although IncRNAs tend to display
weaker interactions with splicing proteins (Krchiakova et al., 2019). Despite that,
IncRNAs with less efficient splicing could be exported via splicing-independent

factors such as translocated promoter region (TPR) (Lee et al., 2019). Inefficient



splicing and intron retention are two mechanisms via which cytoplasmic export can
be evaded, instead promoting nuclear retention (Ntini et al., 2018). The U1 small
nuclear ribonucleoprotein (SnRNP) complex is also thought to be involved in nuclear
retention as knockdown of SNRPA, SNRNP70, SNRPD2 proteins (part of the snRNP
complex) induced cytoplasmic localisation of the MEG3 IncRNA in a reporter system
(Azam et al., 2019). U1 recognition sites have been found in both exonic and intronic
regions of INcRNAs and the binding of the U1 snRNP to these sites can impede
polyadenylation and facilitate chromatin tethering of RNAs (Yin et al., 2020).
However, even intronless INcCRNAs can end up in the cytoplasm, implicating
sequence-specific motifs (and as an extension IncRNA-protein interactions) as
instrumental in INcRNA localisation (Krchriakova et al., 2019, Khan et al., 2021).
Motifs typically represent binding sites for proteins and there are different motifs for
cytoplasmic export and nuclear retention (Carlevaro-Fita and Johnson, 2019). For
instance, a C-rich motif was recently found to be bound by the heterogeneous
nuclear ribonucleoprotein K (hnRNPK) protein and direct nuclear localisation of both
mMRNAs and IncRNAs (Lubelsky and Ulitsky, 2018). Finally, there are instances of
dynamically localised IncRNA, such as ubiquitin C-terminal hydrolase L1 antisense
(UCHL1-AS) IncRNA, which shuttles from the nucleus to the cytoplasm upon
rapamycin treatment (Carrieri et al., 2012). Overall, IncRNA-protein interactions are
important for correct INcRNA processing and localisation, which enable IncRNAs to

perform their function.

Although very few IncRNA have been ascribed a function, the functions that have
been characterised involve gene expression regulation and play crucial roles in
health and homeostasis. For example, IncRNA differentiation antagonizing non-
protein coding RNA (DANCR) has been shown to play a role in preventing the
expression of differentiation genes, thereby maintaining the developmental potential
(potency) of human epidermal progenitor keratinocytes (Kretz et al., 2012). In
contrast, yin yang IncRNA (yyIncT) regulates gene expression of human embryonic
stem cells (hESCs) to promote differentiation and mesoderm lineage specification
(Frank et al., 2019). Promoter of CDKN1A antisense DNA damage activated RNA
(PANDAR) IncRNA was demonstrated to inhibit apoptosis in response to DNA
damage, instead promoting cell cycle arrest in human foetal lung fibroblasts (Hung et

al., 2011). Conversely, there are several IncRNAs that contribute to disease



pathogenesis, too. Beta secretase 1 antisense (BACE1-AS) IncRNA levels are
upregulated in the brains of Alzheimer disease patients, where it stabilises BACE1
mRNA, promoting B-amyloid production and hence senile plaques, contributing to
disease progression (Faghihi et al., 2008, Faghihi et al., 2010). Expression of the
maternally expressed 3 (MEG3) IncRNA was revealed to be upregulated in
hepatocytes of a type 2 diabetes mouse model fed with a high fat diet which was
responsible for an aberrant build-up of triglycerides and glucagon, facilitating
hyperglycaemia (Zhu et al., 2016). Metastasis associated lung adenocarcinoma
transcript 1 (MALAT1) was originally reported to be highly expressed in lung cancer
and enriched in metastatic tumours (Ji et al., 2003) and has since then been linked
to cell proliferation and migration in myeloma and oesophageal squamous cell
carcinoma (Amodio et al., 2018). Although disease association for many IncRNAs
has been discovered there are only few examples where IncRNAs actually drive
disease onset. In fact, despite an array of IncRNAs, which have been found
dysregulated in cancer (21,064 results of the IncRNA and cancer’ term in NCBI; 24t
Sept 2021), there are no known IncRNA ‘drivers’ of cancer (Lanzés et al., 2017,
Carlevaro-Fita et al., 2020). Driver genes are those which will be mutated early in
tumourigenesis and mutations might be positively selected whereas ‘downstream’
genes are those which can contribute to cancer progression, via non-genetic induced
changes in their expression levels, localisation pattern or partner interactions
(Carlevaro-Fita et al., 2020). Silencing or overexpressing driver INcCRNA genes
should theoretically be enough to cause tumour formation in mouse. Overall,
IncRNAs are a recently emerged class of transcripts with a few representative
IncRNA having an established importance in both physiological and diseased states.
A common feature among them that will be explored in this thesis is how these
functions are linked to their interactions with protein partners.



1.2. Evolution and conservation of IncRNAs

An important question the scientific community is currently trying to address is
distinguishing which IncRNAs are functional and which are the by-product of
pervasive genome transcription (non-functional)(Struhl, 2007). Traditionally, one
approach that has been taken to tackle this is comparative genomics, which may not
inform on whether a INcCRNA is functional but it may hint at its importance.

The level of protein-coding gene conservation is higher than that of IncRNAs and
spans larger regions than that seen for IncRNAs (Ulitsky et al., 2011). Whilst
conservation across the whole length of IncRNAs has been established to be weak
(Ulitsky et al., 2011, Hezroni et al., 2015), smaller sections of a IncRNA have been
found to exhibit low rates of sequence evolution. As an example, conservation of
IncRNA exons could range from 30% to 4% between mouse and chicken orthologs
(Chodroff et al., 2010) whereas according to a different study, conservation between
a typical IncRNA across human and mouse could be as high as 20%, which would
drop to 5% when comparing human to fish (Hezroni et al., 2015). A study of IncRNAs
across human and mouse innate immune responses pointed towards a degree of
sequence conservation as low as 1%, but with multiple short regions (12-50 nt)
displaying a higher conservation (Roux et al., 2017). This would suggest the bulk of
the genic IncCRNA sequence is evolving under neutral or weak purifying selection
(Ulitsky, 2016).

Whether IncRNA structures show conservation has been a topic of intense scientific
debate (Tavares et al., 2019, Rivas and Eddy, 2020). A diversity of plausible and
complex structural arrangements can be computed from the same sequence of
similar length and free energy. Combined with the fact that even random sequences
in solution will adopt some form of structure, the issue lies in distinguishing the ‘real’
structure (with some confidence statistic) and whether structures formed are
biologically relevant. Recent software that can analyse multiple RNA sequence
alignments and estimate statistical confidence for an evolutionarily conserved RNA
secondary structure have failed to identify support for conserved IncRNA structures
(Rivas et al., 2017, Rivas et al., 2020). It is important to note that covariation
analyses cannot distinguish between IncRNAs lacking evidence of covariation

because they are too similar or too variable (Rivas, 2021).



Out of the IncRNAs that have been well-researched, there are few examples where
function is linked to structure. One of these examples is the RNA on X 1 (roX7) and
rox2 IncRNAs which mediate dosage compensation by X chromosome upregulation
in Drosophilids. A low sequence conservation has been described for orthologs of
these genes when comparing to other fruit fly subspecies or even outgroups (Park et
al., 2007, Quinn et al., 2016). However, secondary structures such as stem loops in
roX1 are functionally important, and present across Drosophilids albeit the number of
stem loops present in roX gene orthologs varies (Quinn et al., 2016). roX1 orthologs
with fewer stem loops display a weaker ability to occupy the X chromosome as a
result to engage in protein interactions with the Male-Specific Lethal complex (MSL)
(llik et al., 2013). A roX-null D. melanogaster phenotype is lethal for males, but
introduction of a region containing stem loops from wild-type D. virilis roX1 modestly
rescued males by 18% vs the roX-null. Grafting the D. melanogaster stem loops onto
the D. virilis roX1, resulted into a significantly higher rescue of males (43%),
compared to the roX-null (Quinn et al., 2016). It is also important to remember that
the presence of a structure does not guarantee the functionality of a transcript
(Rivas, 2021).

Given the rapid sequence divergence of IncRNAs, sequence similarity could be
challenging to find across distantly-related species. However, genomic position
conservation (synteny) could exist, whereby a specific IncRNA could occupy the
same locus across two species, which can be measured in relation to a conserved
protein-coding gene. This is a particularly useful aspect of IncRNA conservation to
examine given function could be maintained from short sequence motifs across the
IncRNA sequence, allowing the rest of the sequence to diverge rapidly (Hezroni et
al., 2015), as seen for roX1/roX2 IncRNAs in fruit flies.

Conversely, local stretches of conservation within a locus could also reflect DNA
elements acting as promoters/enhancers of distal sites. Notably, some loci
harbouring a INcRNA have been shown to elicit a function that’s uncoupled from the
IncRNA transcript. In one study, terminating /inc1536 transcription in mESCs via the
insertion of an early polyadenylation signal in its first intron (to prevent its
transcription), did not affect the expression of the neighbouring Bend4 gene



(Engreitz et al., 2016). This demonstrates that if the INncRNA transcript played a role
in regulating gene expression of the BEN domain containing 4 (Bend4) gene,
abolishing the IncRNA transcript would have impacted on Bend4 gene expression.
However, deleting the promoter of linc1536 decreased Bend4 expression roughly by
half (Engreitz et al., 2016). This suggested that enhancer or other regulatory
elements in the promoter region of the INcCRNA could have been evolutionarily co-
opted for the activation of downstream protein-coding gene whilst the INcCRNA
transcript generated from that region could be a by-product. In another study,
knockdown of linc1405 in mouse embryonic stem cells (MESCs) had no effect in the
neighbouring Eomesodermin (Eomes) gene expression whereas deleting the
IncRNA locus resulted in Eomes downregulation, decoupling the actual IncRNA
transcript as necessary for function (Tuck et al., 2018). Examples like this

highlight the act of transcription, instead of the IncRNA transcript, as critical for the
upregulation or downregulation of nearby genes, presumably through mechanisms
involving transcriptional interference (MacDonald and Mann, 2020) or chromatin
remodelling (Navarro et al., 2005, Ard et al., 2017). All in all, due to a rapid sequence
divergence of IncRNAs, functional IncRNAs could be conserved in one or a small

group of species.
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1.3. Mechanisms of action of IncRNAs involving protein interactions and their
potential origin via transposable element insertions

A lack of sequence conservation need not always be equivalent to an absence of
function (Pang et al., 2006). The very elements that could contribute to IncRNA
sequence divergence could also contribute to INcRNAs gaining a function. A central
and widespread role in INncRNA gene birth, IncRNA sequence divergence or IncRNA
loss of function is the insertion, expansion or elimination of transposable or retroviral
elements. Transposable elements (TEs) can become part of a transcript by a
process called exonization whereby TEs retrotranspose in intronic regions and can
then be alternatively spliced (Sela et al., 2010). In fact, RNA-seq from 28 different
human tissues and cell lines, revealed that 83% of IncRNAs that are expressed from
a locus not overlapping protein-coding genes contain at least one TE (Kelley and
Rinn, 2012). TEs and retroviral elements are known to interact with a wide variety of
proteins and can also engage in base-pairing with other RNAs (as reviewed in
(Johnson and Guigo, 2014). Therefore, the insertion of such an element into a
IncRNA, would enable it to assume these interactions based on TEs harboured in its
sequence. Furthermore, TEs can exhibit differences from one clade to another, such
as for example being expanded (longer in length of repeat or have more copies of
repeat monomer) in one species or shrunk in another due to selective pressure.
Such events can influence the evolution of IncRNAs and depending on the
sequences inserted, guide future function of a IncRNA. One example where all these
concepts have come together to manifest into a functional, TE-driven INncRNA is
antisense non-coding RNA in the INK4 locus (ANRIL). This IncRNA first emerged in
a common ancestor of placental mammals where over time TEs accumulated in
ANRIL’s exons, especially in simians (He et al., 2013). Rabbit and rodent ANRIL
have been found to have fewer exons compared to other placental mammals, and
interestingly, the exons that acquired TEs became more conserved (He et al., 2013).
Human ANRIL contains TEs from the Alu family. Alu elements on ANRIL are thought
to contribute to ANRIL-dependent recruitment of repressive chromatin remodelers
and downstream gene expression regulation of target genes. ANRIL was shown to
interact with Polycomb Repressive Complex 1 (PRC1), a chromatin remodelling
complex, via the chromobox 7 (CBX7) subunit (Yap et al., 2010). Overexpression of

ANRIL isoforms lacking Alu elements was demonstrated to reverse the upregulation
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of TSC22 Domain Family Member 3 (TSC22D3) and the downregulation of Collagen
Type Il Alpha 1 Chain (COL3A1) genes seen with full-length ANRIL which resulted
in stunted cell growth and increased apoptosis (Holdt et al., 2013). This highlights
the potential of IncRNA-protein interactions (mediated by TEs in this case) playing a
key role in ANRIL’s function. Hence, depending on the sequences inserted into
IncRNAs and the ensuing evolutionary constraints imposed, IncRNAs can evolve to

interact with a variety of partners.

RNA binding proteins have well-defined roles in RNA processing/metabolism and
post-transcriptional regulation of gene expression (Gerstberger et al., 2014b).
Genetic alterations leading to reduced expression levels, a loss of RNA binding
capacity or deletion of RNA binding proteins that interact with coding and/or non-
coding transcripts can lead to disease (Gerstberger et al., 2014a). There are over
1,400 RNA binding proteins expressed (Mallam et al., 2019), each of which can bind
3-8 nt long sites on RNAs (Mitchell and Parker, 2014). From birth till death, mRNAs
are bound by proteins (Singh et al., 2015), and there are no known IncRNA
exceptions to date. A meta-analysis of cross-linking immunoprecipitation coupled to
sequencing (CLIP-Seq) data for 65 RNA binding proteins revealed that 56.8% of
12,255 human IncRNAs are bound by at least one protein, with 16 IncRNAs
demonstrating binding sites for more than 30 RNA binding proteins (Li et al., 2015).
In fact, even though INcRNAs have been reported to engage in RNA-DNA and RNA-
RNA pairing, the most common interactions observed for well-documented IncRNAs
involves RNA-protein interactions. This activity fits well with the pattern of low
sequence conservation typically seen across the entire length of a IncRNA transcript
albeit with high conservation of local short stretches and an overlap with tandem
repeats. This is because protein binding sites could be harboured within tandem
repeats, which would comprise short regions of high conservation, if the RNA-protein
interaction is important. Such activity combined with distinct features of the INncRNA
class of transcripts (Section 1.1) has made them highly specialised regulators of
gene expression and they can achieve this by a number of mechanisms listed below.

LncRNA-protein interactions typically serve to bridge two or more proteins which
cannot interact directly or nucleating the recruitment of several proteins, acting as

scaffolds. Namely, IncRNA nuclear enriched abundant transcript 1 (NEATT) (also
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known as MENEg/) has been recognised to serve as a docking platform for p54,
splicing factor proline and glutamine rich (SFPQ) and polymerase suppressor protein
1 (PSP1) and nucleate the recruitment of more proteins in the formation of the
paraspeckle, a membraneless organelle in the nucleus (Sasaki et al., 2009). To date
more than 40 proteins have been shown to localise to paraspeckles associating
these structures with multiple crucial functions such as nuclear retention of A-to-I
edited transcripts and sequestering proteins to modulate a transcriptional response

to hypoxia and cell differentiation (Pisani and Baron, 2019).

LncRNAs can guide proteins to a specific cellular location. For instance, IncCRNA
antisense to SPHK1 (Khps1) recruits the p300/CREB-binding protein (p300/CBP)
histone acetyltransferase complex to the promoter of the sphingosine kinase 1
(SPHK1) gene in human cells (Postepska-lgielska et al., 2015). Consequently, this
allows for chromatin remodeling into a ‘permissive’ environment where gene
transcription of the SPHK1 gene can initiate. p300/CBP can bind RNA that is
proximally transcribed, in a sequence-independent manner (Bose et al., 2017),
highlighting an example of a IncRNA-protein interaction that is not mediated by base-
pair recognition. In summary, IncRNAs can employ a wide range of interactions with
any component in a cell to fine-tune gene expression regulation across specific

temporal and spatial contexts.
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1.4. X chromosome inactivation and the effector IncRNA, XIST

The X-inactive specific transcript, (Xist) (Brockdorff et al., 1992, Brown et al., 1992,
Penny et al., 1996), is a IncRNA that orchestrates dosage compensation by X
chromosome inactivation (XCI), which involves the transcriptional silencing of one of
a female’s two X chromosomes (Lyon, 1962). Dosage compensation refers to the act
of equalising gene expression across different sets of sex chromosomes between
females and males of the same species. In placental mammals, males have one
copy of an X chromosome and one copy of a Y chromosome (XY) in contrast to
females who bear two copies of the X chromosome (XX). However, not all genes on
the X chromosome have a homolog on the much smaller and currently degenerating
Y chromosome (Deng et al., 2014). Maintaining gene dosage across sexes is vital
since gene dosage imbalance is deleterious for proper mouse embryo development
(Takagi and Abe, 1990).

More specifically, once Xist is expressed, it recruits a multitude of protein partners to
orchestrate the repression of active genes on the X inactive chromosome elect (Jegu
et al., 2017). This occurs at different points in development in difference species
(see Section 1.7). Additionally, Xist remodels the inactive X (Xi) by promoting
heterochromatin formation, essentially condensing it to a structure termed Barr body
or sex chromatin (Lyon, 1962). However, female mouse fibroblasts lacking Xist
proliferated as normal and the proportion of cells expressing two X-linked genes,
phosphoglycerate kinase 1 (Pgk1) and hypoxanthine-guanine
phosphoribosyltransferase (Hprt), did not differ before and after Cre-loxP deletion of
XIST, demonstrating that Xist deletion does not result in transcriptional upregulation
of X-linked genes (Csankovszki et al., 1999). In vivo, even female mice without the
Xist locus that survive to term, all die by weaning age at a median of 18 + 10.4 days
(Yang et al., 2016). RNA fluorescent in situ hybridisation (RNA FISH) in primary tail-
tip fibroblasts of mice on the first day after birth demonstrated that some genes (e.g.
alpha-thalassemia/mental retardation, X-linked - Atrx) did not have altered
expression levels when comparing Xist-null mice to control heterozygotes. On the
other hand, there were genes whose bi-allelic expression increased from 4.2% of
cells in controls to 30% in mutant cells (Yang et al., 2016). Taken together, it is likely

that an inherent dosage compensation mechanism exists in vivo to achieve partial
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dosage compensation in the absence of Xist. Such a mechanism is not sufficient for
long term survival however, as observed from the eventual death of mice lacking
Xist.
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1.5. XIST features and conservation in placental mammals

XIST arose in a common ancestor of eutheria and not in earlier mammals, according
to an analysis of 14 mammalian genomes including monotremes, marsupials and
placental mammals (Duret et al., 2006). XIST is an atypical IncRNA given it is
characterised by both a positional conservation (synteny) and being present across
eutheria (placental mammals), contrary to most IncRNAs (Section 1.2). XIST is one
of the longest INcCRNAs consisting of at least 7 exons, with its (spliced) size varying
depending on species, e.g. 19.2 kb in human (Howe et al., 2021), ~17.9 kb in mouse
(Howe et al., 2021), 25 kb in pig (Hwang et al., 2013) and ~32-35 kb in cow (based
on homology estimates). XIST also exhibits a peculiar genomic structure, with the
first and last exons comprised of nearly 10 kbp, with exons in between being up to
hundreds of bases (Brockdorff et al., 1992, Brown et al., 1992). More specifically,
XIST arose from a combination of several events, starting with the pseudogenisation
of ligand of numb-protein x 3 (Lnx3), a protein-coding gene still present in chickens
(Duret et al., 2006). Chicken Lnx3 exons 4 and 11 were shown to share homology
with human XIST exons 4 and 6 (Duret et al., 2006). Mouse and human XIST exon 4
also share 77% sequence similarity and this region is predicted to form a stem-loop
structure (Caparros et al., 2002). Deletion of mouse Xist exon 4 resulted in a
reduction in Xist expression levels, which was shown not to be a result of altered
stability but perhaps a processing or transcription related defect (Caparros et al.,
2002). The stem loop formed by mouse Xist exon 4 was confirmed by in vivo
Dimethylsulfate mutational chemical probing with sequencing (DMS-Seq) and 17/27
bases in the region responsible for the structure were maintained in human, pig and
mouse (Fang et al., 2015). Additional homology also exists between XIST’s promoter
and exons 1 and 2 of Lnx3 (Elisaphenko et al., 2008). More surprisingly for a
IncRNA, chicken Lnx3 exons 3 and 5 were up to 60% conserved with introns 3 and 4
of human XIST (rodent Xist exon 5 had a 65% similarity to Lnx3 exon 5)(Elisaphenko
et al., 2008).

Perhaps the second event in the evolution of XIST that aided in its
(neo)functionalisation involved the gain of transposable elements, as evidenced by
the presence of both retroviral and DNA transposons across its exons, originally
described in mouse Xist (Elisaphenko et al., 2008). These regions which are mostly
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repetitive are found primarily in the first and last exons of XIST, display positional
and sequence conservation and have been characterised in several placental
mammals, including mouse, vole, rat, mole, cow, pig, dog and human (Yen et al.,
2007, Hwang et al., 2013, Fang et al., 2015)(see Figure 1.1). These tandem repeat
regions are designated from A to F. In addition to repeats A and B, two more
species-specific repeats have been characterised in porcine XIST (Hwang et al.,
2013) (Figure 1.1). Not all repetitive regions found in human or mouse have been
found in cow or pig, two examples being the F and C repeats (Hwang et al., 2013,
Yen et al., 2007). Repetitive regions in XIST differ across from placental mammals
(Figure 1.1), both in length of a repeat monomer (e.g. XIST A repeat in mouse is a
26-mer) and in the number of times a monomer repeats in tandem (e.g. 7.5 and 8.5
copies in mouse and human, respectively)(Duszczyk et al., 2011, Brockdorff, 2018).
Notably, a complete XIST RNA sequence is missing for cow whereas the pig XIST
RNA sequence has not been extensively characterised as seen in human and
mouse (Hwang et al., 2013). Functional experiments to test various isoforms that are
generated in cow and pig are also lacking. Due to that, the precise size of bovine
and porcine XIST escape the research community, and the exact location of

repetitive sequences in these species is elusive.

Selective 2’ hydroxyl acylation analyzed by primer extension (SHAPE) has been
employed to reveal higher-order structures that mouse Xist assumes both ex vivo
and in vivo. Ex vivo SHAPE data from mouse Xist indicated structural variability in
repeat A (high Shannon entropy), with a single hairpin containing an AU-rich loop
and GC-rich stem linking repeat 3 and 4 (out of seven)(Smola et al., 2016). A high
Shannon entropy predicts several possible structures whereas low entropy suggests
structure constraint, usually indicating a single structure. Of the 14 nucleotides
participating in the formation of the repeat A hairpin, 11 were conserved with cow
and 12 with human, suggesting >78% conservation (Smola et al., 2016). The A
repeat could also contact other nearby regions and form a pseudoknot. The
structural flexibility of the Xist A repeat could permit dynamic interactions with
partners and perhaps imply accessibility to proteins that bind to regions with loose or
no secondary structure. A different study employing DMS-Seq identified
compensatory mutations which maintain the secondary structure of XIST repeat A

hairpins (Fang et al., 2015). One example is the shift from a U:A base pair in repeat
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5 for rodents to a CG pair in other placental mammals, including human and pig,
presumably stabilising the structure. Another example in the A repeat is the G:C pair
between repeats 2 and 4 mouse, which is found as G:U in primates and A:U in
rabbits. Previous studies have clearly shown that Xist silencing capacity is lost upon
deletion of a region encompassing the A repeat (Wutz et al., 2002). A linear
relationship between number of repeat A monomers present and the degree of gene
silencing exhibited by XIST was demonstrated by repression of EGFP inserted into
an autosome downstream from an artificial XIST construct harbouring 2, 3, 4, 5, 6
and 9 repeat A monomers (Minks et al., 2013). The presence of 2 repeat A
monomers achieved ~30-20% EGFP repression whereas this increased to 80 with

the 9-mer in a HT1080 male fibrosarcoma cell line.

Repeat F is characterised by a 16 nt monomer repeating twice in both human and
mouse (Nesterova et al., 2001). A link between this repeat and XIST function has not
been established to date, neither has the structure of this repeat been examined (to
the best of my knowledge). Repeat B is a 7 nt cytidine-rich monomer present in 29
copies in human and 32 in mouse (Brockdorff, 2018). The structure of this repeat
has not been studied due to its highly repetitive GC nature.

Repeat C comprises a single 115 nt monomer in humans, which repeats 14 times in
mouse, consistent with an expanded C repeat in mice (Nesterova et al., 2001). This
repeat was found to fold into four consecutive hairpins, forming a multibranch loop
(Fang et al., 2015). Locked nucleic acid probes (nucleic acid analogs containing a
methylene bridge between the 2' oxygen and the 4' carbon) targeted at repeat C
were previously shown to transiently displace Xist from the Xi in mouse embryonic
fibroblasts (MEFs), highlighting its significance in Xist localisation and potentially

implicating secondary structure as functionally important (Sarma et al., 2010).

The size of the repeat D monomer is 290 nt and repeats 10 times in mice and 26
times in humans (Nesterova et al., 2001). No consensus sequence has been
reported in the literature. Repeat D of mouse Xist exhibited structural variability
between ex vivo and in vivo SHAPE data, with a reduced SHAPE reactivity in cells
(Smola et al., 2016). Such discrepancies between ex vivo and in vivo SHAPE data

could be owed to factors endogenous in cells, such as protein binding (Smola et al.,
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2016). This would suggest that protein binding is not restricted to repeats A, B, C, F
and E of Xist and could include the largely understudied repeat D.

Repeat E is comprised of U-rich 20-28 nt long monomers (Nesterova et al., 2001). In
mouse, monmers are 25 nt long and repeat 50 times whereas in human, monomers
are 28 nt long and repeat 25 times. This repeat appeared unstructured from ex vivo
SHAPE data but in vivo, it adopted a strong secondary structure with a combination
of hairpin and internal loops (Smola et al., 2016). The region downstream from
repeat E (14-17.9 kbp in mouse Xist) was also shown to be largely unstructured ex
vivo but displayed a constrained structure in vivo. Deleting this downstream region
was shown to decrease the half-life of mouse Xist by three-fold (Smola et al., 2016),
compared to a full-length counterpart, perhaps indicating that structure alone or in

combination with unknown binding partners contribute to evasion from 3’ end decay.
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Figure 0.2. XIST transcript organisation shared across placental mammals.

XIST spliced RNA transcripts (longest isoforms) depicted as bars with intervening
vertical black lines denoting exon boundaries. Coloured boxes indicate repetitive

regions. Note different repeats have emerged in different species and the span of
conserved repeats varies across species. Adapted from (Yen et al., 2007). Not to

scale.
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Despite the fact that XIST is 5’-capped, spliced and polyadenylated, it is
predominantly localised in the nucleus (Brockdorff et al., 1992, Brown et al., 1992).
According to Ensemble v104 (Howe et al., 2021), there are 30 isoforms of human
XIST, although not much work has been carried out to characterise the localisation
or function of alternative human XIST transcripts. In contrast, two mouse Xist
isoforms have been described. Both are transcribed from the same promoter, have
been shown to be nuclear and are capable of eliciting XCI, despite the shorter
isoform of the two having a smaller part of the last exon and possibly a shorter poly-
A tail (Memili et al., 2001, Yue and Ogawa, 2017). Localisation of XIST is actively
maintained by mechanisms of nuclear retention and inefficient export. Contrary to
most mRNAs, XIST exhibits a reduced association with the export factor TAP/NXF1
in human embryonic kidney cells (HEK293) (Cohen and Panning, 2007, Viphakone
et al., 2019). Nevertheless, XIST can still bind the adaptor protein, ALYREF export
factor (Viphakone et al., 2019), which typically recruits TAP/NXF1. Recently, a 57-nt
nuclear localisation element was found on the XIST IncRNA that occurred at 18
sites, some of which were overlapping repetitive regions C and D (Shukla et al.,
2018). Moreover, XIST harbours binding sites for several proteins that tether it not
only to the Xi but also anchor it to the nuclear matrix and nuclear periphery (such as
LBR, CIZ1, MATR3, CELF1, YY1 and hnRNPU; details in Section 1.6.2)(Pandya-
Jones et al., 2020). Moreover, redundancy is likely to have been acquired for this
localisation pattern in a cell-type-dependent manner, since in the absence of
heterogeneous nuclear ribonucleoprotein U (hnRNPU), hnRNPU-like 1 (hnRNPUL1)
could partly recapitulate the XIST localisation pattern seen with hnRNPU in mouse
Neuro2A cells (Sakaguchi et al., 2016, Creamer and Lawrence, 2017). All in all,
XIST is a IncRNA that evolved after acquiring several repetitive elements, which
presumably contributed to its capacity to interact with a diverse set of proteins and
elicit its functions. The presence of repetitive elements in XIST from other placental
mammals hints at their importance in the function of XIST.
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1.6.1. Stages of XCI: Choice

In mice, XCI occurs in two waves, with the first one initiating from the 4-cell stage
whereby the paternal X chromosome carries an imprint and is always inactivated
preferentially (Figure 1.2)(Vallot et al., 2016). Whilst the inactive paternal X is
maintained in extra-embryonic tissues, it is reactivated transiently in cells of the inner
cell mass in the blastocyst. Within 24 hours, a second wave of random XCI occurs in
the epiblast whereby the paternal and maternal X chromosomes have an equal
chance of being inactivated (Figure 1.2)(Vallot et al., 2016). The choice of which X
chromosome to be silenced has been shown to be random in human and rabbit
embryos and occur in a single step and there is no imprinted XCI stage (Okamoto et
al., 2011). Despite a lack of imprinted XCI in human pre-implantation embryos
(Petropoulos et al., 2016), RNA-seq in placenta samples exhibited skewed XCI from
either the maternal or paternal X chromosomes, depending on what patch of the
placenta was sampled (Phung et al., 2021). This was in contrast to adult tissues,
whereby 90% of cells exhibited mosaic XCI. No imprinted XCI has been detected in
pigs when assessing XIST expression across parthenogenic and in vitro fertilized
female blastocysts via reverse transcriptase quantitative PCR (RT-qPCR) (Hwang et
al., 2015). RNA-sequencing (RNA-seq) performed on mammary gland biopsies in
cows demonstrated no preference for the expression of maternal or paternal alleles
from genes located outside of pseudo-autosomal regions on the X chromosome
(Couldrey et al., 2017), hinting at random XCI. Evidence is conflicting when it comes
to XCl in the bovine placenta however. The expression of the X-linked gene
monoamine oxidase type A (MAOA) was measured via RT-gPCR in placentas from
three female calves born from natural reproduction and revealed maternal-specific
expression, implying a skew towards paternal XCI (Xue et al., 2002). RT-qPCR in
placentas from female Bos gaurus/Bos taurus hybrid foetuses found paternal-
specific XIST expression, arguing in favour of imprinted XCI (Dindot et al., 2004). A
more recent study employing bisulfite sequencing detected a hypomethylated XIST
promoter and repeat A region in the trophectoderm cells of blastocysts, supporting a
lack of imprinted XCI (Mendonca et al., 2019). Finally, RNA-seq and allele-specific
pyrosequencing employed in day 33 mule conceptuses and horse day 33 chorionic
girdle (placenta-associated structure) samples displayed random XCI (Wang et al.,

2012). Taken together, XCI can occur in different ways across placental mammals
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with patterns of XCI across human, cow and pig being more similar between them
than the mouse.
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Figure 0.3. XCl onset is tightly coupled to embryonic development.

Embryonic genome activation in the mouse is quickly succeeded with increasing Xist
RNA levels aimed to preferentially inactivate the paternal X chromosome (imprinted
XCI). The inactive paternal X is retained in the trophoectoderm and future extra-
embryonic tissues (such as the placenta). In the epiblast cells of the blastocyst the
paternal X is reactivated prior to implantation, following decreasing Xist levels.
Random XCI is completed 24 hours afterwards in embryonic tissues. iXCl, imprinted
XCI; rXCI, random XCI; Xist, X specific inactive transcript. Adapted from (Vallot et
al., 2016).
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1.6.2. Stages of XCI: Initiation

The onset of XCl is characterised by the molecular co-operation of XIST and its
protein partners. As many as 81 protein partners in the mouse aid with Xist
localisation, spreading along the X chromosome, X-linked gene silencing, X
chromosome compaction and finally depositing repressive chromatin marks to
ensure long-lasting XCI (Chu et al., 2015b). Some of these protein partners have
been elucidated in human and mouse (Table 1.1), however, the protein interactome
of XIST from other placental mammals such as cow, pig or rabbit, has yet to be

characterised.

One of the first proteins described to interact with mouse Xist and be critical in X-
linked gene silencing was Split ends (Spen). Spen is a ~400 kDa protein containing
four RNA recognition motif (RMM) domains, a nuclear receptor interaction domain
(RID) and a SPEN paralogue/orthologue C-terminal (SPOC) domain. Spen depletion
via RNA interference in female differentiating mESCs could upregulate expression
of otherwise repressed X-linked genes, such as glypican 4 (Gpc4) and Atrx
(McHugh et al., 2015), protein kinase G (Pkg1), methyl CpG binding protein 2
(Mecp2) and Rnf12 in mESCs (Chu et al., 2015a) and ubiquitin specific peptidase 9
X-Linked (Usp9x), ubiquitin like modifier activating enzyme 1 (Uba1), Hprt, HECT,
UBA And WWE Domain Containing E3 Ubiquitin Protein Ligase 1 (Huwe1) in HATX3
ESCs (Monfort et al., 2015). Moreover, coupling RNA-FISH to immunofluorescence
in Spen-depleted mMESCs, it was shown that Xist and Pol Il could occupy the same
DNA regions, unlike the situation in wild type cells (McHugh et al., 2015),
suggesting a role for Spen in excluding Pol Il from X-linked genes. Spen can
recruit chromatin remodelers such as the nuclear receptor co-repressor 2
(NCOR2/SMRT) complex, the nucleosome remodeling deacetylase (NuURD) complex
and histone deacetylase 3 (HDAC3), to synergistically achieve gene silencing, given
depletion of NCOR2/SMRT or HDAC3 in mESCs mirrored the inability of Spen-
depleted cells to effectively silence the X-linked genes assayed (McHugh et al.,
2015, Dossin et al., 2020). Recruitment of these protein complexes is likely mediated
by the SPOC domain of Spen (Ariyoshi and Schwabe, 2003) whereas interactions
with the Xist A-repeat were demonstrated to occur via its RRM domains in

electrophoretic mobility assays (EMSA) (Monfort et al., 2015)(Figure 1.3). Infrared
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crosslinking immunoprecipitation followed by sequencing (irCLIP) of flag-tagged
RRM2-4 SPEN domains also highlighted specific interactions with Xist repeat A in
mMESCs (Carter et al., 2020). The importance of RRM2-4 domains of SPEN was also
highlighted by overexpressing different truncated Spen cDNA mutants in an mESC
line after depletion of endogenous Spen via an auxin-inducible degron (Dossin et al.,
2020). This study also found that RRM1 and RID domains of Spen did not contribute
to Xist binding as measured by Spen recruitment to the Xi and these domains were
not essential for X-linked gene silencing (Dossin et al., 2020). A modified MS2 tag
system coupled with luciferase detection using human XIST repeat A also identified
SPEN as an interactor in HEK293T (Graindorge et al., 2019).
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Table 1.1. XIST protein partners known prior to this study.

XIST protein interactors

Protein symbol

Mouse

Human

SPEN/ SHARP

(Chu et al., 2015b,
McHugh et al., 2015,
Moindrot et al., 2015,
Monfort et al., 2015)

RBM15

(Chu et al., 2015b,
Moindrot et al., 2015)

(Patil et al., 2016)

WTAP

(Moindrot et al., 2015)

(Patil et al., 2016)

LBR

(McHugh et al., 2015,
Chen et al., 2016b)

HNRNPK

(Chu et al., 2015b,
Pintacuda et al., 2017a)

SAF-A/HNRNPU

(Hasegawa et al., 2010,
Chu et al., 2015b,
McHugh et al., 2015)

(Minks, 2012)

HNRNPC

(Chu et al., 2015b,
McHugh et al., 2015)

HNRNPM

(Chu et al., 2015b,
McHugh et al., 2015)

RALY

(Chu et al., 2015b,
McHugh et al., 2015)

MYEF2

(Chu et al., 2015b,
McHugh et al., 2015)

Clz1

(Chu et al., 2015b,
Ridings-Figueroa et al.,
2017, Sunwoo et al.,
2017)

(Sunwoo et al., 2017)

PTBP1

(Chu et al., 2015b,
Moindrot et al., 2015,
Vuong et al., 2016)

MATR3

(Chu et al., 2015b,
McHugh et al., 2015)

CELF1

(Chu et al., 2015b)

YY1

(Jeon and Lee, 2011a)

(Minks, 2012)

RYBP

(Chu et al., 2015b,
McHugh et al., 2015)
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Lbr

Figure 0.4. Overview of key mouse Xist protein partners and their binding
sites.

Schematic depicts the spliced mouse Xist transcript with coloured boxes
representing repeat elements characterised. Boxes under repeat elements highlight
key protein partners reported to interact with Xist via these repetitive elements.
Hnrnpu has not been found to interact with a specific region, rather exhibits a broad
binding profile. References for mouse Xist and protein partner interactions in text.
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RNA-binding protein 15 (RBM15) and WT1 Associated Protein (WTAP) proteins
were also among the first described interactors of human (Patil et al., 2016) and
mouse Xist (Chu et al., 2015b, McHugh et al., 2015), showing a preference for the A

repeat.

RBM15 is comprised of three RRM domains and a SPOC domain. The SPOC
domain of Rbm15 and that of the Spen protein in mouse both originated from the
spen gene in Drosophila and are 35% similar (Ma et al., 2007). WTAP contains a
WTAP/Mum2 domain as does its yeast ortholog, Mum2, which has been shown to
interact with methyltransferase-like 3/14 (METTL3/14) (the catalytic complex for m6A
methylation)(Ping et al., 2014). Besides the Mum2 domain, no other RNA-binding or
catalytic domains have been mapped onto WTAP. RBM15 has been shown to be the
driver of 78 mfA methylation modifications upon binding on the human X/ST IncRNA
and recruiting the METTL3/14 complex via associations with WTAP in HEK293T
cells (Patil et al., 2016). Knock-down of RBM15 caused a drop in the levels of Xist
which was m®A methylated, as detected by chromatin immunoprecipitation with an
mBA-specific antibody, establishing a link between RBM15 and WTAP-mediated m°®A
methylation (Patil et al., 2016). Whereas knockdown of RBM15 in human has been
shown to reduce X-linked gene silencing (Patil et al., 2016), the effect of mouse
Wtap in X-linked gene gene silencing appears to be weak (not significantly affected
upon Wtap depletion) in the context of XCI (Nesterova et al., 2019). This could be
consistent with a role of Wtap bridging Mettl3 to mouse Xist, instead of a central one

affecting gene silencing or m6A installation (Nesterova et al., 2019).

Lamin B receptor (Lbr) was identified as a bona fide interacting partner of mouse
Xist, mediating proper localisation of the Xi in the cell’'s nuclear lamina (Chen et al.,
2016b). Lbr interacts with Xist specifically via its repeat A region (McHugh et al.,
2015, Chen et al., 2016b, Lu et al., 2020b). Depletion of Lbr in female mESCs
resulted in loss of Xist co-localisation with active X-linked genes (Chen et al., 2016b).
A mutant of the Lbr protein lacking its arginine-serine (RS) domain displayed 97%
decreased association with Xist in mESCs and did not contribute to X-linked gene
silencing (Chen et al., 2016b). In contrast, a mutant of the Lbr protein lacking most of
its transmembrane domains did not exhibit any of these defects, highlighting the role
of the RS motif in mediating the Xist-Lbr interaction (Chen et al., 2016b).
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Furthermore, by measuring the distance between Xist and Lamin B1 (a marker of the
nuclear lamina) in LBR knockdown and wild-type mESCs, the localisation of the Xi to
the nuclear lamina was shown to be dependent on the association of Xist with LBR
(Chen et al., 2016b). The effect of Lbr on gene silencing seems to vary, similar to
Ciz1, with some studies finding a prominent effect on upregulating X-linked genes
upon Lbr depletion in differentiating female mESCs (McHugh et al., 2015, Chen et
al., 2016b), and others reporting a negligible effect, if any at al,l in mESCs
(Nesterova et al., 2019).

Heterogeneous nuclear ribonucleoprotein K (hnRNPK) has been shown to bind
repeat B and C of mouse Xist (Almeida et al., 2017, Pintacuda et al., 2017a, Bousard
et al., 2019) and human XIST (Lu et al., 2020). The hnRNPK protein encompasses
three K homology (KH) domains and an arginine—glycine—glycine repeat (RG/RGG)
domain. Both KH1 and KH2 domains as well as the RG/RGG domain are required
for a high affinity interaction of an RNA with mouse hnRNPK, whereas the KH3
domain is dispensable for interactions with RNAs longer than 10 nt (Nakamoto et al.,
2020). Mouse hnRNPK binding is selective for two neighbouring cytosine repeats
(each with three or more C nucleotides), with highest affinity interactions when these
stretches of cytosine are within internal loops, demonstrating that hnRNPK binding
can be affected by the presence of structure (Nakamoto et al., 2020). Following
mESC differentiation, hnRNPK can recruit the PRC1 and PRC2 complexes, via its
RG/RGG domain, to deposit repressive chromatin modifications (H2AK119ub1 and
H3K27me2/3) on active X-linked genes (Chu et al., 2015b, Pintacuda et al., 2017a),

a critical step in ensuring long term silencing (Csankovszki et al., 1999).

Hnrnpu was first shown to bind Xist in mouse Neuro2A cells and play a role in XCI
by tethering Xist on the X chromosome (Hasegawa et al., 2010). The hnRNPU
protein possesses a SAF-A/B, Acinus and PIAS (SAP) domain, a SPla and the
RYanodine Receptor (SPRY) domain and an RGG (NTPase) domain. More
specifically, the working model put forward is that mouse Hnrnpu is able to non-
competitively bind mouse Xist RNA (via its RGG domain) and chromosomal DNA
(presumably via the SAP domain), bridging the two together (Hasegawa et al.,
2010). Loss of either of those two domains decreased the accumulation of Xist on
the Xi (Hasegawa et al., 2010). Ultraviolet radiation (UV) coupled to RNA
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immunoprecipitation (UV-RIP) analyses in HEK293T cells demonstrated an
interaction between hnRNPU and XIST at exons 1 and 7 (outside of repeat E)
(Yamada et al., 2015). More recent studies have demarcated that hnRNPU exhibits
broad binding across the whole length of human XIST, with multiple enhanced CLIP
(eCLIP) peaks spanning exon 1 (repeats B, C, D and F) and exon 6 (outside of
repeat E) (Lu et al., 2020).

A few studies have established a role for mouse Ciz1 as key for proper Xist
anchoring to the Xi, an essential aspect of XCl which facilitates gene silencing
(Ridings-Figueroa et al., 2017, Sunwoo et al., 2017, Stewart et al., 2019). Xist repeat
E interacts with Ciz1 (Ridings-Figueroa et al., 2017), and is responsible for Ciz1
localisation to the Xi (Sunwoo et al., 2017). Transient transfections of the C- and N-
terminal domains of Ciz1 showed that only the C-terminus construct could co-
localise with Xist (Ridings-Figueroa et al., 2017). The C-terminus of Ciz1 contains
C2H2-type zinc fingers and Matrin3-type RNA-binding zinc finger domains. Loss of
Ciz1 function in female mouse embryonic fibroblasts lead to Xist delocalization from
the Xi and dispersal in the nucleoplasm with one study reporting only 28 genes
aberrantly upregulated (Stewart et al., 2019) and another describing a marked loss
of the repressive chromatin mark tri-methylation of lysine 27 on histone H3 protein
(H3K27me3) on the Xi (Sunwoo et al., 2017).

Matrin 3 (Matr3) has been described as a mouse Xist interactor in both pulldown
studies (Chu et al., 2015b) and genetic screens (Moindrot et al., 2015). MATR3 was
also found to be interacting with human XIST repeat A (Graindorge et al., 2019).
Nevertheless, in a more recent study, eCLIP of Matr3 and polypyrimidine tract
binding protein 1 (Ptbp1) revealed binding to mouse Xist repeat E (Pandya-Jones et
al., 2020). Ptbp1 has been shown to bind mouse Xist previously by pulldown studies
(Chu et al., 2015a, McHugh et al., 2015), genetic screens (Moindrot et al., 2015) and
eCLIP had found binding peaks on repeat E (Vuong et al., 2016). Ptbp1 binding to
repeat E was confirmed by EMSA (Pandya-Jones et al., 2020). Depletion of Matr3 or
Ptbp1 in mESCs caused a loss of Xist localisation from the Xi as well as a reduction
in repressive chromatin marks from the Xi (H3K27me3), albeit with negligible
changes in Xist levels (Pandya-Jones et al., 2020). Chromatin immunoprecipitation

coupled to sequencing (ChlP-Seq) also revealed Ptbp1 binding to genomic Xist



31

repeat E, which could suggest co-transcriptional loading of Ptbp1(Pandya-Jones et
al., 2020). This would be consistent with a role of Ptbp1 in mouse Xist splicing at the
onset of XClI (Stork et al., 2019). MATRS3 has a nuclear export signal (NES) and two
matrin/zinc-finger type domains flanking two RRM domains and a nuclear
localisation signal (NLS). Ptbp1 is comprised of a NES, NLS and four RRM domains
that recognise CU motifs (Coelho et al., 2015). Ptbp1 and Matr3 are known to also
interact directly with one another (Coelho et al., 2015). Introducing point mutations in
Matr3 to disrupt binding to Ptbp1, could not rescue Xist localisation to the Xi or
repress X-linked genes, defects noticed after deleting Xist repeat E, despite partially
recovering H3K27me3 modifications on the Xi (Pandya-Jones et al., 2020).
Reciprocally, the same effects were noted with point mutations disrupting the Ptbp1
interaction with Matr3, underscoring the synergy between the two proteins for
efficient XClI.

In summary, XIST requires the recruitment of a multitude of proteins to establish XCI
across placental mammals, highlighting the importance of IncRNA-protein
interactions in this process. Given XCl and X/ST are present in all placental
mammals, XIST is an important model for understanding the co-evolution of
functional IncRNA-protein interactions when the INcRNA sequence is changing

rapidly compared to protein interactors.
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1.6.3. Stages of XCIl: Maintenance

The XCl is a dynamic process that employs many layers of regulation across space
and time to ensure robust and faithful dosage compensation consistently. Indeed,
there is a specific developmental time window when XIST initiates XClI, after which
XIST expression becomes dispensable for maintenance of X-linked gene repression
(Section 1.4).

In a similar manner, the Xi adopts a distinct localisation within the nucleus, which is
separate to the one seen for the active X chromosome (Comings, 1968). The
position where the Xi is observed depends on the stage of the cell cycle that cells
are found at, with the majority of cells displaying a perinuclear (near the nuclear
envelope / nuclear lamina) Xi in interphase (Dyer et al., 1989). Some of the
aforementioned proteins (Section 1.6.2) are mediators of XIST-induced Xi tethering
to the nuclear lamina, given XIST has been observed both on the Xi and the nuclear
lamina (Jonkers et al., 2008). Nuclear lamina localisation is thought to be concordant
with gene expression repression (Shevelyov et al., 2009). If this was the case,
depleting SPEN (a key protein previously described to silence active X-linked genes)
would not be enough to abolish X-linked gene activity, since localisation to the
nuclear lamina mediated by other proteins would contribute to gene silencing.
However, X-linked gene transcription was still observed in the nuclear lamina
following SPEN depletion and XIST could still access those genes (Chen et al.,
2016b). On the other hand, upon depletion of LBR, one of the proteins involved in
XIST tethering to the nuclear lamina, the ability of XIST to access X-linked genes
was lost, implicating a link between nuclear lamina tethering and XIST spreading
(Chen et al., 2016b).

Towards the late S phase of the cell cycle, most cells shift their Xi to a perinucleolar
(adjacent to the nucleolus) position, presumably to spatially separate
heterochromatic regions that are replicated last (Zhang et al., 2007). It is likely this
compartmentalisation ensures the carry-over of the epigenetically inactive state of
the X to the next generation, ensuring long-lasting XCI maintenance. It is also at this
stage when XIST expression does not co-localise with the Xi and instead displays a
diffuse signal in the nucleus (Jonkers et al., 2008).



33

Given the consensus that XIST expression is not necessary for the maintenance
stage of XCI, most studies have focused on characterising the protein interactome of
XIST at the onset of XCl in stem cells that can be induced to differentiate. Therefore,
it is likely that protein interactions identified at the onset of XCI, might not persist
throughout the maintenance stage of XClI. In fact, since 2017 (the beginning of this
project), there were no studies to characterise XIST protein partners in differentiated
cells. Two recent studies have examined the identity of proteins bound to XIST from
HEK293 kidney (Graindorge et al., 2019), K562 myeloid and GM12878 B-cell (Yu et
al., 2021), which are all differentiated cells. In fact the latter study showed an overlap
of ~57% between protein partners of XIST at the onset vs the maintenance stage of
XCI (Yu et al., 2021). Why would a dispensable IncRNA for XCI maintenance be
dynamically exchanging protein partners? More importantly, how do the functions of

those proteins differ and what implications does that hold for XCI?

1.7. Placental mammal differences in development and reproductive
morphologies

In the previous sections (Sections 1.4-1.6), XIST was shown to be present and
orchestrate XCI across placental mammals, often employing similar effector proteins
between human and mouse. Clear differences pertaining to XIST features as well as
details of the XCI process were also laid out. Despite that, most of the knowledge
about XIST's role in XCl and XIST's protein partners is derived from studies of the
mouse and mouse and human stem cells. However, the mouse is not representative

of all mammails.

In fact, differences between placental mammals are evident from their gestation
period, even prior to embryonic development. During very early embryonic
development, the timing of embryonic genome activation (EGA) varies across
different placental mammals. In mice EGA begins at the 2-cell stage, in humans and
pigs at the 4- to 8-cell stage whereas it's from the 8- to 16-cell stage in cows and
sheep (Telford et al., 1990). Variation in EGA could affect the timing of lineage
specification commitment. For example, cell fate commitment of the trophectoderm
lineage (crucial for blastocyst formation) occurs much faster in mice compared to
pigs (Wei et al., 2018) and cattle (Berg et al., 2011, Wei et al., 2017). Xist expression
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is also seen at different developmental windows in different placental mammal
species, not always equating the onset of XCI. Xist expression can be detected from
the late 2-cell to 4-cell stage in mice (Deuve et al., 2015), 8-cell stage (van den Berg
et al., 2009) or later in humans (Petropoulos et al., 2016), 8-cell stage or earlier in
cows (De La Fuente et al., 1999) and 16-cell stage in pigs (Park et al., 2011). Due to
the imprinted nature of the first XCI wave in mice, expression of Xist will trigger XCI
whereas as seen for human (Okamoto et al., 2011, Petropoulos et al., 2016,
Sahakyan et al., 2017) and cow (Yu et al., 2020), XIST upregulation on an X
chromosome is not equivalent to gene silencing early on in systems where XCI
occurs randomly in a single step. Furthermore, implantation timing varies across
species with the mouse and human embryo implanting in the endometrium five and
seven days after fertilisation, respectively whereas pigs and cattle could take up to
two to three weeks, respectively (Berg et al., 2010, Bou et al., 2017). Humans more
closely resemble cows during early development, since factors for cell lineage
specification and cell signalling (e.g. octamer-binding protein 4 - OCT4) are required
earlier in embryo development compared to the mouse (Fogarty et al., 2017,
Daigneault et al., 2018).

As the name placental mammals suggest, all species in this clade have a placenta.
However, there are differences in the structure the placenta adopts during pregnancy
with respect to its shape and its interface with the uterine wall (Figure 1.4). The
placental morphology of cows and sheep (‘cotyledonary’) is different to that of pig
(‘diffuse’) or human and mouse (‘discoid’). Cotyledonary refers to the presence of
‘cotyledons’ or spot-like structures which can connect to the uterine wall for resource
exchange. Diffuse means that there is an extended surface area allowing for a
greater nutrient supply whereas discoid, resembling a disc, has a small surface area
(Mess, 2014, Gundling and Wildman, 2015, Roberts et al., 2016). Thus, although
part of the same clade, placental mammals have diverged sufficiently to display
distinct developmental and XCl-related characteristics. Hence, the aforementioned
differences in placental mammals could have provided grounds for XIST to evolve
different protein partners, in a species-specific way, so that XCl can be achieved in
the context of divergent placental mammal developmental. Knowledge about
placental mammal divergence times as well as their evolutionary relationships would

thus be conducive to an assessment of interacting partner conservation.
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Figure 0.5. Diversity of placental morphology across eutheria.

The placenta of horses and pigs develops to a flat and thin surface for the embryo to
be as close as possible, ensuring an efficient exchange of small molecules between
the foetal and maternal circulation via micro-cotyledons (top left). Micro-cotyledons
are groups of highly vascularized projections which extend into cavities in the
endometrium and serve as the interface between the foetus and the parent. These
structures probably developed in size in the placenta of cows and sheep (top right).
Placentas of dogs and cats surround the embryo in a band of tissue, rich in
vasculature (bottom left). In contrast, the placenta adopts a discoid shape mice and
humans (bottom right). Adopted from (Roberts et al., 2016).
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1.8. Project aims

The XIST IncRNA is a master regulator of the XCI process which is indispensable for
embryonic development. XIST is expressed across all placental mammals and all
placental mammals employ XCI to achieve dosage compensation. However, most of
our knowledge about XCI mechanisms derives from studies of mouse Xist. Recent
studies into human XIST have revealed its protein interactome can be cell-type and
XCl-stage dependent. The mechanisms of how XIST functions in placental mammals
other than mouse and human is unclear. XClI in placental mammals only occurs in
females and the expression of XIST is higher in female reproductive tissues.
Moreover, prominent differences between placental mammals relate to their
divergent reproductive morphologies and early pregnancy events. Despite those,
XIST is modestly conserved across mouse, human, cow and pig, which is in contrast
to the IncRNA class of molecules, generally displaying low to no sequence
conservation. Therefore, it's possible that a eutherian-wide XIST protein partner
interactome has been maintained across all placental mammals given the common
endpoint of XCI. Given the lack of a high XIST sequence conservation, this would
either require short regions of conservation or compensatory mutations on its protein
partners for an interaction to be maintained. LncRNA-protein partner co-evolution
has not been investigated previously given the trend of IncRNAs lacking sequence
conservation. Alternatively, aforementioned differences could have provided grounds
for XIST protein partners to diverge accordingly in each placental mammal whilst still
achieving XCI. To date, no protein partners of XIST from placental mammals outside
of mouse or human have been elucidated and none have been investigated in the
context of reproductive tissues/cells.

This project aims to dissect the XIST IncRNA protein partners across placental

mammals with different early pregnancy events by addressing 3 main objectives:

1) To examine whether already characterized mouse Xist protein partners are
conserved and present in uterine-derived tissues/cells from human, cow and
pig. These species represent mammals with different implantation strategies
and early pregnancy events. To this end, Clustal-w will be used for

conservation score estimates and RT-qPCR together with western blotting will
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3)
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assay for a concomitant expression of XIST and its putative protein partners

in uterine-derived tissues/cells.

To determine whether putative protein partners of XIST interact with XIST
from human and cow in uterine-derived tissues/cells. This will be addressed
via pulldown assays coupled to western blotting and mass spectrometry.
Based on results from data analysis of the previous objective, candidate
protein partners will be selected and their interaction with XIST validated and

their roles in XCI and reproduction further investigated.

To assess for a potential functional shift in a subset of XIST protein partners
across mouse, human, cow and pig lineages as a result of positive selection.
Selective pressure variation analyses will be performed via codon-based

models of evolution using the PAML suite of tools, available from the VESPA

pipeline.
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2. Chapter 2: Characterisation of XIST and protein partner conservation
and expression across human, mouse, cow and pig

2.1 Introduction

Maintaining gene dosage across sexes is vital since an imbalance would be
deleterious for embryo developmental competency and failure to do so would result
in embryonic lethality. All placental mammals employ XIST for XCI to achieve
dosage compensation. XIST is a IncRNA, the length of which varies depending on
placental mammal species, from 17 to 35 kb IncRNA (human XIST: 19.2 kb; cow
XIST: 35 kb). Across XIST's first and last exons, repetitive regions discovered serve
as its ‘functional domains’ (Brockdorff, 2018). Namely, repeats A, B, Cand E
contain protein binding sites for as many as 81 proteins in mouse (Chu et al., 2015b)
and can also fold into complex secondary structures (Pintacuda et al., 2017b). Once
XIST is expressed in a cell, it recruits a multitude of protein partners to orchestrate
the repression of active genes on the X chromosome to achieve dosage
compensation (Jegu et al., 2017).

Some of those partners have been elucidated in mouse and human (details in
Section 1.7.4). Briefly, Spen was shown to interact with the A-repeat of Xist in
mouse embryonic stem cells (Monfort et al., 2015, Chen et al., 2016b, Lu et al.,
2016, Lu et al., 2020b) and in human embryonic kidney cells (HEK293T) (Graindorge
et al., 2019). SPEN mediates the silencing of active genes on an X chromosome via
associating with the NCOR2/SMRT complex, the NuRD complex and HDACS3,
remodelling chromatin and excluding RNAPII from active genes of the Xi elect
chromosome in mice (Dossin et al., 2020). Rom15 and Wtap proteins were found to
interact with the A-repeat of mouse Xist (Chu et al., 2015b, McHugh et al., 2015) and
play a role in X-linked gene silencing. In particular, RBM15 was also shown to recruit
the m6A methylation machinery (METTL3/4) to XIST via associations with WTAP in
HEK293T cells (Patil et al., 2016). hnRNPK is able to bind repeat B and C of mouse
Xist (Almeida et al., 2017, Pintacuda et al., 2017a, Bousard et al., 2019) and interact
with human XIST (Lu et al., 2020). hnRNPK links PRC1/PRC2-mediated repressive
chromatin modification (H2AK119ub1 and H3K27me2/3) installation on active X-
linked genes (Chu et al., 2015b, Pintacuda et al., 2017a). Hnrnpu binds Xist in
mouse Neuro2A (Hasegawa et al., 2010) and HEK293T cells (Lu et al., 2020a) and
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plays a role in XCI by localising Xist on the X chromosome by bridging mouse Xist
RNA and chromosomal DNA using different domains. Ciz1 binds Xist repeat E and is
involved in anchoring Xist to the nuclear matrix (nuclear periphery) and to the Xi,
facilitating gene silencing (Ridings-Figueroa et al., 2017, Sunwoo et al., 2017,
Stewart et al., 2019). Lbr was identified as a bona fide interacting partner of mouse
Xist, mediating proper. Lbr interacts with Xist specifically via its repeat A region
(McHugh et al., 2015, Chen et al., 2016b, Lu et al., 2020b) and tethers Xist in the
cell’s nuclear lamina (Chen et al., 2016b). Altogether, effector proteins are necessary
for Xist to commence and establish XClI, although a detailed list of those is currently

lacking outside of human and mouse.

Contrary to most members of the INncCRNA class which exhibit rapid evolution and
thus lack conservation (Pang et al., 2006), XIST is an atypical IncRNA considering its
moderate conservation among the eutherian clade (Yen et al., 2007). Yet our current
knowledge regarding the role of XIST and its interaction partners in XCl comes from
either the mouse model or human and mouse stem cells which are unlikely to be
representative of the entire eutherian clade. For instance, certain XCI milestones
such as temporal XIST expression and X-linked gene silencing are achieved at
different time-points in distinct placental mammal species (Okamoto et al., 2011,
Vallot et al., 2016). The timing of implantation differs among placental mammals with
the mouse and human embryo implanting in the uterus five and seven days after
fertilisation, respectively whereas pigs and cattle could take up to two to three
weeks, respectively (Berg et al., 2010, Bou et al., 2017). There is also substantial
variation in development and reproductive morphologies across the placental
mammal clade. Furthermore, the nature of XClI varies (imprinted vs random) along
with the extent of XCl escape across placental mammals. During mouse embryo
development, there is a wave of imprinted XCI where the paternal X is preferentially
briefly inactivated from the 4-cell stage to the blastocyst until the paternal X is
reactivated transiently in preparation for the second wave of random XCI (reviewed
in (Vallot et al., 2016). However, in humans (Petropoulos et al., 2016) and pigs (Zou
et al., 2019), a single wave of random XCI has been described so far whereas the
picture is unclear in cow (Xue et al., 2002, Dindot et al., 2004, Chen et al., 2016c,
Couldrey et al., 2017).
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Therefore, under the prism that eutherian mammals have diverged in terms of their
early development, XCI timing and reproductive morphologies, it is possible that their
mechanisms of XCI have diverged as well, perhaps co-opting new protein players.
The aim of this chapter is to investigate whether the XIST interactome identified in
the mouse is shared across placental mammals or if species-specific XIST protein
partners have evolved. The first step to identify protein partners of XIST in placental
mammals was to examine whether the previously discovered proteins found to
interact with mouse Xist are shared. This chapter will focus on work done to
determine the conservation of XIST putative protein partners and assessing whether
they are present in reproductive tissues from placental mammals with different

implantation strategies.
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2.2 Materials and Methods

2.2.1 Sequence conservation analysis of XIST and putative protein partners

The RNA sequences of XIST and its mouse protein partners were sourced from
Ensemble v90. More specifically, the following RNA sequences were used for XIST
(GeneBank identifiers for each species in brackets; accessed 19 April 2018): human
(NR_001564.2), mouse variant 1 (NR_001463.3), pig (KC753465.1) and predicted
bovine variant 1 (XR_001495594.1). The predicted NCBI Nucleotide entry was
created from RNA seq data with the NCBI Eukaryotic Genome Annotation Pipeline.
The following amino acid sequences were retrieved from UniProt
(https://www.uniprot.org/) for mouse, human, pig and cow, respectively (Uniprot
accession numbers for each species in brackets; accessed 19 April 2018): SPEN
(Q96T58, 062504, AOA287BPC2, FIMRK2), WTAP (Q15007, Q9ER69, F1SB61,
F1MN80), RBM15 (Q96T37, Q6PHZ5, F1S619, E1BFX6) and ClZ1 (Q9ULV3,
Q8VEH2, FIRRW9, F1MZB8).

To compare the sequence identities of XIST RNA sequences across the four species
and the amino acid sequences coding for protein partners of mouse Xist, the multiple
sequence alignment software Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used with the default settings to

derive percent identity matrix scores. The default transition matrix is Gonnet, gap

opening penalty is 6 bits, gap extension is 1 bit.

To consider whether % similarity scores observed for amino acid sequences of
putative XIST protein partners spanned a protein’s functional domains, the InterPro
website was used (https://www.ebi.ac.uk/interpro/) (Blum et al., 2021) to predict the
location and identity of domains using the human homolog of these proteins (given
its superior annotation). Where available, predictions were confirmed by browsing for
the domains described for the human homolog in Uniprot as well. The start/end
location of domains along with their identity were overlaid on the multiple sequence

alignment performed.
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2.2.2 Cell culture and tissue handling

Unless stated otherwise, all consumables were sourced from Sigma-Aldrich (UK).

ISHIKAWA cells were a kind gift from Prof. Aplin (Manchester University) and Dr
Karen Forbes (University of Leeds)(European Collection of Authenticated Cell
Cultures: Cat. No. 99040201). These were grown at 37°C (5% COz2) in a 50-50 mix of
two different media DMEM and F12 B-Nut mix (ThermoFisher) supplemented with
10% (v/v) heat-inactivated Fetal Bovine Serum and 5% (v/v) Penicillin-Streptomycin-
Glutamine. To passage, cells were washed with 1x PBS (-CaClz, -MgCl2) and
detached with 0.025% trypsin in PBS for 5 minutes. Cell suspensions were
centrifuged at 1000 xg for 5 minutes and pellets resuspended in complete media

before splitting at 1:4 every two days.

Endometrial tissue was collected from the ipsilateral uterine horn at the late luteal
stage of the estrous cycle from female Bos taurus cows and Sus scrofa pigs (local
slaughterhouse). Mouse uteri (n=3) were collected from unknown age female NFAT-
Luc ApoE Mus musculus following a schedule one procedure. All tissues were snap-

frozen in LN2 and stored at -80°C.

2.2.3 Generation of cell and tissue lysates for RT-gPCR expression profiling

For cytoplasmic/nuclear fractionation, a pool of ~30 million ISHIKAWA cells were
lysed in a hypotonic lysis buffer [10 mM HEPES (ThermoFisher), 1.5 mM MgClz, 1
mM KCI, 0.5 mM DTT, supplemented with EDTA-free protease inhibitor cocktail] for
40 minutes on ice. Lysates were centrifuged at 800 xg for 8 minutes and the
supernatant (cytoplasmic fraction) was transferred into a fresh tube and centrifuged
twice more whereas the pellet (nuclear fraction) was resuspended in 1 ml of ice-cold
hypotonic lysis buffer. The resuspended pellet was kept on ice for 5 minutes before

centrifuging at 800 xg for 8 minutes and then resuspending in 500 ul of PBS.

Bovine endometrial and mouse uterine tissue pieces were homogenised via a
mechanical rotor (Heidolph SilentCrusher S) in 600 ul of RNA lysis buffer (mirVana

miRNA isolation). Up to four 20-second pulses were used to create single cell
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suspensions. Total RNA was isolated (mirVana miRNA isolation) by adding 1/10
volume (60 ul) miRNA Homogenate Additive to each homogenate and vortexing for
20 seconds. The homogenates were incubated on ice for 10 minutes, after which 1
volume (600 pl) of acidified phenol:chloroform was added to each sample and these
were vortexed for 30 seconds. The samples were then centrifuged at 10,000 xg for 5
minutes at room temperature and the aqueous phase was collected. Then, 1.25
volumes of 100% ethanol were added to the aqueous phase, mixed and added to a
filter column which was centrifuged at 10,000 xg for 15 seconds. The filter column
was washed with 700 yl miRNA Wash Solution 1 and centrifuged at 10,000 xg for 20
seconds, followed by the addition of 500 ul Wash Solution 2/3 and a second
centrifugation at 10,000 xg for 20 seconds. The filter cartridge was dried by
centrifuging at 16,000 xg for 1 minute. RNA was eluted into a fresh collection tube
using 50 yl of nuclease-free water pre-heated at 95°C. Tubes were centrifuged at
10,000 xg for 30 seconds. Samples were quantified using the NanoDrop N1000
(Thermo Fisher Scientific, USA) and stored at -80°C.

2.2.4 RT-qPCR expression profiling of XIST and putative protein partners

To synthesize cDNA, 1 ug of RNA was used per sample (High-Capacity cDNA
Reverse Transcription, ThermoFisher), according to the manufacturer’s instructions,
in a Veriti PCR thermocycler (Applied biosystems, UK). Briefly, in the final reaction, 1
pg of RNA was mixed with 4 mM dNTPs, 1x random primers and MultiScribe ™
Reverse Transcriptase in ddH20. Cycling conditions were at 25°C for 10 minutes,
37°C for 2 hours and 85°C for 5 minutes. RT-qPCR was carried out using the SYBR
Green dye (Roche Diagnostics LightCycler 480 SYBR Green I) and LightCycler 480
Il (Roche, UK). All samples were diluted accordingly so that 10 ng of cDNA were
loaded per 10 ul RT-gPCR reaction and primers were used at 0.5 uM final
concentration per reaction. Serial dilutions were prepared from a 1:10 diluted pool of
cDNA derived from all cDNA samples assayed. The thermocycling program used
was as follows: once at 95 for 5 minutes, 45 times at 95°C for 10 seconds, 60°C for
10 seconds and 72°C for 10 seconds. Melt curves were estimated by heating for 5
seconds at 95°C, 65°C for 1 minute followed by a continuous increase to 970C while

acquiring fluorescence readings (5/°C). Expression levels obtained for the various
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genes of interest assayed (using primers in Table 2.1) in the different systems were

normalised to B-actin (Actb) from each species. To calculate expression relative to

Actb, the following formula was used: 22Cly;s¢ Ctaci).

Table 2.1. List of primers used for RT-qPCR assessment of transcript

abundance for XIST and the mRNA of its mouse protein partners.

Primer
Species Gene Orientation Sequence (5'-3")
XIST Forward GGCTCCTCTTGGACATTCTGAG
Reverse = AGCTTGGCCAGATTCTCAAAG
SPEN Forward GAAGGATGACGGTGGAGACAGA
Reverse @ CTTGAGGGACTCGGTCTGGC
WTAP Forward CTAAAGCAACAACAGCAGGAGTC
Reverse = GGTACTGGATTTGAGTAGTACACTCT
RBM15 Forward GTCTTCTTGTGGAGGGTTCAACT
Reverse @ CCCTGCTACTTTGATGCGTC
Forward AGGAGTACCTGGTGTGTTTCTCAT
Human LBR
Reverse = CTGGCAAAGGAGGAGGGAA
cIZ1 Forward GAGATGCCAGGGGTATGGG
Reverse = TGGAGGAGACGGAGTCACTGG
hnRNPK Forward GCGTCCCATGCCTCCATCTAGAAG
Reverse n CTGAAACCAACCATGCCGTC
hnRNPU Forward GCTATCCATACCCTCGTGCC
Reverse @ CGTCCTCTGAAGTTCTGGTTGT
ACTB Forward CTTCCTGGGCATGGAGTCC

Reverse

TGATCTTGATCTTCATTGTGCTGG
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Primer
Species Gene Orientation Sequence (5'-3")
Xist Forward AGTGGAAATTGGCTGGATTCAG
Reverse CTTGGTCTTGGGGATAGAAGGA
Spen Forward CTCCAATCAGCCTGCCTACG
Reverse GTTCAGAGCCTCACACCGAG
Wiap Forward ACCACTCAAATCCAGTACCTCAAG
Reverse TTGGGCTTGTTCCAGTTTGTC
Rbm15 Forward ACCGATTTGGCACCATTCG
Reverse CCTGAGGCGACGATCTGG
Mouse Lbr Forward CAGGAGAGAAGAGGTCAAAGCC
Reverse = ATGAGGACCGCACCAGGTACT
Ciz1 Forward CAAGCAGGTGAAGCCGAG
Reverse = TTTGACAGACATAGCCCATCACT
hnRNPK Forward TCCGTACAGACTACAATGCCAG
Reverse GCCCTCTTCCAAGGTAGG
hnRNPU Forward AGAGGACCGAGTTAGAGGACC
Reverse CCTGCCACCATCATCTTGTC
Forward GGCACCAGGGTGTGATGG

Actb

Reverse

TCCATGTCGTCCCAGTTGG
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Primer
Species Gene Orientation Sequence (5'-3")
XIST Forward AATCGTTTGTGTTGTGTGAGTGG
Reverse TACTTAGCACAGTTACCCCTCAG
SPEN Forward CAGTGACAGCACTGATTCCAGC
Reverse CGCACTGGAAGATTCTGAACC
WTAP Forward GGAACAAGCCCAAAATGAACTG
Reverse GAGATCAGCAATGGTGGACCC
RBM15 Forward ACCATACGCACCATTGACTACC
Reverse GTCTACTCTAAGGCGACGATCTG
Cow |BR Forward GCTGGTGCTGAAGCCATTTG
Reverse CCTGTGTGTGTTTGTGAGGCAT
CIZ1 Forward CACCCGAAGACCAGGAACC
Reverse GGCGGCTCAGAGGCTTCA
hnRNPK Forward GAATCTTCCTCTTCCACCACC
Reverse CTGAAACCAACCATGCCATCA
hnRNPU Forward GGCATTGGCTATCCGTACC
Reverse CGTCCTCTGAAGTTCTGGTTGT
ACTB Forward CGCCATGGATGATGATATTGC

Reverse

AAGCCGGCCTTGCACAT



47

Primer
Species Gene Orientation Sequence (5'-3")
XIST Forward AGAAAGGGTGGTGGAATTGGTC
Reverse GGTGCTGACTGGCTGAATAGAG
SPEN Forward AGTGACAGAAGAGAAGACCACGG
Reverse GAGTCCACTTGTTCAGGCTGTTG
WTAP Forward CTAGCAACCAAGGAGCAAGAG
Reverse CGACCATTGTTGATCTCAGTTGG
RBM15 Forward CAAAGGTGACAGTTGGGCATAC
Reverse = AAGTCTACTCTAAGGCGACGATC
Pig |BR Forward GCCTCGGAATGACCTGTC
Reverse = TAATGACCACCCAGCCAATCA
cIZ1 Forward CCAAGACGAGGACCACTTCATC
Reverse = ATCTCACCTGCTTGCAGAATTCC
hnRNPK Forward AAGGAAGCGACTTTGACTGC
Reverse GTCTGAGTGTTCTCCCGAAGTT
hnRNPU Forward AACAGAACAGAAAGGCGGAG
Reverse GCGATTTGGCTCTGCTATACT
ACTB Forward GCACGGCATCGTCACCAAC
Reverse GTCCAGACGCAGGATGGC
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2.2.5 Protein lysate generation for immunoblotting profiling of putative XIST protein
partners

To generate protein lysates, 10 million ISHIKAWA cells were lysed in 250 ul of RIPA
buffer (150 mM NaCl, 1% IGEPAL, 0.5% Sodium deoxycholate, 0.1% SDS, 25 mM
Tris (pH 7.4), supplemented with protease inhibitor cocktail in ddH20). Three
biological replicates were performed. Cell lysates were incubated on ice for 10 minutes
and passed five times through a 21 G needle and syringe to homogenise. Cell lysates
were centrifuged at max speed (17,000 xg) for 1 minute to remove insoluble material

and supernatants were frozen at -20°C.

Bovine endometrial and mouse uterine tissue pieces were homogenised via a
mechanical rotor (Heidolph SilentCrusher S) in 600 ul of RIPA buffer and protein
lysates were generated as described above. Up to four 20-second pulses were used
to create single cell suspensions.

To quantify the protein concentration in each lysate, the Pierce™ BCA Protein Assay
Kit was used according to the manufacturer’s instructions using two technical
replicates for each of three biological replicates. Briefly, 25 pyL of each standard or
unknown sample was pippeted into a 96-well microplate with transparent bottoms,
using fresh RIPA buffer or water for the blank control. Then, 200 uL of the working
reagent mix (Reagent A:Reagent B, 50:1) were pipetted into each well and the plate
was mixed thoroughly on a plate shaker for 30 seconds. The plate was then covered
with foil and incubated at 37°C for 30 minutes. The absorbance was measured on a

plate reader at 595 nm.

2.2.6. Protein profiling of putative XIST protein partners via wester blotting

Protein samples were diluted with in 6x Laemmli buffer (1.2 g SDS, 6 mg
bromophenol blue, 4.7 ml glycerol, 1.2 ml Tris 0.5M pH6.8, 0.93 g DTT, 2.1ml
ddH20) and heated at 95°C for 5 minutes. Proteins were separated on a denaturing

10% SDS-polyacrylamide gel at 90 V for 30 minutes and 150 V for 80 minutes using



49

1x running buffer (1x running buffer, 0.025 M Tris, 0.25 M Glycine and 0.1% SDS in
water). Subsequently, proteins were wet-transferred) onto a 0.22 ym PVDF
membrane at 200 mA for 1.5 hours using 1x transfer buffer (25 mM Tris and 192 mM
Glycine with 20% methanol in water). Membranes were blocked with 5% Marvel milk
powder in PBS-T (0.5% Tween) for 1 hour at room temperature while rolling. Blots
were incubated with primary antibodies (Table 2.2) overnight at 4°C while rolling,
washed three times in PBS-T (0.5% Tween) at room temperature for 10 minutes
each while rolling and incubated with secondary HRP-conjugated antibodies for 1
hour at room temperature while rolling. Membranes were washed three times in
PBS-T (0.5% Tween) at room temperature for 10 minutes each while rolling and
developed using ECL (Biological Industries, UK). Chemiluminescent signal was

detected using a ChemiDoc XRS+ imaging system (BioRad, UK).



Table 2.2. List of antibodies.

Primary

Secondary
(HRP-linked)
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Technology

Protein Species Supplier Dilution Cat. No. #
1:1000-
B-tubulin Mouse DSHB E7-S
1:5000
60881-1-
WTAP Mouse ProteinTech 1:1000 |
g
WTAP Rabbit Abcam 1:1000 ab195380
10587-1-
RBM15 Rabbit ProteinTech 1:1000
AP
hnRNPK Rabbit Abcam 1:1000 ab52600
14599-1-
hnRNPU Rabbit ProteinTech 1:1000 =
PA5-
Clz1 Rabbit ThermoFisher 1:1000
27625
H3K27me3 Mouse Abcam 1:1000 ab6002
SPEN Rabbit Abcam 1:1000 ab72266
Lamin B1 Rabbit Abcam 1:1000 ab133741
Cell Signalling
Mouse IgG Goat 1:5000 7076S
Technology
_ Cell Signalling
Rabbit IgG Goat 1:5000 7074S
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2.3 Results

2.1.1. Estimation of XIST RNA conservation across four placental mammals with
divergent early pregnancy morphologies

To examine how the sequence of XIST varies across placental mammals, human,
mouse, cow and pig were selected as they represent species with different
implantation strategies. The RNA sequence of full-length XIST was available for
human, mouse and pig. The complete XIST RNA sequence was not available for
cow, and so the predicted entry for the longest variant was used (NCBI Reference
Sequence: XR_001495594.2). The conservation of the XIST RNA sequence in the
four species tested was estimated to be ~61-73% (Table 2.3A). More specifically,
comparing Xist from mouse with other placental mammals here, conservation was
~63% at highest whereas XIST conservation among human, cow and pig could be
as high as ~73%.
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Table 2.3. XIST contains regions of high conservation in human, mouse, cow
and pig.

Percent identity matrices were generated from aligning full-length XIST nucleotide
sequences or repetitive regions on the XIST RNA from human, mouse, cow and pig
with Clustal-w (default settings; see Methods). Percent identity scores are a proxy for
conservation where a high % value shown represents similarity between the two

compared sequences (darker colours show higher similarity).

A

Full-
length
XIST

60.96 | 78.72

90.32 | 89.44

F-repeat

C-repeat

Mouse

Mouse
Human 63.57

Cow 53.85 Human

repeat

Mouse

Human 50.82

71.34 | 84.65 Cow 5159 54.58
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Aligning the sequences from XIST's repeat regions confirmed that some regions
within XIST are more conserved compared to full-length XIST across human, mouse,
cow and pig (Table 2.3B-G). Among the well-documented repetitive regions
characterised in mouse Xist, repeats A, B and D displayed the highest conservation.
Repeat A displayed the highest % identity score ranging from ~76% to 90% between
the four species tested (Table 2.3B). As seen from full-length XIST comparisons,
mouse Xist repeat A was at highest 81% similar to pig, whereas human XIST repeat
A was at highest 90% similar to pig. Repeat B exhibited similarly higher % identity
scores than full-length XIST, ranging from 62 to 91% depending on the species
compared (Table 2.3C). In contrast to repeat A, mouse Xist repeat B conservation
was only ~60% similar to human but ~85 and ~91% similar to cow and pig,
respectively. Human XIST repeat B ranged from 60-63% in similarity to mouse, cow
and pig. Repeat D from mouse was slightly more similar between cow (~74%) and
pig (~76%) than human (72%) (Table 2.3F). Repeat D from human was more similar
to mouse (~72%), than to cow (~67%) and pig (~71%).

Nonetheless, the F and C repeats are moderately conserved in the species they
have been mapped to (Table 2.3D&E). Mouse repeat F was ~64 and ~54% to
human and cow, whereas human repeat F was ~86% similar to cow (Table 2.3D).
Repeat C is only found in mouse and human in the assayed species where it was
~64% similar (Table 2.3E). The E repeat is another example of a repetitive region for
which, as of yet, there is no evidence for its presence in the pig. In the three species
for which there was evidence of the E repeat, its conservation when considered in
isolation, was lower than full-length XIST, displaying an identity % score range of 50-
54% (Table 2.3G). Namely, mouse repeat E was ~51% similar to human and cow
whereas human repeat E was ~51 and ~55% similar to mouse and cow,
respectively. Overall, previously characterised XIST repeats are >50% conserved
across human, mouse cow and pig. In particular, repeats A, B and D are more
conserved than full-length XIST in human, mouse cow and pig. Repeats A and E
were more similar across human, cow and pig whereas repeat B and D were more
similar across mouse, cow and pig. In all comparisons, repeats from cow and pig

were more similar between each other than to human or mouse.
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2.1.2. Conservation analysis estimates for protein partners identified in mouse Xist

At the amino acid sequence level, all seven proteins examined exhibited high

similarity (>70%) between human, mouse, cow and pig (Table 2.4).

Specifically, human CIZ1 was ~73% similar with mouse and ~80% similar between
cow and pig. Mouse Ciz1 was ~70% and ~69% similar between cow and pig,
respectively. Human LBR exhibited an ~80% similarity with mouse, but an ~87% and
an 86% similarity with cow and pig, respectively whereas mouse Lbr was 80% and
79% similar to cow and pig LBR, respectively. Human SPEN was ~83% similar to
mouse, and 88% similar to cow and pig. In contrast, mouse Spen was ~80% and
81% similar to cow and pig. Human RBM15 demonstrated a 94% similarity to mouse
but a ~98 and ~97% similarity towards the cow and pig amino acid sequence. Mouse
Rbm15 was only 94% similar to the cow and pig sequence. Likewise, human WTAP
was ~96% similar to the mouse one, and ~95% similar to cow and pig WTAP. Mouse
Wtap was 95% similar to cow and 94% similar to pig. Human and mouse hnRNPK
are 100% identical and ~99% similar with the cow and pig protein. In contrast,
Human and mouse hnRNPK share 97% similarity, with human and mouse showing
~99% and 98% similarity to cow and ~98% and ~97% similarity with pig,
respectively. In summary, putative XIST protein partners were highly conserved:
ClZ1 (~70%) < LBR (~80%), SPEN (~80%) < RBM15 (~95%), WTAP (~95%) <
hnRNPK, hnRNPU (~99%).
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Table 2.4. High conservation of putative protein partners of XIST in human,
mouse, cow and pig.

Percent identity matrices were generated from amino acid sequences aligned with
Clustal-w (default settings) as a proxy for conservation and represent similarity
between the two compared sequences. The default transition matrix is Gonnet, gap
opening penalty is 6 bits, gap extension is 1 bit. The following peptide sequences
were retrieved from UniProt for mouse, human, pig and cow, respectively: SPEN
(Q96T58, Q62504, AOA287BPC2, FIMRK2), WTAP (Q15007, Q9ER69, F1SB61,
F1MN80), RBM15 (Q96T37, Q6PHZ5, F1S619, E1BFX6) and ClZ1 (QQULV3,
Q8VEH2, FIRRW9, F1MZB8).

Human (against)

Mouse Cow Pig
Sequence Gene name Amino acid % identity
SPEN 82.7 88.4 88.3
WTAP

RBM15
Peptide LBR 80.3 87.2 85.7
Clz1 72.5 79.9 80.3

hnRNPK

hnRNPU
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The majority of SPEN’s protein domains appear to be found within stretches of
complete sequence similarity as indicated by the stars in Figure 2.1A-E. Two
exceptions were the first 20 aa in the RNA recognition motif 1 (RRM1) and RRM2 in
all species, and the lack of a Spen paralogue and orthologue, C-terminal (SPOC)
domain in the pig (Figure 2.2A&E). Given a poor annotation score on Uniprot, it is
likely this protein has not been well-characterised in pig. All domains predicted by
InterPro for RBM15, WTAP and hnRNPK proteins were conserved (Figures 2.3-2.5).
All domains of the hnRNPU protein were conserved with the exception of the pig
sequence lacking a SAP domain (Figure 2.6). A large portion of each domain of the
LBR and ClZ1 proteins was conserved, with several amino acid stretches lacking a
conserved consensus sequence (Figure 2.7 and 2.8). Overall, in most cases the
regions of high conservation seen for the amino acid sequence of the proteins

tested, completely overlapped the proteins’ functional domains.
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A M_SPEN =mecccceeee e MVRE-===~ TRHLWVGNLPENVREEKIIEHFKRYGRVE
b SPEN = —eceecccmmmmmeeeeccccceea FVH-SKQYFWNENENIESVKRFSDFFRYGRVE RRM1
h_SPEN =  ——cmmmmmmeeeeeeee e MVRETRH----- LWVGNLPENVREEKIIEHFKRYGRVE
p_SPEN MEGRPKPHASFGGHVESQHAEPTLESAAKSHGGPRVQGQL--QSKDVSFHSTNIQYGRVE
.. chAARE
m_SPEN SVKILPKRGSEGGVAAFVDFVDIKSAQKAHNSVNKMGDRDLRTDYNEPGTIPSAARGLDE
b_SPEN SVKILPKRGSEGGVAAFVDFVDIKSAQKAHNSVNKMGDRDLRTDYNEPGTIPSAARGLDD
h_SPEN SVKILPKRGSEGGVAAFVDFVDIKSAQKAHNSVNKMGDRDLRTDYNEPGTIPSAARGLDD
p_SPEN SVKILPKRGSEGGVAAFVDFVDIKSAQKAHNSVNKMGDRDLRTDYNEPGTIPSAARGLDD
HRRRRARA AR kA AR A AR AR ARk AR A AR AR kAR AR AR AR ARk kA s
m_SPEN KSFGIKVQNLPVRSI-~~-DTSLKDGLFHEFKKFGKVTSVQIHGASEERYGLVFFRQQEDQ
b_SPEN KSFGIKVQNLPVRSTDGLDTSLKDGLFHEFKKFGKVTSVQIHGASEERYGLVFFRQQEDQ R R M2
h_SPEN KSFGIKVQNLPVRST--~-DTSLKDGLFHEFKKFGKVTSVQIHGTSEERYGLVFFRQQEDQ
p_SPEN KSFGIKVQNLPVRST---DTSLKDGLFHEFKKFGKVTSVQIHGTSEERYGLVFFRQQEDQ
AP SRRkt g kA
m_SPEN EKALTASKGKLFFGMQIEVTAWVGPETESENEFRPLDERIDEFHPKATRTLF IGNLEKTT
b_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
h_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
p_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
ErER AR AR R A AR A AR AR AR g AR ARRA AR R A AR AR AR AR RAA AR A AR A AR
C m_SPEN EKALTASKGKLFFGMQIEVTAWVGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
b_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT R R M 3
h_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
p_SPEN EKALTASKGKLFFGMQIEVTAWIGPETESENEFRPLDERIDEFHPKATRTLFIGNLEKTT
RRRARAAERAR AR AR AR AR AR AR AR ARRRARRRARRRARR AR AR AR AR
m_SPEN TYHDLRNIFQRFGEIVDIDIKKVNGVPQYAFLQYCDIASVCKAIKKMDGEYLGNNRLKLG
b_SPEN TYHDLRNIFQRFGEIVDIDIKKVNGVPQYAFLQYCDIASVCKAIKKMDGEYLGNNRLKLG
h_SPEN TYHDLRNIFQRFGEIVDIDIKKVNGVPQYAFLQYCDIASVCKAIKKMDGEYLGNNRLKLG
p_SPEN TYHDLRNIFQRFGEIVDIDIKKVNGVPQYAFLQYCDIASVCKAIKKMDGEYLGNNRLKLG
R EREERERRRRERRERRARRRRRRRAE AN e RS R IR A
D m_SPEN FGKSMPTNCVWLDGLSSNVSDQYLTRHFCRYGPVVKVVFDRLKGMALVLYSEIEDAQAAV
b_SPEN FGKSMPTNCVWLDGLSSNVSDQYLTRHFCRYGPVVKVVFDRLKGMALVLYNEIEYAQAAV
h_SPEN FGKSMPTNCVWLDGLSSNVSDQYLTRHFCRYGPVVKVVFDRLKGMALVLYNEIEYAQAAV FzehA‘l
p_SPEN FGKSMPTNCVWLDGLSSNVSDQYLTRHFCRYGPVVKVVFDRLKGMALVLYNEIEYAQAAV
AR AR RN AR RN ARk AR AR ARNARRRARRIARRI R Rk
m_SPEN KETKGRKIGGNKIKVDFANRESQLAFYHCMEKSGQDMRDFYEMLTERRAGQMAQSKHEDW
b_SPEN KETKGRKIGGNKIKVDFANRESQLAFYHCMEKSGQDIRDFYEMLLERSNFSCVESKQSSW
h_SPEN KETKGRKIGGNKIKVDFANRESQLAFYHCMEKSGQDIRDFYEMLAER -~~~ -

p_SPEN KETKGRKIGGNKIKVDFANRESQLAFYHCMEKSGQDIRDFYEMLAER- === ceeeeex

B

E m_SPEN PLFVPANSGPSTPPGLALPHAEVQPAPKQESSPHGTPQRPVDMVOLLKKYPIVWQGLLAL
b_SPEN PLFVPTSSGPSTPPGLALPHTEAPLTPKQDSSPHLTSQRPVDMVQLLKKYPIVWQGLLAL S;F)c)(:
h_SPEN PLFVPTTSGPSTPPGLVLPHTEFQPAPKQDSSPHLTSQRPVDMVQLLKKYPIVWQGLLAL
P SPEN s e e e e e e
m_SPEN KNDTAAVQLHFVSGNNVLAHRSLPLSEGGPPLRIAQRMRLEASQLEGVARRMTVETDYCL
b_SPEN KNDTAAVQLHFVSGNNVLAHRSLPLSEGGPPLRIAQRMRLEASQLEGVARRMTVETDYCL
h_SPEN KNDTAAVQLHFVSGNNVLAHRSLPLSEGGPPLRIAQRMRLEATQLEGVARRMTVETDYCL
P_SPEN  me e
m_SPEN LLALPCGRDQEDVVSQTESLKAAFITYLQAKQAAGI INVPNPGSNQPAYVLQIFPPCEFS
b_SPEN LLALPCGRDQEDVVSQTESLKAAFITYLQAKQAAGI INVPNPGSNQPAYVLQIFPPCEFS
h_SPEN LLALPCGRDQEDVVSQTESLKAAFITYLOAKQAAGI INVPNPGSNQPAYVLQIFPPCEFS
D_SPBN = e e e e e e e e e e
m_SPEN ESHLSRLAPDLLASISNISPHLMIVIASV
b_SPEN ESHLSRLAPDLLASISNISPHLMIVIASV
h_SPEN ESHLSRLAPDLLASISNISPHLMIVIASV
I 1 R —

Figure 2.1. Amino acid alignment of SPEN protein domains.

Clustal-w alignment of SPEN amino acid sequences from mouse (m_SPEN), cow
(b_SPEN), human (h_SPEN) and pig (p_SPEN) (default settings). Highlighted in
blue are domains (functional units) predicted by InterPro. RRM, RNA Recognition

Motif; SPOC, Spen Paralogue and Orthologue C-terminal



58

A m_RBM15 SRLHSYSSPSTKNSSGGGESRSSSRGGGGESRSSGAASSAPGGGDGVEYKTLKISELGSQ
h_RBM15 SRLHSYSSPSTKNSSGGGESRSSSRGGGGESRSSGAASSAPGGGDGAEYKTLKISELGSQ
p_RBM15 SRLHSYSSPSTKNSSGGGESRSSSRGGGGESRSSGAASSAPGGGDGGEYKTLKISELGSQ RRM1
b_RBM15 SRLHSYSSPSTKNSSGGGESRSSSRGGGGESRSSGAASSAPGGGDGGEYKTLKISELGSQ

o e e e e e e v vk ke e e v e e e g gk e s s ok o g g o o o o o o o e o o o ke o e e ke e e e e s e g ke o e ok b e o ok o ke
m_RBM15 LSDEAVEDGLFHEFKRFGDVSVKISHLSGSGSGDERVAFVNFRRPEDARAAKHARGRLVL
h_RBM15 LSDEAVEDGLFHEFKRFGDVSVKISHLSGSGSGDERVAFVNFRRPEDARAAKHARGRLVL
p_RBM15 LSDEAVEDGLFHEFKRFGDVSVKISHLSGSGSGDERVAFVNFRRPEDARAAKHARGRLVL
b_RBM15 LSDEAVEDGLFHEFKRFGDVSVKISHLSGSGSGDERVAFVNFRRPEDARAAKHARGRLVL

s e de e ke e e e e e e e ke ke e ke ke e e e gk e g b ke g ok ok ok e g ok ok e g ok ok o ke ke ok e ke b ok e e e ke ke e e ke ke e e e ok e
m_RBM15 YDRPLKIEAVYVSRRRSRSPLDKDAYAPSSSVVGTSVGSHRHAPGGG-GGQRSLSPGGAA
h_RBM15 YDRPLKIEAVYVSRRRSRSPLDKDTYPPSASVVGASVGGHRHPPGGG-GGQRSLSPGGAA
_RBM15 YDRPLKIEAVYVSRRRSRSPLDKDSYPPSASVVGSSVGGHRHPPGGGGGGQRSLSPGGAA
b_RBM15 YDRPLKIEAVYVSRRRSRSPLDKDSYPPSASVVGSSVSGHRHPPGGGGGGQRSLSPGGAA

********************i***:* **:****:*i..*** * % %k % % gk gk e e g ok ke ke ke

B m_RBM15 EVDEISPEDDQRANRTLFLGNLDITVTENDLRRAFDRFGVITEVDIKRPSRGQTSTYGFL
h_RBM15 EVDEISPEDDQRANRTLFLGNLDITVTESDLRRAFDRFGVITEVDIKRPSRGQTSTYGFL
p_RBM15 DVDEISPEDDQRANRTLFLGNLDITVTESDLRRAFDRFGVITEVDIKRPSRGQTSTYGFL RRM2
b_RBM15 EVDEISPEDDQRANRTLFLGNLDITVTESDLRRAFDRFGVITEVDIKRPSRGQTSTYGFL

:t*ttt*t*ttitt**Qt***t***t**.*t**t*******f**t***t***t**t!t*t
m_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG
h_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG
p_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG
b_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG

O

m_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG
h_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG
p_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG RRM 3
b_RBM15 KFENLDMSHRAKLAMSGKIIIRNPIKIGYGKATPTTRLWVGGLGPWVPLAALAREFDRFG

s

m_RBM15 TIRTIDYRKGDSWAYIQYESLDAAHAAWTHMRGFPLGGPDRRLRVDFADTEHRYQQQYLQ
h_RBM15 TIRTIDYRKGDSWAYIQYESLDAAHAAWTHMRGFPLGGPDRRLRVDFADTEHRYQQQYLQ
p_RBM15 TIRTIDYRKGDSWAYIQYESLDAAHAAWTHMRGFPLGGPDRRLRVDFADTEHRYQQQYLQ
b_RBM15 TIRTIDYRKGDSWAYIQYESLDAAHAAWTHMRGFPLGGPDRRLRVDFADTEHRYQQQYLQ

s

m_RBM15 AASSPKLCLAWQGMLLLKNSNFPSNMHLLOGDLQVASSLLVEGSTGGKVAQLKITQRLRL
h_RBM15 ASASPKLCLAWQGMLLLKNSNFPSNMHLLQOGDLQVASSLLVEGSTGGKVAQLKITQRLRL
p_RBM15 AAASPKLCLAWQGMLLLKNSNFPSNMHLLQOGDLQVASSLLVEGSTGGKVAQLKITQRLRL S POC
b_RBM15 AAASPKLCLAWQGMLLLKNSNFPSNMHLLQOGDLQVASSLLVEGSTGGKVAQLKITQRLRL
*: :*****i‘!*i*i*iﬁ*******w**t*i*i*‘k************"ﬁi*********
m_RBM15 DQPKLDEVTRRIKVAGPNGYAILLAVPGSSDSRSSSSSATSDTAASTQRPLRNLVSYLKQ
h_RBM15 DQPKLDEVTRRIKVAGPNGYAILLAVPGSSDSRSSSSSAASDTATSTQRPLRNLVSYLKQ
p_RBM15 DOPKLDEVTRRIKVAGPNGYAILLAVPGNSDSRSSSSSATSDTATSTQRPLRNLVSYLKQ
b_RBM15 DQPKLDEVTRRIKVAGPNGYAILLAVPGSSDSRSSSSSATSDTATSTQRPLRNLVSYLKQ
kkkkkkhhdddhhkhhhhkdkhkdkdkhhdkhhkdkddh dhkdddkdddkddk s kkdkdk g dkkdhhkddddhkhdkk
m_RBM15 KQAAGVISLPVGGNKDKENTGVLHAFPPCEFSQQFLDSPAKALAKSEEDYLVMIIVRAKL
h_RBM15 KQAAGVISLPVGGNKDKENTGVLHAFPPCEFSQQFLDSPAKALAKSEEDYLVMIIVRGFG
p_RBM15 KQAAGVISLPVGGNKDKENTGVLHAFPPCEFSQQFLDSPAKALAKSEEDYLVMIIVRVFG

b_RBM15 KQAAGVISLPVGGNKDKENTGVLHAFPPCEFSQQFLDSPAKALAKSEEDYLVMIIVRGAS

Figure 2.2. Amino acid alignment of RBM15 protein domains.

Clustal-w alignment of RBM15 amino acid sequences from mouse (m_RBM15), cow
(b_RBM15), human (h_RBM15) and pig (p_RBM15) (default settings). Highlighted in
blue are domains predicted by InterPro. RRM, RNA Recognition Motif; SPOC, Spen

Paralogue and Orthologue C-terminal
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KLKQQOOQOESARRENILVMRLATKEQEMQECTTQIQYLKQVQQPSVAQLRSTMVDPAINLF
KLKQQOQOQESARRENILVMRLATKEQEMQECTTQIQYLKQVQQPSVAQLRSTMVDPAINLF
KLKQQQQESARRENILVMRLATKEQEMQECTTQIQYLKQVQQPSVAQLRSTMVDPAINLF
KLKQQQQOESARRENILVMRLATKEQEMQECTTQIQYLKQVQQOPSVAQLRSAMVDPAINLL

Ak kA ARk Ak hhhhkh kA Rk kA Ak kAR h A A A A A d A Ak hhkhkhhhhkhhhhh kg hkhhhhhk g

FLKMKGELEQTKDKLEQAQNELSAWKFTPDSQTGKKLMAKCRMLIQENQELGRQLSQGRI
FLKMKGELEQTKDKLEQAQNELSAWKFTPDSQTGKKLMAKCRMLIQENQELGRQLSQGRI
FLKMKGELEQTKDKLEQAQNELSAWKFTPDSQTGKKLMAKCRMLIQENQELGRQLSQGRI
FLKMKSELEQTKDKLEQAQNELSAWKFTPDSQTGKKLMAKCRMLIQENQELGRQLSQGRI

ok ok kok | ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ke ok ok ok ok ke ok ok ok ok e ok ok ok ok ke ke ok ok ok ke ko ok ok ko

AQLEAELALOKKYSEELKSSODELNDFITIQLDEEVEGMOSTILVLOQQOLKETRQQLAQYQ
AQLEAELALQKKYSEELKSSQDELNDFIIQLDEEVEGMQOSTILVLQQQLKETRQQLAQYQ
AQLEAELALQKKYSEELKSSQDELNDFIIQLDEEVEGMQOSTILVLQQQLKETRQQLAQYQ
AQLEAELALQKKYSEELKSSQDELNDFIIQLDEEVEGMQOSTILVLQQQLKETRQQLAQYQ

e L

Figure 2.3. Amino acid alignment of WTAP protein domains

WTAP/Mum2

Clustal-w alignment of WTAP amino acid sequences from mouse (m_WTAP), cow
(b_WTAP), human (h_WTAP) and pig (p_WTAP) (default settings). Highlighted in
blue are domains predicted by InterPro. Mum2, Muddled meiosis protein 2 domain
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A h_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQOSKNAGAVIGK

m_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQOSKNAGAVIGK
p_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQSKNAGAVIGK RO K

b_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQSKNAGAVIGK

LR R e

h_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLOSKNAGAVIGK
m_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQSKNAGAVIGK KH 1
p_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLOSKNAGAVIGK
b_hnRNPK METEQPEETFPNTETNGEFGKRPAEDMEEEQAFKRSRNTDEMVELRILLQSKNAGAVIGK
% ke g de g e ok ke g de e e ok e e e e e ok ke ke gk e ke ok ok ok gk ok ke ok ke e ke ke ke ok ok e ke e ok ok ok ke ke ke ok ke ok ke ok ok ok ke ok ke ok ke ok
h_hnRNPK GGKNIKALRTDYNASVSVPDSSGPERILSISADIETIGEILKKIIPTLEEGLQLPSPTAT
m_hnRNPK GGKNIKALRTDYNASVSVPDSSGPERILSISADIETIGEILKKIIPTLEEGLQLPSPTAT
p_hnRNPK GGKNIKALRTDYNASVSVPDSSGPERILSISADIETIGEILKKIIPTLE-======w==-
b_hnRNPK GGKNIKALRTDYNASVSVPDSSGPERILSISADIETIGEILKKIIPTLEEGLQLPSPTAT
khkkkhhdkhhhdhhhkdhbdhkhddhkdhdddhdhbdhdrhhdhdddkdhhhhdhdi
C h_hnRNPK SQLPLESDAVECLNYQHYKGSDFDCELRLLIHOSLAGGIIGVKGAKIKELRENTOTTIKL
m_hnRNPK SQLPLESDAVECLNYQHYKGSDFDCELRLLIHQSLAGGIIGVKGAKIKELRENTQTTIKL
p_hnRNPK = = ——emmmmmmmee EYQHYKGSDFDCELRLLIHQSLAGGIIGVKGAKIKELRENTQTTIKL KH2
b_hnRNPK SQLPLESDAVECLNYQHYKGSDFDCELRLLIHQSLAGGIIGVKGAKIKELRENTQTTIKL
:****‘k*Xt*****xt***************X******X***t****
h_hnRNPK FOQECCPHSTDRVVLIGGKPDRVVECIKIILDLISESPIKGRAQPYDPNFYDETYDYGGFT
m_hnRNPK FQECCPHSTDRVVLIGGKPDRVVECIKIILDLISESPIKGRAQPYDPNFYDETYDYGGFT
p_hnRNPK FQECCPQSTDRVVLIGGKPDRVVECIKIILDLISESPIKGRAQPYDPNFYDETYDYGGFT
b_hnRNPK FQECCPQSTDRVVLIGGKPDRVVECIKIILDLISESPIKGRAQPYDPNFYDETYDYGGFT

hkhkhkhkkoshhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhkkkkkkkkhkkkkkk

h_hnRNPK YEPQGGSGYDYSYAGGRGSYGDLGGPIITTQVTIPKDLAGSIIGKGGORIKQIRHESGAS
D m_hnRNPK YEPQGGSGYDYSYAGGRGSYGDLGGPIITTQVTIPKDLAGSIIGKGGQRIKQIRHESGAS

p_hnRNPK YEPQGGSGYDYSYAGGRGSYGDLGGPIITTQVTIPKDLAGSIIGKGGQRIKQIRHESGAS KH 3

b_hnRNPK YEPQGGSGYDYSYAGGRGSYGDLGGPIITTQVTIPKDLAGSIIGKGGQRIKQIRHESGAS

R

h_hnRNPK IKIDEPLEGSEDRIITITGTQDQIQNAQYLLONSVKQYSGKFF -
m_hnRNPK IKIDEPLEGSEDRIITITGTQDQIQNAQYLLONSVKQYSGKFF -
p_hnRNPK IKIDEPLEGSEDRIITITGTQDQIQNAQYLLONSVKQYADVEGF
b_hnRNPK IKIDEPLEGSEDRIITITGTQDQIQNAQYLLONSVKQYADVEGF

hkkhkhkhkhkhhhhhhhhhhhhhhhhhhhhhkhhhhhhhhky

Figure 2.4. Amino acid alignment of hnRNPK protein domains.

Clustal-w alignment of hnRNPK amino acid sequences from mouse (m_hnRNPK),
cow (b_hnRNPK), human (h_hnRNPK) and pig (p_hnRNPK) (default settings).
Highlighted in blue are domains predicted by InterPro. ROK, Repressor Open reading

frame Kinase; KH, K Homology
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A m_hnRNPU MSSSPVNVKKLKVSELKEELKKRRLSDKGLKADLMDRLOAALDN -EAGGRPAMEPGNGSL
p_hnRNPU MSSSPVNVKKLKVSELKEELKKRRLSDKGLKAELMERLQAALDDEEAGGRPAMEPGNGSL
h_hnRNPU MSSSPVNVKKLKVSELKEELKKRRLSDKGLKAELMERLQAALDDEEAGGRPAMEPGNGSL E;/\FD
B RNRNPU oo oo oo
m_hnRNPU GDKKRGVKRPREDHGRGYFEY IEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHF
p_hnRNPU GDKKRGVKRPREDHGRGYFEY IEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHF E;F{:;().ZZ/
h_hnRNPU GDKKRGVKRPREDHGRGYFEY IEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHF
b_hnRNPU GDKKRGVKRPREDHGRGYFEY IEENKYSRAKSPQPPVEEEDEHFDDTVVCLDTYNCDLHF E;F)FQ}(
khkkhkhkhkhkhkhkhkhhkhkhhkhhhhbhkhhdhhhrbhkhbhhhkdkhkdkhkdkhdkhkhkdkhkhhkdhkdhkdhkhkhkkhkdkhkdhhkkhihh
m_hnRNPU KISRDRLSASSLTMESFAFLWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEV
p_hnRNPU KISRDRLSASSLTMESFAFLWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEV
h_hnRNPU KISRDRLSASSLTMESFAFLWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEV
b_hnRNPU KISRDRLSASSLTMESFAFLWAGGRASYGVSKGKVCFEMKVTEKIPVRHLYTKDIDIHEV
deode gk e g e e sk ek ke ke ke e e e e e ek ke ok ke gk ke ke ke ke ke e gk e ke e ke ke ke ke ke ke ke ke ke e ke e e e e ke ke ke ke ok ke ok ke ok
m_hnRNPU RIGWSLTTSGMLLGEEEFSYGYSLKGIKTCNCETEDYGEKFDENDVITCFANFETDEVEL
p_hnRNPU RIGWSLTTSGMLLGEEEFSYGYSLKGIKTCNCETEDYGEKFDENDVITCFANFESDEVEL
h_hnRNPU RIGWSLTTSGMLLGEEEFSYGYSLKGIKTCNCETEDYGEKFDENDVITCFANFESDEVEL
b_hnRNPU RIGWSLTTSGMLLGEEEFSYGYSLKGIKTCNCETEDYGEKFDENDVITCFANFESDEVEL
P U R
m_hnRNPU SYAKNGODLGVAFKISKEVLADRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEDCTFIQNV
p_hnRNPU SYAKNGQDLGIAFKISKEVLAERPLFPHVLCHNCAVEFNFGQKEKPYFPIPEEYTFIQNV
h_hnRNPU SYAKNGQDLGVAFKISKEVLAGRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEEYTFIQONV
b_hnRNPU SYAKNGQODLGIAFKISKEVLAGRPLFPHVLCHNCAVEFNFGQKEKPYFPIPEDYTFIQNV
*k‘k**‘l’**t*:‘k*it*‘k‘kﬂt* t*ttt*‘k*trk*x*t!**t*#t*‘k‘k*‘l’k*k: * ok ok ok ok
C m_hnRNPU PLEDRVRGPKGPEEKKDCEVVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMV P_|Oop/
p_hnRNPU PLEDRVRGPKGPEEKKDCEVVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMV
h_hnRNPU PLEDRVRGPKGPEEKKDCEVVMMIGLPGAGKTTWVTKHAAENPGKYNILGTNTIMDKMMV NTPase/
b_hnRNPU PLEDRVRGPKGPEEKKDCEVVMMIGLPGAGKTTWVTKHAAENPGKYNI LGTNTIMDKMMV
IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R
AAA 33
m_hnRNPU AGFKKQMADTGKLNTLLORAPQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGF -
p_hnRNPU AGFKKQMADTGKLNTLLQORAPQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGF
h_hnRNPU AGFKKQMADTGKLNTLLORAPQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGF
b_hnRNPU AGFKKQMADTGKLNTLLORAPQCLGKFIEIAARKKRNFILDQTNVSAAAQRRKMCLFAGF
e g gk g gk e gk e ke e gk e e ke ke ke gk e e ke e gk o gk o ok ok ok ok ok o ke e gk e ke e ke e e e ke g e g o e ke e ok o ke ok ke ke ok ke ok ke ok
m_hnRNPU ORKAVVVCPKDEDYKQRTQKKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQK
p_hnRNPU ORKAVVVCPKDEDYKQRTQKKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQK
h_hnRNPU ORKAVVVCPKDEDYKQRTQKKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQK
b_hnRNPU QRKAVVVCPKDEDYKQRTQKKAEVEGKDLPEHAVLKMKGNFTLPEVAECFDEITYVELQK
de e e e e e o e ok e ke ke ke ke ke ke ke e ke e ke g ke e e e o ok o ok o ok ke ok ke ke ke ke ke e ke ke ke g e ok e ke e ok e ok b ke b ke e ke e ok
m_hnRNPU EEAQKLLEQYKEESKKALPPEKKONTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNF
p_hnRNPU EEAQKLLEQYKEESKKALPPEKKQONTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNF
h_hnRNPU EEAQKLLEQYKEESKKALPPEKKQONTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNF
b_hnRNPU EEAQKLLEQYKEESKKALPPEKKQNTGSKKSNKNKSGKNQFNRGGGHRGRGGFNMRGGNF

khkkhkhhhhhhhhhhhhhhhhhhhhhkhhhkhhkhkhhkhkhkhkhkhkhkkhkkkkkkhkhhkhhkhhk ok ok

Figure 2.5. Amino acid alignment of hnRNPU protein domains.

Clustal-w alignment of hnRNPU amino acid sequences from mouse (m_hnRNPU),
cow (b_hnRNPU), human (h_hnRNPU) and pig (p_hnRNPU) (default settings).
Highlighted in blue are domains predicted by InterPro. SAP, SAF-A/B, Acinus and
PIAS domain; SPRY, SPla and RYanodine Receptor; P-loop, phosphate loop;

NTPase, nucleoside-triphosphatase
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m_LBR MPSRKFVEGEVVRGRWPGSSLYYEVEILSHDNKSQLYTVKYKDGTELELKESDIKPLKSF
p_LBR MPTRRFADGEVVRGRWPGSSLYYEVEILSHDSKSQLYTVKYKDGTELELKESDIKPLTSF T d r
h_LBR MPSRKFADGEVVRGRWPGSSLYYEVEILSHDSTSQLYTVKYKDGTELELKENDIKPLTSF uao
b_LBR MPSRKFADGEVVRGRWPGSSLYYEVEILSHDSNSQLYNVKYKDGTELELKESDIKPLTSF
Kk skak, sk kAR AR AR AR AR AR A Rk, kA Ak kAR AR Rk hk kR kk ko
B m_LBR KORKSGSISSSPSRRRGSRSRSRSRSRSRSPGRAPKGSRRSVSASHEGDVKEKKEKEMRR
p_LBR RQRKSGSASSSPSRRRGSRSRS----RSRSPGRPPRSSRRSASASHQADRKE----- VRK RS
h_LBR RQRKGGSTSSSPSRRRGSRSRS----RSRSPGRPPKSARRSASASHQADIKEAR-RE---
b_LBR RQRKSGSTSSSPSRRRGSRSRS----RSRSPGRLPKGSRRSASASYQADLKEAR-KEARK
ShkE Kk KK RRARAA ARk Kkkkkk kg skkk kg, k Ak
‘ : m_LBR KQRKSGSISSSPSRRRGSRSRSRSRSRSRSPGRAPKGSRRSVSASHEGDVKEKKEKEMRR
p_LBR RQRKSGSASSSPSRRRGSRSRS----RSRSPGRPPRSSRRSASASHQADRKE-———~— VRK Globular
h_LBR RQRKGGSTSSSPSRRRGSRSRS----RSRSPGRPPKSARRSASASHQADIKEAR-RE--~— .
b_LBR RQRKSGSTSSSPSRRRGSRSRS----RSRSPGRLPKGSRRSASASYQADLKEAR-KEARK reglons
SRRk Kk Rk kAR kKK KRKKKAR kg skkk Kkkgs .k Kk
m_LBR EILQVKLTPLVLKPFGNSVSVYNGEPEHMEKNATPYKDK === QERIILSTEDRY
_LBR EILEVKLTPLVLKPFGNSINRYNGEPEHREKNDLPHKTTQVHTGSFSLQEKFHLPQESSY
h_LBR --VEVKLTPLILKPFGNSISRYNGEPEHIERNDAPHKNT -~ ——————— QEKFSLSQESSY
b_LBR DMLEVKLTPLVLKPFGNS INRYNGEPELIERNDMPHKHT - - - - = — = = — QEKFHLSQESSY
CikKAARK kAR AK, KARKKK Ak ksk *kgs * ok, %
m_LBR IVTQYSLRPRREEVKAKEIESEEQNLVTKGPAPLGTFQVTTPQRKDLEFGGVPGAVLIML
p_LBR LSTQYSLRPRREEIKLKEIDAQEEKIVTEGPTSLRTFEVTTKQLKEVEFGGVPGVLTIML
h_LBR IATQYSLRPRREEVKLKEIDSKEEKYVAKEL-AVRTFEVTPIRAKDLEFGGVPGVFLIMF
b_LBR IPTQYSLRARREEIKLKEVESKEEIVVTKRPALLRTSEVTATQSKDLEFGGVPGVFLIML
KRR AK KRk gk Rksgpiks kg s ok skk s kg gkkRARAR,, kkg
D m_LBR SAYLYVRSLRAPREELSPASSGNAVYDFFIGRELNPRLGAFDLKFFCELRPGLIGWVVIN
p_LBR SVYLCARALKAPRNDLSPASSGNAIYDFFIGRELNPRIGTFDLKYFCELRPGLIGWVVIN
h_LBR SVYLYMRSLKAPRNDLSPASSGNAVYDFFIGRELNPRIGTFDLKYFCELRPGLIGWVVIN SterOI red uctase 1
b_LBR SVYLYARALKAPQDELSPASSGNAIYDFFIGRELNPRIGTFDLKYFCELRPGLIGWVVIN
Jodk ddkkks ko g ok s ks ke 3 ok ke ok ko ok ok ok ok ok ok ok
E m_LBR AHLKTIHTSTGKSLLVSGWWGFVRHPNYLGDLIMALAWSLPCGFNHLLPYFYIIYFTALL
p_LBR AHLKTIHTSTGKNLLVSGWWGFVRHPNYLGDLIMALAWSLPCGFSHILPYFYVIYFTALL
h_LBR AHLKTIHTSTGKNLLVSGWWGFVRHPNYLGDLIMALAWSLPCGFNHILPYFYIIYFTMLL Ste rOI redUCtase 2
b_LBR AHLKTIHTSTGKNLLVSGWWGFVRHPNYLGDLIMALAWSLPCGFNHILPYFYVIYFTILL

R I

m_LBR IHREARDEHQCRRKYGLAWEKYCQRVPYRIFPYIY
p_LBR VHREARDEHHCKRKYGLAWEKYCQRVPYRIFPHIY
h_LBR VHREARDEYHCKKKYGVAWEKYCQRVPYRIFPYIY
b_LBR VHREARDEHHCRKKYGLAWEKYCQRVPYRIVPYIY

skkkkkkk g sks s hhkkahhkkhhhkkkk ko h ko okK

Figure 2.6. Amino acid alignment of LBR protein domains

Clustal-w alignment of LBR amino acid sequences from mouse (m_LBR), cow
(b_LBR), human (h_LBR) and pig (p_LBR) (default settings). Highlighted in blue are
domains predicted by InterPro. RS, alternating arginine and serine residues
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m_CIZ1 QOSLOQFFCYICKASSSSQQOEFQDHMSEAQHQQORLGEIQHSSQTCLLSLLPMPRDILEKEAE
p_CIz1l QALQFFCYICKANCSSQQEFQDHMLGAQHQQRLGEIQHMSQACLLSLLPVPRDVLEREDE
h_CIzl QALQFFCYICKASCSSQQEFQDHMSEPQHQORLGEIQHMSQACLLSLLPVPRDVLETEDE
b_CI1z1 QALQFFCYICKAGCSSQQEFQEHMSGAQHQQORLGEIQHMSQAFLLSLLPVPRDVLEREDE

Kpkkkkkkkkkk | kkkkkkk g ohkk hokkkkkkkkhk hky kkkkkkghkkkgkk Kk K
m_CIZ1 DPPPKRWCNTCQVYYVGDLIQHRRTQEHKVAKQSLRPFCTICNRYFKTPRKFVEHVKSQG
p_CIzl EPPPRRWCNTCQLYYVGDLIQHRRTQODHKIAKQSLRPFCTVCNRYFKTPRKFVEHVKSQG
h_CI21 EPPPRRWCNTCQLYYMGDLIQHRRTQDHKIAKQSLRPFCTVCNRYFKTPRKFVEHVKSQG
b_CIz1l EPPPRRWCNTCQLYYMGDLIQHRRTQODHKFAKQSLRPFCTICNRYFKTPRKFVEHVKSQG

P R R R L R

m_CIzl HKDKAQELKTLEKETGSPDEDHF ITVDAVGCFESGQEEDEDDDEEEEEEGEIEAEEEFCK Matri n/U 1 _C_l i ke
p_CIz1l HKDKAKELKMLEKEIAGQDEDHFITVDAVGCFEGDEDEEEED~~~~EDEDDIEVEEEFCK El
h C1z1 HKDKAKELKSLEKEIAGODEDHFITVDAVGCFEGDEEEEEDD-~---EDEEEIEVEEELCK H H
b:CIZl HKDKANELKTLEKDIAGQDEDHFITVDAVGCFEGDEEEEEDD--~--EEEEEIEAEEEFCK C2 H2-type ZlnC flnger
Kkkkkhkgkhkk Kkhkky | kkkkkkkkkkkkkhk  _gaikgkyk Kk pkk kkk kK
m _CIZ1 QVKPRETSSEQGKGSETYNPNTAYGEDFLVPVMGYVCQICHKFYDSNSELRLSHCKSLAH
p_CIzZ1 QVRSRDISIEEWKGSETYSPNTAYGVDFLVPVMGYICRICHKFYHSNSGAQLSHCKSLAH
h CIzl QVRSRDISREEWKGSETYSPNTAYGVDFLVPVMGYICRICHKFYHSNSGAQLSHCKSLGH
b _CIZ1 QMRSRDISIEEWKGSETYSPNTAYGVDFLVPVMGYVCRVCHKFYHSNSGAQLSHCKSLAH
kg kg k ky kkkkkk Kkhkkkkk Akkkhkhhhkakgakkkhkk Kkkk sk kkkkhk
m CIZ1 FENLOKYKAKNPSPPPTRPVSRKCAINARNALTALFTSSHQ----PSPQDTVKMPSKVKP
p_CIzl FENLQKYKKAKNPSPTTRPVSRRCAINARNALTALFTSSGRTPT----QDTAKTPSKVTA
h_CIzl FENLQKYKAAKNPSPTTRPVSRRCAINARNALTALFTSSGRPPSQPNTQD--KTPSKVTA
b_CIzl FENLQKYKKAKKPSPTTRPLSRRCAINARNALTALFTAGGRAPSQPSTQDTAKTPSKVMP
ek ok ok ok ke ke k . K kkkskkgkkkkkhkkkkkkkkky o *k ok kkkk

Figure 2.7. Amino acid alignment of ClIZ1 protein domains

Clustal-w alignment of ClZ1 amino acid sequences from mouse (m_CIZ1), cow
(b_CIZ1), human (h_CIZ1) and pig (p_CIZ1) (default settings). Highlighted in blue are
domains predicted by InterPro.
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2.2. Examination of XIST expression levels in placental mammals of interest

The second aim of this chapter was to investigate whether XIST and putative protein
partners are co-ordinately expressed in the same tissues/cells, a requirement before
assessing for a biochemical interaction between the two. To probe for the expression
levels of XIST in uterine tissue, data from the GTEx portal

(https://www.gtexportal.org/home/), which contains tissue-specific gene expression

data from 54 non-diseased tissue sites across nearly 1000 human individuals were
accessed. XIST abundance was highest in human reproductive tissues, including the

endometrium and lowly expressed in other tissues, e.g. liver or blood (Figure 2.8).
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Gene expression for XIST (ENSG00000229807.10)
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Figure 2.8. Tissue-wide global RNA sequencing highlights XIST (ENSG00000229807.10) as most enriched in human
reproductive tissues

Data generated by non-strand specific polyA+ selected lllumina TruSeq library and obtained from:

https://gtexportal.org/home/gene/XIST on 29/12/2020. Expression values shown as Transcripts Per Million (TPM), calculated from a

gene model with isoforms collapsed to a single gene. Box plots are shown as median and 25" and 75" percentiles. Outliers are
displayed as dots if they are above or below 1.5 times the interquartile range. n=~1000 human individuals. Colours indicate

different tissue types and shades of same colour indicate tissue subtypes.
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However, obtaining tissue samples from human endometrium is extremely difficult
and getting consent from private clinics only happens in rare cases. In search of an

alternative, the Expression Atlas v26 database (https://www.ebi.ac.uk/gxa/home) was

queried for cell lines of endometrial origin. A human endometrial adenocarcinoma
cell line (ISHIKAWA) was selected as a model for the human endometrium (Table

2.5) based on its endometrial origin and epithelial-like morphology (Nishida, 2002).
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Table 2.5. Cell lines of reproductive origin and XIST expression levels.

Cell line name and XIST expression values were extracted from the Expression Atlas

v26 database. RNA expression values shown as Transcripts Per Million (TPM), from

RNA-Seq (Barretina et al., 2012). Cell lines of endometrial origin are in bold.

Origin Cell line XIST Expression level
(TPM)

Breast Ductal Carcinoma ZR-75-30 330
Uterine Cervix, Cervical Small Cell TC-YIK 310
Carcinoma
Uterine Cervical Squamous Cell SiHa 301
Carcinoma
Uterine Cervical Carcinoma SKG-llla 271
Uterine Cervical Squamous Cell SW756 261
Carcinoma
Uterine Cervical Carcinoma SISO 241
Ovarian Adenocarcinoma DOV13 223
Uterine Cervical Carcinoma C-4-1 213
Uterine Cervical Carcinoma ME-180 194
Vulvar Squamous Cell Carcinoma SW954 193
Ovarian Mucinous JHOM-2B 189
Adenocarcinoma
Vulvar Carcinoma SW962 177
Breast Ductal Adenocarcinoma HCC1187 67
Breast Ductal Adenocarcinoma HCC38
Endometrium adenocarcinoma Ishikawa (Heraklio) 3

02 ER-
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To determine XIST expression levels, total RNA was extracted and RT-gPCR
performed on ISHIKAWA cells and uterine tissues from mouse, cow and pig. ACTB
was used as a control, and thus XIST levels were normalised to ACTB. XIST was
detected in ISHIKAWA cells, albeit at a very low level (Figure 2.9A), consistent with
a previous report in human patient endometrial cancer samples (Zhang et al., 2014).
The expression of Xist was confirmed in the mouse uterus but varied between
biological replicates (Figure 2.9B). XIST was also detected in cow and pig
endometrium at similar expression levels (Figure 2.9C&D). Consistently, high levels
of XIST expression in cow endometrium has been previously reported (Forde et al.,
2016). Whereas expression of cow XIST was variable as seen for mouse uteri
(Figure 2.9: B mouse and C cow), variation in expression of pig XIST was similar to
ISHIKAWA cells (Figure 2.9: A human and D pig). Taken together, XIST is present
and detectable in all species models tested here. XIST's expression appears to be
less pronounced and less variable in the ISHIKAWA cell line compared to what was

seen in mouse and cow uterine tissue.
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Figure 2.9. XIST IncRNA is variably expressed amongq different species and
within individual female animals.

XIST RNA levels were measured by RT-qgPCR with species-specific ACTB as a
reference gene in A) human ISHIKAWA cells, B) mouse uterus, C) cow
endometrium and D) pig endometrium. Dots denote relative expression normalised
to ACTB and dashes indicate the mean for n=3 biological replicates. For each
biological replicate, a total of three technical replicates were averaged. cDNA
equivalent to 10 ng RNA were loaded per well of technical replicate. Normalisation to
ACTB was performed using the 2/-(TargeACTB) formula. Amplification efficiency of
primers was checked using a standard curve of serial dilutions of a cDNA pool
consisting of all samples run on the plate (1:10, 1:50, 1:250, 1:1250, 1:6250).



70

2.3. Examination of XIST putative protein partner expression levels across placental
mammals of interest

To assess for the presence of putative XIST protein partners in the same tissues
where XIST expression was detected, mRNA levels of SPEN, ClZ1, hnRNPK,
RBM15, WTAP, LBR and hnRNPU were measured. RT-gPCR indicated that mRNA
from all seven candidate genes was detected across human, mouse, cow and pig
(Figure 2.10A-D). SPEN, CIZ1, RBM15, WTAP and LBR fluctuated at similar, low
levels relative to ACTB across the four species. A pattern of high hnRNPK and

hnRNPU expression relative to ACTB was seen consistently across all four species.
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Figure 2.10. Putative XIST protein parther mRNAs are variably expressed
among different species and within individual female animals.

mMRNA levels were measured by RT-qPCR with species-specific ACTB as a
reference gene in A) human ISHIKAWA cells, B) mouse uterus, C) cow
endometrium and D) pig endometrium. Dots denote relative expression normalised
to ACTB and dashes indicate the mean for n=3 female animals or ISHIKAWA cells.
For each biological replicate, a total of three technical replicates were averaged.
cDNA equivalent to 10 ng RNA were loaded per well of technical replicate.
Normalisation to ACTB was performed using the 2/(TargetACTB) formula. Amplification
efficiency of primers was checked using a standard curve of serial dilutions of a
cDNA pool consisting of all samples run on the plate (1:10, 1:50, 1:250, 1:1250,
1:6250).
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Table 2.6. Raw Ct values of XIST and putative protein partners as measured by RT-

gPCR. Three independent replicates are shown which denote averages from three

technical replicates. Human refers to the ISHIKAWA cell line, cow and pig refer to

endometrium dissected whereas for mouse, whole uteri were used.

Human
Replicate | Replicate | Replicate Mouse
1 2 3 Replicate | Replicate | Replicate
ACTB 19.08 18.72 18.79 p 2 3
XIST 30.24 29.36 29.82 Actb 175 18.64 18.15
SPEN 26.86 26.45 26.27 Xist 23.87 23.88 23.59
WTAP 24 .91 24 71 2474 Spen 26.62 26.86 26.48
RBM15 | 2665 | 2607 | 26.38 \F’{V;fnﬂ - gg'gg gggg 22642;
Clz1 258 | 2568 | 2524 | [y 2545 | 2541 | 24.89
LBR 24.87 24.85 24.63 Lbr 26.47 26.59 26.13
hnRNPK | 22.28 22.31 22.33 Hnrnpk 2222 22.38 21.91
hnRNPU | 22.49 22.39 22.06 Hnrnpk 22.9 22.8 22.39
Cow Pig
Replicate | Replicate | Replicate Replicate | Replicate | Replicate
1 2 3 1 2 3

ACTB 24.8 25.7 22.93 ACTB 20.85 20.21 19.27
XIST 25.98 28.67 24 .47 XIST 22 73 223 21.42
SPEN 27.34 30.63 26.01 SPEN 26.04 2593 24.92
WTAP 27.52 29.52 26.6 WTAP 25.84 25.78 2478
RBM15 26.81 28.63 25.79 RBM15 26.67 5508 54,97
ClZ1 27.54 30.4 25.86 ClZ1 26.52 26.22 25.43
LBR 28.52 28.87 26.41 LBR 27 63 27 24 26.06
hnRNPK | 25.06 28.22 23.89 hMRNPK | 23.63 23.13 21.92
hnRNPU | 24.24 26.2 23.45 hnRNPU | 25.64 25.01 23.62
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Having determined the mRNAs of the candidate proteins were expressed, actual
protein levels were then assessed using western blotting on protein samples
extracted from human ISHIKAWA cells and uterine tissues from mouse, cow and pig.
Suitable antibodies for western blotting could not be identified for all proteins (e.g.
LBR and SPEN). Therefore, only a subset of putative XIST protein partners could be
assayed (i.e. hnRNPU, CIZ1, RBM15, hnRNPK and WTAP). A band at ~120 kDa
was detected for human samples when probing with the anti-hnRNPU antibody and
similar sized bands were found in the other species tested (Figure 2.11). Two bands
were consistently detected for the ClZ1 protein in all species assayed, one at 95 kDa
and another at 120 kDa. Similarly, two bands at 100-107 kDa were present for the
RBM15 protein in all species tested, which was what was expected. When samples
were probed with the anti-hnRNPK antibody, a band at roughly 60 kDa in all four
species was seen. Two antibodies were used to probe for the WTAP protein. One
was found to recognise the 50 kDa protein from all four species, whereas the other
one was human-specific. Overall, signal was detected for all assayed proteins in all

four species (Figure 2.11).
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Figure 2.11. Putative XIST protein partners are present in cells and tissues of
reproductive origin from human, mouse, cow and pig.

ISHIKAWA cells were used for human whereas whole uteri were collected for
mouse. Endometrial tissue from the ipsilateral horn of the uterus was dissected for
cow and pig. n=3 independent biological replicates shown per species. Equal
amounts of protein were loaded from each animal sample per well (~30 pg) and wet-
transferred into 0.45 um PVDF membranes. All antibodies were used at 1:1000
dilution in PBS with 0.5% Tween-20 (PBS-T). B-tubulin was used as a loading
control. Blots containing three biological replicates from each species were probed

separately for each protein per species as indicated by black boxes around blots.
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2.4 Discussion

In this chapter, the aim was to examine whether protein partners previously
described for mouse Xist are conserved and present in tissues from human, cow and
pig, placental mammals with different implantation strategies. The rationale was that
since eutherian mammals exhibit differences with regards to their early pregnancy
events, timing and nature of XCI hallmarks as well as reproductive morphologies, the
molecular effectors of XCl could have diverged as well, implicating species-specific

XIST protein partners.

2.4.1 XIST and putative protein partner conservation could offer hints to cross
species interactions

As a first step in understanding the conservation of XIST-protein complexes across
placental mammals, the question that was addressed pertained to the conservation
(or divergence) of a) the XIST IncRNA sequence and b) of its putative protein partners
across mouse, human, pig and cattle. In line with previous reports (Yen et al., 2007),
a moderate conservation of XIST (60-70% similarity) was found across diverse
placental mammals (Table 2.3). It is worth noting that the RNA sequence of human
XIST was found to be ~10% more similar to cow or pig than mouse Xist. From a
genetics standpoint, this is despite humans and mice sharing an earlier common
ancestor than human and cow or pig (Elsik et al., 2009) and does not fit the
phylogenetic placement of the different species. From a reproductive standpoint, the
placental morphology of a human is more similar to mouse than cow or pig but the
timing of implantation and XCI onset are more similar between human and cow or pig
than mouse (see 1.1 Main Introduction). This could perhaps indicate a case of
lineage-specific evolution whereby XIST in some species could have potentially
diverged due to a difference in early pregnancy events. However, having too few
informative sites in the multiple sequence alignment combined with a low power (only
4 species included) cannot be ruled out, thus this observation could be artefactual. It
is also possible that if DNA sequences were used for the alignment, a different pattern

could emerge.
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However, considering previous reports citing rapid evolution of primary sequence for
IncRNAs (Ulitsky et al., 2011), it is unlikely the whole sequence of a IncRNA would
be crucial to eliciting its function. Instead, shorter interspersed regions could be
responsible for a biochemical function. It has been hypothesized that IncRNAs can
harbour repetitive elements which under the influence of evolutionary forces can
obtain a function over time (Johnson and Guigo, 2014). Previously, several repetitive
regions have been mapped on the XIST RNA and these have been shown to be of
transposable element and retroviral origin (see Main Introduction). Recently several
protein binding sites have been mapped on these repeats, associating XIST's
biochemical function to very small regions (see Main Introduction). In some respect
repetitive sequences ascribe IncRNAs their ‘modular’ structure, which can link to
function, as was the case with UCHL 1-AS (Carrieri et al., 2012), NEAT1 (Yamazaki
et al., 2018) and MALAT1 (Nguyen et al., 2020) to name a few. In fact, this was
known to be true for XIST as well, which harbours several repetitive sequences
along its sequence (Figure 1.2) (Brockdorff et al., 1992, Brockdorff, 2002, Brown et
al., 1992, Nesterova et al., 2001, Yen et al., 2007). Therefore, to verify XIST repeat
regions are more conserved when considered alone compared to the whole
transcript, | used Clustal w to align XIST repeat regions from human, mouse, cow
and pig and generate % identity scores (an associated numeric estimate of

similarity/conservation).

Comparing the sequences from each characterised repetitive region revealed
hierarchical patterns of local conservation (Table 2.3). Delving into repetitive regions
harboured across the XIST sequence, repeats A, B and D were more conserved
than full-length XIST in human, mouse cow and pig. Repeats A and E were more
similar across human, cow and pig whereas repeat B and D were more similar
across mouse, cow and pig. In all comparisons, repeats from cow and pig were more
similar between each other than to human or mouse. An expanded XIST repeat D
can be seen in human and cow compared to mouse (Figure 1.1). The low similarity
of human to cow can probably be explained due to cow repeat D having expanded in
size and probably diverged in sequence compared to human and mouse. Whereas
fewer repeat monomers found in mouse would have been retained in cow (and
therefore these would appear more similar between mouse and cow), expansions of

those in human and cow could have diverged in sequence and repeat number.



7

A different approach to the Clustal-w alignment method used here that would allow
for a more precise quantification of IncRNA identity scores would be the use of
algorithms that evaluate similarity based on the abundance of short motifs (Kirk et
al., 2018) or combine short motif assessment with synteny (Ross et al., 2021). These
approaches do not rely on linear sequence conservation and can identify ‘functional
modules’ that could be shared both across IncRNAs in a species but also across

IncRNAs across organisms.

Despite a modest XIST RNA nucleotide sequence conservation across placental
mammals, a high percentage of amino acid conservation (>70%) was found for the
XIST putative protein partners assayed, Spen, Ciz1, Hnrnpk, Robm15, Wtap, Lbr and
Hnrnpu. Given the high % similarity between some XIST repeat regions (where
protein binding sites have been mapped) and the high % similarity of most putative
protein partners, it is likely some of these interactions could be conserved. For
instance, XIST repeat A showing an 85% similarity between human and cow. In turn,
the human and bovine SPEN proteins share almost identical RNA binding domains.
Hence, one could hypothesise that an interaction between the two could be
maintained in these species. Additional credence to this hypothesis could be derived
from experiments demonstrating a temporally and spatially co-ordinated expression
of the XIST RNA and of the putative protein partners.

2.4.2 XIST and putative protein partners are co-ordinately expressed

RT-gPCR was used to detect for the concomitant expression of XIST and putative
protein partner mRNA in reproductive tissues from human, mouse, cow and pig. Due
to the difficulty of obtaining human endometrial samples, the ISHIKAWA cell line was
used as a proxy albeit at the cost of a low XIST expression (Figure 2.8A), consistent
with a previous report in human patient endometrial cancer samples (Zhang et al.,
2014). XIST was readily detectable by RT-gPCR of endometrial/uterine tissue from
bovine and mouse respectively (Figure 2.8B&C). This difference in XIST abundance
could reflect gene expression differences between in vitro immortalised cancer cell
lines and in vivo animal tissues. Variability was seen with regards to XI/ST expression
in the mouse and cow (Figure 2.8B&C), albeit it is known that XIST expression may

vary from one individual to another from a study in humans (Tukiainen et al., 2017).
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Tissue for bovine endometrium was sourced from females at the late luteal stage of
the estrous cycle. Nonetheless, there is no evidence so far to support XIST expression
is hormonally modulated (Tamm-Rosenstein et al., 2013). It is worth pointing out that
ISHIKAWA cells and tissue from the endometrium represent terminally differentiated
lineages and thus reflect the maintenance state of XCI, where the onset of XCI has
passed and inactivation of X-linked genes is established. In mice, at that stage of XCI

Xist has been shown to be dispensable (1990 studies).

One avenue to bypass low XIST expression associated with a cell line in future studies
would be to perform expression profiling in human endometrial biopsy tissues (where
available). This approach would also come with its own set of limitations though, such
as restricted access and heterogeneous nature of tissue. Obtaining tissue samples
from human endometrium is extremely difficult and getting consent from private clinics

only happens in rare cases.

Western blotting was employed to probe for the expression of putative XIST protein
partners at the same time in the same tissue in reproductive tissues from human,
mouse, cow and pig. Identifying suitable antibodies that would recognise an antigen
from all four species proved challenging and therefore the list of proteins assayed for
was narrowed down to hnRNPU, CIZ1, RBM15, hnRNPK and WTAP. Proteins were
detected in western blots for all of the above proteins in tissue/cells from all four
species (Figure 2.11), indicative of the presence of the protein across human,
mouse, cow and pig. This was consistent with transcriptomic evidence available from

Expression Atlas release 37 (https://www.ebi.ac.uk/gxa/home). Expression of those

proteins in human, mouse and pig was also confirmed from TISSUES

(https://tissues.jensenlab.org/Search), a database which manually curates literature,

proteomics and transcriptomics screens for tissue expression data (Palasca et al.,
2018). However, none of these resources contained expression data from uterine-
derived samples, making this the first report with uterine-specific expression data for

these proteins across human, mouse, cow and pig.

Since parts of the same tissues were used for western blotting and RT-qPCR, a co-
ordinate presence of XIST and putative proteins in the same tissue/cells at the same
time raises the possibility that the two could interact. Given these interactions have

been confirmed in mouse, the expression data from mouse Xist and mouse protein
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partners seen here could theoretically serve as a positive control. Namely, there

could be a correlation between the combined X/IST and putative protein partner co-
ordinate expression and a biochemical association inferred. Going forward, such a
scenario will be assessed in human and cow, which represent placental mammals

with distinctly different implantation timings and placental morphology.

Altogether, despite the aforementioned differences across placental mammals with
different implantation strategies, there is a high conservation between putative XIST
protein partners. This, in conjunction with the co-ordinate temporal expression of
XIST and these proteins in select reproductive tissues of human, mouse, cow and
pig, argues for a possibility of an interaction with XIST, which will be experimentally

tested in the next chapter.
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3. Chapter 3: Detection of a biochemical interaction between XIST and
putative protein partners in human and cow reproductive tissues

3.1 Introduction

LncRNAs have diverse functions depending on where the IncRNA is localised and
also on what molecule they interact with. Once in the specified subcellular
compartment of the cell, IncRNAs have been shown to act via RNA-RNA pairing,
RNA-protein interactions or both, in order to elicit their functions. LncRNA-bound
proteins typically act as effector molecules being guided by IncRNAs to the correct
cellular location, e.g. with transcription factors (Li et al., 2014) or chromatin
remodellers (Dixon-McDougall and Brown, 2021). LncRNAs can also act as scaffolds
for protein-protein interactions and assembly of multi-subunit protein complexes with
transcriptional co-activating, i.e. p300-CBP (Postepska-Igielska et al., 2015) or
repressing activities, i.e. PRC2 (Pintacuda et al., 2017a, Pandya-Jones et al., 2020).
Another function that has been ascribed to this class of molecules is acting as
‘decoys’, sequestrating proteins from the available cellular pool (Kino et al., 2010) or
inducing RNA-binding mediated inactivation of a protein’s function (Long et al.,
2017). Identifying protein partners of INcRNAs can therefore offer insight into the

potential function of a INncRNA and the cellular pathways it participates in.

The XIST IncRNA functions primarily via RNA-protein interactions (Section 1.7.2). In
order to understand what proteins XIST binds with, there are several methods that
have been developed over the years that could be used to address which proteins
interact with specific RNA sequences, (reviewed by (McHugh et al., 2014,
Ramanathan et al., 2019), some with a specific focus on their suitability for IncRNAs
(Cao et al., 2018). A widely adopted method for studying partners of IncRNAs
includes in vitro transcription of a specific IncRNA sequence of interest with a tag,
which can interact with magnetic beads, as a way to pull-down RNA-protein
interactions formed from cell lysates (Rinn et al., 2007b). While this approach is
protein-agnostic, not requiring the knowledge of proteins to include in the assay, the
RNA will not be in its native state (both in terms of structure and chemical
modifications), which might miss some protein partners due to a lack of modifications

or hidden/altered structural motifs. The aforementioned method is biased for the
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identification of proteins that are more abundant, implying that weak or infrequent
interactions might be missed. Finally, proteins identified might not represent true ‘in

vivo’ interactions taking place within a subcellular compartment.

RNA-antisense purification with mass-spectrometry (RAP-MS) couples RNA pull-
down with high-throughput proteomics to elucidate the endogenous interactomes of
specific RNA targets (Figure 3.1). This method requires the sequence of the
transcript of interest to be known so that complementary biotinylated DNA probes
are designed. Multiple probes are employed to tile across the whole sequence of the
RNA, enabling capture of all transcript isoforms and the identification of the complete
set of protein partners, given the full-length RNA is pulled down. Additionally, the use
of multiple probes significantly enhances enrichment and coverage of the transcript
of interest over other targets. RAP is highly specific utilising covalent UV crosslinking
and a denaturing environment allowing only the direct and specific protein interactors
which bind the RNA endogenously to be captured, avoiding in vitro artifacts. Due to
its numerous strengths, RAP has been employed to elucidate protein partners of
several IncRNAs such as mouse Xist (McHugh et al., 2015), Survival Associated
Mitochondrial Melanoma Specific Oncogenic Non-Coding RNA (SAMMSON) (Leucci
et al., 2016), Non-Coding RNA Activated By DNA Damage (NORAD) (Munschauer
et al., 2018) and NEATT (Barra et al., 2020), to name a few.
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Figure 3.1. Overview of RNA antisense purification.

A) Cross-linking of RNA to adjacent proteins endogenously in intact cells by
ultraviolet irradiation at 254 nm (lightning bolt). Covalent bond formation is promoted
between aromatic rings from a single transcript’s nitrogenous bases and candidate
RNA-binding proteins’ amino acids with aromatic ring structures (purple explosions).
B) 5’ biotinylated antisense DNA probes (orange lines with green circle) hybridise to
the specific RNA of interest. C) Streptavidin-coated magnetic beads (brown circles
with yellow chevrons) are used to recover the target RNA via strong interactions with
the biotin group of hybridised antisense biotinylated oligos. D) Following magnetic
separation of bead complexes, elution samples are split in two for RNA and protein
analyses. E) Benzonase endonuclease treatment degrades nucleic acids releasing
proteins enriched in elution samples which can be identified by mass-spectrometry,
or western blotting if there is prior knowledge of specific partners. In parallel, RT-
gPCR, or RNA-seq, can estimate the proportion of the RNA target levels enriched in

the elution over the starting material.
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It is important to treat protein partners identified with these approaches as
candidates in a screening process, all of which would warrant further validation by
other methods. Orthogonal validation of RNA-centric methods has frequently been
employed via the use of RNA immunoprecipitation (RIP; Figure 3.2), where a protein
of interest is used to perform a reciprocal pulldown experiment in order to detect the
target RNA expected by RT-gPCR. The use of RIP requires the knowledge of a
protein partner of an RNA and therefore is unsuitable for identifying new protein
partners of an RNA. An advantage of RIP is that the protein of interest is at
physiological levels when bound by the introduced antibody and that precipitated
transcripts usually reflect physiological levels of the RNA present in the lysates.
Hence, protein interactions with low abundance transcripts might be missed,
depending on input cell number and signal-to-noise ratio (Darnell, 2010).
Implementing this two-method approach for candidate screening provides additional
proof of an interaction taking place rather than candidates being an artifact of a
single technique. In fact, in all the aforementioned RAP-MS studies, RIP was also

performed for candidate validation.
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Figure 3.2. Overview of RNA immunoprecipitation.

A) The surface of protein A/B-coated magnetic beads is coupled with an antibody
specific to a protein or an IgG non-specific control. Then, antibody-coupled magnetic
beads are incubated with a cell lysate B) RNA-protein (RNP) complexes are formed
and are captured by the beads during an incubation step. Unbound RNPs or non-
RNA-binding proteins will remain in the lysate following capture. C) RNP complexes
captured by beads can be specifically isolated from the cell lysate. D) Proteinase K
treatment of bead-captured RNP complexes releases transcripts from their associated
protein(s) and these proteins from the specific antibody or IgG control. lllustration

created with Biorender.com.
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In the previous chapter, the conservation of putative XIST protein partners was found
to be high via multiple sequence alignment and all the candidate proteins studied
were found to be co-ordinately expressed in cells/tissues from human, mouse, cow
and pig via RT-gPCR and western blotting. Given the rapid divergence of IncRNA
sequence over evolutionary time, this chapter aims to dissect whether the set of
proteins required for the function of a INncCRNA are shared across species.
Alternatively, novel species-specific proteins could have arisen to compensate for
the loss of specific interactions, if these were crucial to a cell’s physiology. To
distinguish between the two scenarios, the protein partners of the XIST IncRNA will
be determined in human and cow. These two species were selected because they
represent placental mammals with a different evolutionary trajectory, especially with
regards to implantation strategies and reproductive morphologies. Despite these
differences, human and cow are more similar compared to mouse or pig, since they
are not litter-bearing species. Additionally, the XIST sequence between the two
species is modestly conserved (~72.5% similar; Table 2.3A) and females of both
species achieve dosage compensation via a single round of XCI which is random

(each of the two X chromosomes has an equal chance of being inactivated).
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3.2 Materials and Methods

3.2.1. Adapted RAP coupled to RT-gPCR for specific pulldown of human XIST

This method was previously described for mouse Xist (McHugh et al., 2015) and

here it was adapted for human XIST with the following changes:

Probe design. Ten antisense DNA probes were designed to span human XIST.
BLAST (megablast) was used in the Homo sapiens (taxid:9606) database to exclude
probes that had a complete 30 base pair match or an incomplete (90%) identity 60
base pair match with another transcript or genomic region (McHugh and Guttman,
2018). Probes were also excluded if they contained more than 30 bases in common
with a repeat annotation from RepeatMasker. The minimum E-value of probes
accepted was 2e-37 whilst ensuring no other gene other than XIST would show up
on the list of potential targets. Probes were HPLC-purified 90-nt DNA
oligonucleotides (QIAGEN) with &’ biotin (Table 3.1).

UV crosslinking and lysate preparation. Given a high cell number was required for
this method, the ISHIKAWA cell line was used for lysate preparation (cultured as
previously described in Section 2.2.2). Cells were grown in 500 mm? dishes which
were treated with 200 uM of 4-thiouridine (4sU) per dish overnight (~120 million cells
per dish). The next day, cells were washed twice with 1x PBS, before irradiating with
0.8 Joules/cm? at 365 nm on ice inside a UV crosslinker (CL-1000, UVP). Cells were
scraped in 1x PBS using a rubber cell scraper and pelleted by centrifugation at 1,000
xg for 5 minutes at 4°C. Aliquots of 40 million cells were prepared in 2 ml tubes by
centrifuging cell suspensions and discarding the supernatant. To ensure equal lysis
efficiency, pellets were resuspended and pooled in Cell lysis buffer 1 [as described
before (McHugh et al., 2015); 10 mM HEPES pH7.2, 20 mM KCI, 1.5 mM MgCl., 0.5
mM EDTA, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.5 mM
phenylmethylsulfonyl fluoride (PMSF) and EDTA-free protease inhibitor cocktail] and
incubated on ice for 20 minutes, inverting every 5 minutes. Cell suspensions were
centrifuged at 3,300 xg for 10 minutes at 4°C and pellets were resuspended and
pooled in Cell lysis 1 with 0.1% dodecyl maltoside (DDM) and incubated on ice for 20
minutes. In 1 ml aliquots, lysates were homogenised using a Dounce homogeniser

with a tight pestle B using 25 strokes. After centrifugation at 3,300 xg for 10 minutes
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at 4°C, pellets were resuspended in 600 pl of lysis buffer 2 [20 mM Tris pH 7.5, 50
mM KCI, 1.5 mM MgCI2, 2 mM TCEP, 0.5 mM PMSF, 0.4% sodium deoxycholate,
1% DDM, and 0.1% N-lauroylsarcosine (NLS)] and pooled in a 15 ml falcon tube. To
clarify the lysate, it was passed 4 times through a 23’ gauge needle (0.64 mm
diameter) and 5-7 times through a 27’ gauge needle (0.4 mm diameter) and syringe.
To remove genomic DNA, the lysate was mixed with 330 U of Turbo DNase per 200
million cells (McHugh et al., 2015) in a DNase buffer (the final 1x Buffer contains 2.5
mM MgCl2 and 0.5 mM CaClz) and incubated at 37°C for 1 hour while shaking at 850
RPM. An equal volume of 2x HB buffer (the final 1x Buffer contains 10 mM Tris pH
7.5, 5 mM EDTA, 500 mM LiCl, 0.5% DDM, 0.2% SDS, 0.1% deoxycholate, 4M
urea, 2.5 mM TCEP) was mixed with the lysate and after aliquoting lysates were

snap-frozen in LN2 and stored at -80°C.

Capture of RNA target. Lysates were diluted with 1 volume of 1x Hybridisation
buffer (10 mM Tris—HCI pH 7.5, 5 mM EDTA, 500 mM LiCl, 0.5% DDM, 0.2% SDS,
0.1% sodium deoxycholate, 4 M urea, and 2.5 mM TCEP; Thermofisher). Per 200
million cells, 0.6 ml of Dynabeads™ MyOne™ Streptavidin C1 magnetic beads
(ThermoFisher), were washed four times with 10 mM Tris-HCI pH 7.5 and twice with
1x Hybridisation buffer. To pre-clear lysates, beads were incubated with each lysate
at 37°C for 30 minutes while shaking at 1000 RPM to remove endogenously
biotinylated proteins. RAP probes were denatured at 85°C for 3 minutes, mixed with
the pre-cleared lysate and incubated at 66°C for 2 hours while shaking at 1100 RPM.
Unless otherwise stated, 1.2 ml of magnetic beads per 200 million cells (previously
pre-washed as described above) were added for capture and incubated at 66°C for
30 minutes while shaking at 1100 RPM.

Elution and analysis of RNA samples. To elute captured RNA and proteins, beads
were washed four times with two bead volumes of 1x Hybridisation buffer at 66°C for
5 minutes. To each reaction, 500 ul of 1x Hybridisation buffer was added to beads
and 30% of this (150 pl) was used for RNA analysis. This aliquot was resuspended
in 100 ul of NLS Elution Buffer (20 mM Tris—HCI pH 8.0, 10 mM EDTA, 2% NLS, and
2.5 mM TCEP) and heated at 95°C for 2 minutes to elute RNA from beads. Next, it
was treated with 60 U of Turbo DNase for 1 hour at 37°C and subsequently with 600
Mg of Proteinase K (20 mg/ml, ThermoFisher) for 1 hour at 55°C.
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To extract RNA, the Quick-RNA Miniprep kit (Zymogen) was used according to the
manufacturer’s instructions. Briefly, 600 ul of RNA lysis buffer were mixed with each
sample and these were cleared by passing through a Spin-Away Filter column by
centrifugation at 16,000 xg for 1 minute at room temperature. The flow-through was
mixed with 1 volume of 100% ethanol and passed through a Zymo-Spin column by
centrifugation at 16,000 xg for 30 seconds at room temperature. To each column,
400 pl of RNA Prep Buffer were added and centrifuged at 16,000 xg for 30 seconds
at room temperature. To each column, 700 pl of RNA Wash Buffer were added and
centrifuged at 16,000 xg for 30 seconds at room temperature. To each column, 400
ul of RNA Wash Buffer were added and centrifuged at 16,000 xg for 120 seconds at
room temperature. Columns were transferred to microfuge tubes and 50 ul of
DNase/RNase-Free Water were added directly to the column and incubated at room
temperature for 5 minutes. Columns were centrifuged at 16,000 xg for 30 seconds at
room temperature. RNA samples were subjected to quantification using the

NanoDrop1000 instrument.

RNA enrichment analysis via RT-qPCR. For the cDNA synthesis reaction, the
gSCRIPT kit (Quanta/VWR) was used according to the manufacturer’s instructions
with 1 ug of RNA, or less of each sample, equally used across all samples. For RT-
gPCR, the PowerUp SYBR Green Master Mix kit was used (ThermoFisher). All
samples were diluted accordingly so that 12.5 ng of cDNA were loaded per 20 ul RT-
gPCR reaction and primers were used at 0.3 uM final concentration (for both forward
and reverse primer) per reaction (Table 3.2). All primers were designed to anneal at
60°C. Standard curves were run on each primer set using a cDNA pool from all
samples and primer efficiencies were calculated from the standard curves. All
reactions were performed in triplicate in 96-well white plates. No-template controls
were run for each primer pair and no-reverse-transcription reactions were run with
each RNA sample used to make the cDNA. The thermocycler used was the CFX
Connect Real-Time PCR Detection System (BioRad, UK) according to the PowerUp
SYBR Green Master Mix thermocycling conditions (Table 3.3). To calculate fold-
enrichment of a specific transcript over the input, the following formula was used: 2/

Cleution™ Ctinput)-

Elution and analysis of protein samples. Western blotting of protein samples and
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antibodies used were listed in chapter 2 (Table 2.2). Membranes were developed
using a ChemiDoc XRS+ imaging system (BioRad, UK). For silver staining, samples
run under denaturing conditions on SDS-PAGE gels were silver stained with the
ProteoSilver Plus Silver Stain kit, according to the manufacturer’s instructions
(Sigma-Aldrich). Briefly, gels following electrophoresis were immersed in 100 ml of
fixing solution (50% ethanol, 40% acetic acid in ddH20) and incubated overnight. All
incubation steps were performed whilst shaking. The next day, gels were washed
with 100 ml of 30% ethanol for 10 minutes. Then, gels were washed in 200 ml of
ddH20 for 10 minutes before incubating with 100 ml of 1% v/v sensitizer solution for
10 minutes. Next, gels were washed twice with 100 ml of ddH20 for 10 minutes
each. Subsequently, gels were equilibrated with 100 ml of 1% silver solution for 10
minutes and then gels were washed with 200 ml of ddH20 for 1.5 minutes. Finally,
gels were developed using 100 ml of developing solution (5% v/v Proteosilver
developer 1, 0.1% Proteosilver developer 2 in ddH20) for a minimum of 3 minutes
up to 12 minutes or until bands of interest become visible. To stop the reaction, 5 ml
of stop solution were added and after 5 minutes, the gel was washed with 100 ml of

ddH20 and stored at room temperature in ddH20.
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Table 3.1. List of antisense probes used for RAP hybridisation against human XIST (ENSG00000229807.10).

Probe Target Tm (°C) Sequence (5°-3)
number  region

1 Exon 1 721 GCTTTGGCAGAGAATGACTCTGCAGTTAAGCTAAGGGCGTGTTCAGATTGTGGAGGAAAAGT
GGCCGCCATTTTAGACTTGCCGCATAAC

2 Exon1 73.8 TGGTGTACCGCCCACTGGGAGACATACACGTGGCCCCTCCACTTCTTTCTCCTGACTGGCTA
AAGACAGCTGCGAAGTGCCATGCTAATT

3 Exon1 71.2 CAGTAGGGTGCCTTTGTTTAATAGGCAAAGCTATGACAATTGGGACTGAGCATTTTAACTGTC
CAACAAAAGACGGGTTGTCTGCGACCC

4 Exon1 70.2 CCATGCAATAAAGCAAAGAGGGTGTGATAGGTCAGAAACCCAAGTCTAATTGAAGGACCATT
GACAACTGCAATTACATGCCATCTACAG

5 Exon1 71.3  ATCACCACATGGTTCATCCTAATTAAACAAAGTTCTACCTTCTCACCCTCCATTTGCAGTATAC
CAGGGTTGCTGACCCCCTAAGTCCCC

6 Exon1 716  CCATCAGTCCAAGATCTCCCTACCACTTTGGTGTGTTGGTGCAGTGTTGACTATGAAAAGCAG
GCCTGAACTAGGTGGATAAGCCTTCAC

7 Exons 70.6 AAAGATCTTCCTCAGAAGAATAGGCTTGTTGTTTTACAGTGTTAGTGATCCATTCCCTTTGACG

3-4 ATCCCTAGGTGGAGATGGGGCATGAG

8 Exon6 71.7  AGTGGCCAAATAATTTGGTGGACTGTGCCAACGCTACTCCTGGGTTTAATACCCATCTCTAGG
CTTAAAGATGAGAGAACCTGGGACTGT

9 Exon6 68.1 GAGAGATGAGGGCATTAGATCACTGACAGCTGAAGATAGAAGAACATCTTTGGTTTGATTGTT
TAAATAATATTTCAATGCCTATTCTCT

10 Exon6 68.3 GTAACTAAAAGCCTTCCTTTCACAGTTTCTGGCATCACTACCACTACTGATTAAACAAGAATAA

GAGAACATTTTATCATCATCTGCTTT
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Table 3.2. List of primers used for RT-qPCR assessment of transcript

enrichment in pull-down RAP assays in human.

Primer
Target transcript  Orientation Location Sequence (5'-3")
Exon-exon
Forward GCACGGCATCGTCACCAAC
ACTB junction
Reverse Exon GTCCAGACGCAGGATGGC
> Forward Exon GGAGCAGGGAGATGGAATAGG
Reverse Exon GCACCGTTCCTGGAGGTA
XIST-ox1 Forward Exon GCATAACAGCAGTGGGACTGAC
-ex
Reverse Exon AGGTAGTTCACACTATCTAGGAGC
Exon-exon
Forward GGCTCCTCTTGGACATTCTGAG
XIST-ex2-3 junction
Reverse Exon AGCTTGGCCAGATTCTCAAAG
Exon-exon
Forward CTCCAGGGGAAAAGCTCACTAC
XIST-ex4-5 junction
Reverse Exon GAAGAGCTTGACGTGTGGTG
Forward Exon GCTCGGAACTACATGCCC
XIST-ex6
Reverse Exon ACAGGACTTTATCTCTCTACTCAGC




Table 3.3. RT-qPCR thermocycling conditions.
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Temperature

Step (°C) Time Cycles
Uracil-DNA 50 2 min

Dual-Lock DNA polymerase 95 2 min

Denaturation 95 3 secs
Annealing/extension 60 30 secs 9

65-95,
Melt curve increasing by 5 secs

0.5
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3.2.2. Primary endometrial bovine stromal cell isolation and culture

Unless otherwise stated, all reagents were purchased from Sigma (UK). Some of the
material described here was also generated by the following people: Haidee Tinning,

Stefania Moutevelidou and Irene Malo Estepa.

Bovine stromal cell isolation was performed as previously described (Tinning et al.,
2020). Uteri from non-pregnant cows (Bos taurus) were selected on the basis of
corpus luteum morphology as previously described (lreland et al., 1980).
Endometrial tissue from the ipsilateral uterine horn (the horn attached to the ovary
with the corpus luteum) was dissected in strips from the underlying myometrium and
washed with 25 ml of endometrial wash solution (DPBS, 1% Antibiotic-Antimycotic
(ABAM); ThermoFisher, UK). Next, tissue strips were washed twice with 25 ml HBSS
(-CaClz, -MgCl2), 1% ABAM). Subsequently, tissue was cut into 3-5 mm pieces and
washed with 25 ml of HBSS before incubating in 50 ml of filter-sterilized digestion
solution (50 mL HBSS (-CaClz, -MgCl.), 25 mg collagenase II, 50 mg BSA, 125 uL
4% DNase I, 500 pL 0.0175% trypsin in HBSS) in a rocking hot box for 1 hour at
37°C. The solution with the tissue pieces was filtered through a 100 um mesh cell
strainer above a 40 ym strainer into a 50 ml sterile falcon containing 5 ml of stop
solution (HBSS with 10% charcoal-stripped FBS). The flow-through was centrifuged
at 500 xg for 5 minutes and the pellet was vortexed with 5 ml of sterile H.O at 37°C
to lyse erythrocytes. Immediately after, 45 ml of stop solution was added and the
solution was centrifuged at 500 xg for 5 minutes. The pellet was resuspended with
10 ml of complete medium (Gibco RPMI 1640, 10% charcoal-stripped Fetal Bovine
Serum, 1% ABAM) and transferred into a T-75 flask in a 37°C/5% CO: incubator.
Two days later, medium was aspirated, washed once with PBS and 10 ml of fresh
medium was added. Once the stromal cells had reached ~90% confluency, they
were harvested by trypsinization (5 ml 0.025% trypsin in PBS), counted, snap-frozen
and stored at -80°C.
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3.2.3. RIP coupled to RT-gPCR for pulldown of putative XIST protein partners in
human and cow

Lysate preparation. Cell pellets of 40 million ISHIKAWA or bovine stromal cells
were snap-frozen and stored at -80°C. Cells were lysed with 100 pl with RIP lysis
buffer (Magna RIP kit, Merck) supplemented with 10 U RNaseln and 0.5 pl protease-
inhibitor cocktail; per 20 million cells while incubating on ice for 15 minutes, with
frequent inversion of samples every three minutes to mix. Lysates were then stored
at -80°C. Lysates were passed through a 27’ gauge needle and syringe 3-5 times to
homogenise. Pooled lysates were centrifuged at 17,000 xg for 1 minute to remove
cell debris and the supernatant was kept. From that supernatant, 10 yl were kept for

RNA and 10 pl for protein downstream analyses (“input”).

Coupling antibody to beads. In each RIP reaction, 50 ul of magnetic bead
suspension (provided in the kit) were mixed with 500 pl of RIP Wash Buffer by
vortexing for 3 seconds and the tubes were placed on a magnet for 1 minute after
which the supernatant was discarded. This wash step was repeated once more. The
beads were resuspended in 100 ul of RIP Wash Buffer and mixed with ~5 pg of
specific antibody (~1.2 pg for hLnRNPK) or 5 ug of the 1gG negative control. Antibody-
bead mixtures were incubated for 30 minutes at room temperature while rotating.
The tubes were centrifuged briefly and placed on a magnet after which they were

washed with 500 ul of RIP Wash Buffer. A total of three washes were performed.

Capture of RNA-protein complexes. For each RIP reaction, 900 yL of RIP
Immunoprecipitation Buffer (Magna RIP kit, Merck) supplemented with 200 U
RNaseln was mixed with 100 ul of the lysate and this mixture was used to resuspend
the antibody-coupled beads. Due to tissue availability and kit cost, replicates for IgG
reactions were not always run in parallel with every replicate for a specific antibody,
even though they were used with the same lysates. Reactions were incubated
overnight at 4°C while rotating. The next day, reactions were briefly centrifuged and
the supernatant was kept for RNA and protein downstream analyses (“depleted
lysate”). RNP complexes on beads were washed with 500 pl of RIP Wash Buffer for
a total of six times. From the sixth wash, 50 ul (10% of the elution) were kept for
RNA and protein downstream analyses (“elution”). For mass spectrometry analyses,
500 pl (100% of the elution) were kept.
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Elution of RNP complexes after RIP for RNA analysis. To elute RNP complexes,
the input and elution samples were treated with 150 ul of Proteinase K buffer and
samples were incubated at 55°C for 30 minutes while shaking at 1100 RPM. Tubes
were briefly centrifuged and the supernatant was kept for downstream RNA

analyses.

For each sample, 250 ul of ddH20 was added and mixed with 400 pl of
phenol:chloroform:isoamyl alcohol while vortexing for 15 seconds. Samples were
centrifuged at 17,000 xg for 10 minutes at room temperature. The aqueous layer was
retrieved and mixed with 400 ul of chloroform. Samples were vortexed for 15
seconds and centrifuged at 17,000 xg for 10 minutes at room temperature, after
which the aqueous layer was retrieved and mixed with 920 ul of Ethanol Precipitation
buffer (provided by the kit and supplemented with 2 ul of GlycoBlue; ThermoFisher).
Samples were kept at -80°C for 3 hours to overnight. Samples were centrifuged at
17,000 xg for 30 minutes at 4°C and the supernatant was discarded. The pellets
were washed with 1 ml of 75% ethanol and centrifuged at 17,000 xg for 15 minutes
at 4°C and the supernatant was discarded. The pellet was resuspended in 15 pl of
RNase-free water and mixed before measuring the RNA concentration with a

NanoDrop1000 instrument.

RNA enrichment analysis via RT-qPCR. For cDNA synthesis, 500 ng of RNA from
ISHIKAWA or bovine stromal cells were used per sample to make cDNA (for SPEN,
1000 ng were used per sample). For ISHIKAWA samples, cDNA synthesis and RT-
gPCR were performed as described above (Section 3.2.1). Primers used for human
XIST and negative control transcripts were the same as described above for RAP
(Table 3.2). For bovine samples, cDNA synthesis and RT-qPCR were performed as
described in a previous chapter (3.2.4 Methods). Primers used for bovine XIST and
negative control transcripts are listed (Table 3.4). To calculate fold-enrichment of a
specific transcript over the input, the same formula was used as described above for
RAP (Section 3.2.1).
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Table 3.4. List of primers used for RT-qPCR assessment of transcript
enrichment in RIP from cow.

Primer
Target transcript ~ Orientation Location Sequence (5'-3")
ACTB Forward Exon-exon junction | CGCCATGGATGATGATATTGC
Reverse Exon AAGCCGGCCTTGCACAT
e Forward Exon GGGTATAGGTAAGCGAAAGGG
Reverse Exon TCACGGTATCGTCTAAGCAGC
Forward Exon CTGCTCTTCTGCGTTGTGG
XIST-exon 1
Reverse Exon CAGGGATTCCTCTTCTGCC
Forward Exon-exon junction | CCAATCATCATTCTGGACCCTC
XIST-exon 5
Reverse Exon CTGTCAATTAGCAGGCAGAGC
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Elution of RNP complexes after RIP for protein analysis. Samples kept from the
last wash of the captured RNPs were placed on a magnet, beads were resuspended
with 1x of Laemmli buffer (described in Section 2.2.6) and heated at 95°C for 5

minutes.

For Western blotting, the equivalent of 500,000 cells for input and depleted lysate as
well as the whole elution samples (20 ul) were mixed with 1x Laemmli buffer and
heated at 95°C for 5 minutes before loading in SDS-PAGE. Samples were run under
denaturing conditions on SDS-PAGE and were blotted as described above (Section
3.2.1).

For proteomics analysis, 100% of RIP elutions (20 pL samples) were sent to the
Biomolecular Mass Spectrometry Facility at Leeds for protein identification. Samples
were injected onto an in house-packed 20cm capillary column (inner diameter 75um,
3.5um Kromasil C18 media). An EasyLC nano liquid chromatography system was
used to apply a gradient of 4—40% ACN in 0.1% formic acid over 30 min at a flow
rate of 250 nl/min. Total acquisition time was 60 minutes including column wash and
re-equilibration. Separated peptides were eluted directly from the column and
sprayed into an Orbitrap Velos Mass Spectrometer (ThermoFisher Scientific, Hemel
Hempstead) using an electrospray capillary voltage of 2.7 kV. Precursor ion scans
were acquired in the Orbitrap with resolution of 60000. Up to 20 ions per precursor
scan were selected for fragmentation in the ion-trap. Dynamic exclusion of 30 s was
used. Peptide MS/MS data were processed with PEAKS Studio X+ (Bioinformatic
Solutions Inc, Waterloo, Ontario, Canada) and searched against the Uniprot
databases (release 2020_01). Carbamiodomethylation was selected as a fixed
modification, variable modifications were set for oxidation of methionine and
deamidation of glutamine and asparagine. MS mass tolerance was 5 ppm, and
fragment ion mass tolerance was 0.3 Da. The peptide false discovery rate was set to

1% for human and 0.1% for bovine samples.
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3.3 Results

The aim of this chapter was to identify, compare and contrast protein partners of
XIST in species with different pregnancy morphologies and XClI timing (human and

cow).

3.3.1.1. Assessing the steady state abundance of different XIST reqgions

To establish an RNA-protein co-precipitation method that will allow for the
experimental characterisation the protein interactome of human and cow XIST, RAP
was chosen as a suitable biochemical pulldown method. RAP is based on the
purification of proteins (and/or RNAs) interacting with a specific target RNA pulled-
down using biotinylated antisense complementary DNA probes tilled across its whole
sequence and streptavidin-coated beads from in vivo crosslinked cells (see Figure
3.1).

Human XIST is a IncRNA comprised of 6 exons, across a transcript length of 19.2
kbp. Its genomic structure is unusual in that exons 1 (~11 kbp) and 6 (~7 kbp) are
the longest and intervening exons vary in length from 60-200 bp. In Chapter 2, the
steady-state abundance of XIST was determined in the ISHIKAWA cell line using a
single primer set targeting XIST’s first exon. To get a sense of whether the detected
expression level of XIST varied depending on which of its regions was amplified,
primers were designed across different exons and RT-qPCR performed in
ISHIKAWA cells (Table 3.2 and Figure 3.3). Primers were designed to span exon-
exon junctions to avoid the amplification of potential genomic DNA available in the
sample as well as they were designed to target regions far away from repetitive
regions harboured in the first and last exons of human XIST. The exons selected
were not of particular note, rather the ones where appropriate primers could be

designed.

In this experiment, RNA from ISHIKAWA cell lysates was isolated and following
cDNA synthesis, RT-gPCR was performed where the new primers were tested. The

aim was to characterise expression levels of human XIST available in the ISHIKAWA
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cell line. Signal was detected for all primers designed, revealing the steady state
abundance of human XIST in the ISHIKAWA cell line (Table 3.5 and Figure 3.3).

In summary, this results section exhibits that primers designed for different regions of
human XIST are efficient and the abundance of XIST can be quantified by RT-qPCR
across its length.
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Table 3.5. Amplification efficiencies for primers targeting various human XIST
regions in RT-gPCR. Total RNA was extracted from ISHIKAWA cells. Primer
efficiencies were calculated as percentages using the formula [1-10¢1/slope)]*100
where the slope was derived from a plot of the Ct values for each primer across

serial dilutions on the y axis and the log of 1 over the dilution factor on the x axis.

Amplification efficiency

Primer set Target

(%)
XIST-exon 1 Exon 96.1
XIST-exons 2-3 Exon-exon junction 94 1
XIST-exons 4-5 Exon-exon junction 127.5

XIST-exon 6 Exon 85.5
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Figure 3.3. Abundance of human XIST across its length in the ISHIKAWA cell
line.

Baseline human XIST IncRNA expression was established using RT-gPCR with a
standard curve and starting quantity was estimated from a pool of 12.5 ng cDNA-
equivalent prepared from whole cell ISHIKAWA lysates. Primers were designed to
amplify different parts of XIST. XIST expression levels shown were normalised to the
expression of ACTB mRNA and were log1o transformed. Three technical replicates

were performed for each of three independent biological repeats.
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3.3.1.2. Examination of the extent of RNA damage caused by UV crosslinking

In the previous section (Section 3.3.1.1), the steady state abundance of XIST was
measured in intact, untreated ISHIKAWA cells. The end goal here was to perform
the RAP protocol for the pulldown of as much of the available XIST RNA as possible
to enable the identification of its protein partners. UV crosslinking is a crucial part of
the RAP protocol which enables direct RNA-protein partner capture. UV crosslinking
has traditionally been used as a “zero-distance” crosslinking method to covalently
link RNAs with proteins in close proximity (Moller et al., 1978, Harrison et al., 1982,
Hockensmith et al., 1986, Brimacombe et al., 1988, Pashev et al., 1991), ensuring
only direct protein partners of a given RNA are identified. However, UV treatment of
cells has been described to have a harmful effect on RNA (Wurtmann and Wolin,
2009, Urdaneta et al., 2019).

In this next experiment, the aim was to assess the RNA damage sustained by the
RNA of interest, XIST and a positive control of high abundance, ACTB. Cells were
irradiated on a dish with 0.8 Joules/cm? of UV at 254 nm and lysed. Following RNA
isolation, RT-gPCR was performed to quantify the amount of XIST and ACTB pre-
and post-UV-C irradiation at 254 nm. Approximately, ~1000 times less XIST RNA
was observed in samples crosslinked with UV at 254 nm versus non-crosslinked
samples based on RT-qPCR starting quantity values (Figure 3.4). ACTB abundance
was more prominently affected being >1,000 times less abundant in samples
crosslinked with UV at 254 nm versus non-crosslinked samples (Figure 3.4).,
consistent with a detrimental side effect of UV crosslinking on RNA integrity. A
compromised RNA integrity due to UV treatment was confirmed by agarose gel
electrophoresis of total RNA (Figure 3.5).

UV irradiation at 365 nm in combination with the incorporation of a uracil analogue,
4-thiouridine (4sU), has previously been shown to be less damaging for RNA (Strein
et al., 2014). To circumvent further loss of an already lowly expressed XIST IncRNA
in the ISHIKAWA cell line upon UV treatment, 4sU treatment of ISHIKAWA cells was
coupled to short-wavelength UV-A crosslinking (at 365 nm) to mitigate UV damage

and attain an improved X/ST abundance.
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In this experiment, cells were treated with 200 uM of 4sU overnight and irradiated
with 0.8 Joules/cm? of UV at 365 nm. Following lysis and RNA isolation, RT-gPCR
was performed to quantify the amount of XIST and ACTB pre- and post-UV-A
irradiation at 365 nm. The aim of this experiment was to examine for an improved
XIST abundance with the combination of 4sU treatment and irradiation at a longer
wavelength.

gRT-PCR of RNA from these samples revealed that UV treatment at 365 nm in the
presence of 4sU still resulted in a ~100-fold reduction of X/IST compared to non-
crosslinked samples. There was also a 10-fold improvement of XIST abundance
when samples were UV crosslinked at 365 nm in the presence of 4sU, compared to
samples treated with UV at 254 nm (Figure 3.4). The mitigation on RNA damage at
UV crosslinking at 365 compared to 254 was also detected in ACTB levels.
Compared to non-crosslinked samples, UV treatment at 365 nm in the presence of
4sU reduced the loss of ACTB to ~10-fold (~2.6 Ct shift), versus >1000-fold
reduction in samples treated with UV at 254 nm. The integrity of RNA was also
assessed by agarose gel electrophoresis. An improvement in RNA integrity was also
reflected of total RNA from these samples (Figure 3.5). In summary, comparing and
contrasting the two UV crosslinking conditions, treatment with 4sU coupled to UV

irradiation at 365 nm mitigated UV damage and improved X/ST abundance.
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Figure 3.4. XIST abundance shifts following UV treatment.

RT-gPCR measurements of starting quantity for XIST and ACTB pre- and post- UV
treatment to determine detrimental effect of UV on RNA abundance. Results reflect
two technical replicates for each of three biological replicates. Two UV crosslinking
treatments are shown: at 254 nm and at 365 nm. UV crosslinking at 365 nm was
coupled to treating cells with 200 uM of 4sU overnight prior to irradiation. All
irradiation steps delivered a 0.8 J/cm? dose. UV nm refers to wavelength. 4sU, 4-

thiouridine
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Figure 3.5. Agarose gel electrophoresis of total RNA from crosslinked and
non-crosslinked ISHIKAWA cells.

Total RNA from ISHIKAWA cells across various UV treatments was extracted and
subjected to agarose gel electrophoresis to examine RNA integrity. 700 ng of each
sample was run on the same gel together and relevant samples were cropped and
shown next to one another. Treatment with 4sU was combined with UV treatment at
365 nm. Cells were not treated with 4sU when UV was used at 254 nm. The
detection of two bands corresponding to the 18S and 28S rRNAs is indicative of
good quality RNA. A double-stranded DNA ladder was used here. 4sU, 4-thiouridine
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3.3.1.3. Evaluating efficiency of XIST enrichment from RAP in non-crosslinked
lysates

Tiling antisense DNA probes against human XIST confers high specificity and
sequence coverage. Previously, 1 probe per ~120 nt of sequence had been
successfully used with mouse Xist (McHugh et al., 2015). Given the 19.2 kb length of
human XIST, the 160 probes required to tile across the entire length combined with a
high cost for biotinylated 90-nt antisense DNA probes were limiting factors in
implementing the method as originally described. A total of 10 probes were
designed here (Table 3.1 and Figure 3.6) and tested for their capacity to pull down a

sufficient amount of XIST in order to ensure protein identification.
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Figure 3.6. Schematic of RAP probe and XIST primer location on human XIST.

A) The location of probes and primers used for RAP capture of human XIST are shown here (5’-3’). Straight lines denote probes
(black) or primers (cyan) used. Boxes in grey denote exons, with repetitive regions highlighted in red. Numbers on grey boxes

denote exon numbers. B) Isoforms of human XIST (3’-5’). Available from https://www.gtexportal.org/home/gene/XIST [Accessed 03

March 2022]
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To determine the baseline level of XIST RNA enrichment achievable with this setup
prior to the use of crosslinking, | performed RAP using 135 million ISHIKAWA cells,
~6 mg of beads for pre-clearing and ~4 mg of beads for capture. Following RAP
pulldown, the level of XIST enrichment was determined from elution samples by RT-
gPCR. In addition, the ACTB and U2 transcripts were used as negative controls to a)
detect non-specific probe binding and b) establish a baseline for background levels of
non-specific transcript enrichment. XIST was enriched in the elution over the input,
albeit at varying levels, depending on which region was targeted for amplification. On
average, a 1-fold enrichment was seen for XIST exon 1, ~24-fold enrichment for XIST
exons 2-3 and ~12-fold for XIST exon 6 over the input (Figure 3.7) whereas the
amount of ACTB seen over the input was negligible. The levels of the negative control
U2 observed were comparable to those for XIST exon 1, indicating a low XIST
pulldown efficiency for that particular region or XIST fragmentation. A pattern of
differential amplification depending on XIST region previously seen in steady-state
RNA from ISHIKAWA cells was also evident here, however the pattern was not the
same (Figure 3.3). Exons 2-3 were more highly enriched here (Figure 3.7), followed
by exon 6 and then exon 1 whereas exon 1 was more readily detectable in steady-
state RNA, followed by exons 2-3 and exon 6 (Figure 3.3). Therefore, this denotes a
lack of full-length XIST pulldown. Whilst a ~24-fold enrichment for XIST exons 2-3 was
higher compared to negative control transcript levels, conditions were sought to be
optimised for a higher XIST enrichment in order to ensure a sufficient amount of

proteins would be pulled down for protein identification via mass spectrometry.
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Figure 3.7. Adapted RAP displayed a lack of full-length XIST enrichment in
ISHIKAWA cells.

RT-gPCR in elution of samples following RAP with XIST probes in 135 million whole
cell ISHIKAWA non-crosslinked lysates with ~6 mg of beads for pre-clearing and ~4
mg of beads for capture. Fold enrichment of each transcript’s abundance was
normalised to input using the 2 Clyytion” Ctinput) formula and reported as RNA
enrichment. Three technical replicates were performed. RAP, RNA affinity

purification; RT-qPCR, reverse transcription quantitative PCR
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The end goal was to isolate a sufficient amount of XIST to enable identification of
protein partners via mass spectrometry. Assuming the number of cells and amount of
bead suspension for capture used previously were not conditions in which a sufficient
amount of XIST could be pulled down, the number of cells used in RAP were next
raised to 160 million together with an increase in the use of ~3 mg of beads for pre-
clearing and 9.6 mg for capture (2.4-fold more compared to the previous attempt).

In the next experiment, RAP was performed for XIST using 160 million cells and
following pulldown, RT-qPCR was performed in elution samples to measure the
enrichment levels of XIST and negative control transcripts. XIST enrichment levels
varied according to primer sets targeting different regions, mirroring the pattern seen
in the previous experiment, hinting again at a lack of full-length XI/ST pulled down. On
average, a 6.5-fold enrichment was seen for XIST exon 1, 307-fold enrichment for
XIST exons 2-3 and 135-fold enrichment for XIST exon 6 (Figure 3.8). The observed
enrichment for XIST exons 2-3 and exon 6 was not only much higher compared to
ACTB and U2 levels, but also compared to the XIST enrichment previously achieved
here (Figure 3.7). Overall, a two-fold increase in the bead amount used and using 25
million cells more, resulted in a 12.5-fold increase in RNA enrichment compared to the
previous RAP attempt.
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Figure 3.8. Adapted RAP specifically enriches for human XIST at a high level in
ISHIKAWA cells.

RT-gPCR in elution of samples following RAP with XIST probes in 160 million whole
cell ISHIKAWA non-crosslinked lysates with ~3 mg of beads for pre-clearing and 9.6
mg for capture. Fold enrichment of each transcript’s abundance was normalised to
input using the 24ty ton” Ctinput) formula and reported as RNA enrichment. Two
technical replicates were performed. RAP, RNA affinity purification; RT-qPCR,

reverse transcription quantitative PCR
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3.3.1.4. Assessing XIST protein partner enrichment following RAP in crosslinked
lysates

The XIST probe pool used here contained ~7,096 pmoles in 20.3 ul (equivalent to 20
Mg). According to the manufacturer of the beads, 1 mg of the streptavidin-coated
magnetic beads is capable of binding at most ~500 pmoles of single-stranded
oligonucleotides (ThermoFisher Scientific, 2016). Therefore, ~1,419 pl of 10 mg/mi
(~14.2 mg) streptavidin-coated beads would be required to capture ~7,096 pmoles of

biotinylated single-stranded oligos.

To increase the number of XIST molecules pulled down and to determine whether
the current RNA enrichment was sufficient to enable protein partner identification,
258 million ISHIKAWA cells were treated with 4sU and crosslinked with UV at 365
nm. In this experiment, crosslinked nuclear-enriched cell lysates were pre-cleared
with ~3.8 mg of beads. To fully saturate the beads used with available X/ST probes
from the pool, ~15.5 mg beads were used for capture. Following pulldown, the
elution was split 70:30 for protein and RNA analysis. Consistent to the previous RAP
attempts with non-crosslinked lysates, XIST enrichment levels varied depending on
the region amplified. On average, a ~9-fold enrichment was seen for XIST exon 1,
253-fold enrichment for XIST exons 2-3 and ~66-fold for XIST exon 6 (Figure 3.9A).
The level of enrichment seen here was lower than what was seen in the previous
RAP attempt (Figure 3.9A vs Figure 3.8), which was unexpected given the higher

cell number and bead amount used.
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Figure 3.9. Adapted RAP enriches for human XIST but not highly enough to
detect known protein partners.

A) RT-gPCR in elution of samples following RAP with XIST probes in 258 million
whole cell ISHIKAWA crosslinked lysates with ~3.8 mg of beads for pre-clearing and
~15.5 mg for capture. RNA enrichment indicates fold enrichment normalised to input.
Two technical replicates were performed. B) Western blot of putative protein
partners of XIST in elution samples following RAP with XIST probes in ISHIKAWA
cells. None of the putative protein partners were detected in the elution samples
following RAP. H3K27me3 served as a negative control. All antibodies used at
1:1000 in PBS-T. C) Silver staining of elution sample shows a general lack of protein
enrichment following RAP of XIST in ISHIKAWA cells. RAP, RNA affinity
purification; RT-qPCR, reverse transcription quantitative PCR

Post-elution beads
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To determine whether protein partners of XIST were co-precipitated with the XIST
RNA, western blotting was performed on elutions from the pull-down, alongside
input. Following the elution from the beads used for capture, another elution step
was performed from the same beads using 1x Laemmli buffer and boiling samples
(this served as a ‘harsher’ elution; referred to as ‘post-elution’). This was done as a
check for the capacity of the elution solution to detach proteins from the beads.
Additionally, in this experiment the beads that had been used for pre-clearing had
been saved, proteins eluted and sample run on the same gel (referred to as ‘pre-
clear elution’). This was to test whether the amount of pre-clearing beads was high
enough to remove the assayed proteins. Overall, none of the putative protein
partners probed for were found bound by the beads when eluted either with the
standard elution approach (Elution lane, Figure 3.9B) or with a harsher treatment
aimed to release all bound proteins (Post-elution lane, Figure 3.9B). Looking at
proteins bound to pre-clearing beads revealed negligible amounts of the proteins
blotted for were bound and lost in this instance (Pre-clear bead elution lane, Figure
3.9B).

A lack of putative protein partner enrichment could either result from a general lack
of protein enrichment indicative of weak RNA enrichment, or from a lack of an
interaction between these proteins and human XI/ST. To distinguish between these
scenarios, elution samples were run on a denaturing polyacrylamide gel and silver
stained. Silver staining of the elution sample did not highlight any proteins in the
elution samples, besides benzonase at ~26 kDa (Figure 3.7C). Benzonase was
used in the elution sample to digest the nucleic acid of the probes linking the proteins
to the beads as well as any captured nucleic acid that might alter protein migration

following protein electrophoresis.

Taken together, these data provide evidence that performing RAP with 10 anti-sense
DNA probes in ~258 million ISHIKAWA cells with a 1-fold excess of streptavidin-
coated beads to the oligo probe pool can enrich for human XIST up to 300-fold over
input. However, these conditions did not result in an RNA enrichment level sufficient
to enable the pull-down of human XIST protein partners to the lower detection limit of

silver staining.
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3.3.2. Employing RIP coupled to RT-gPCR to characterise putative protein partners
of XIST in human

Given the RNA-centric approach trialled did not efficiently pulldown a sufficient
amount of protein for the identification of XIST protein partners, a protein-centric
approach was taken instead. Protein partners have previously been characterised for
Xist in mouse and the hypothesis tested here was that that these proteins would also
interact with XIST in humans and cow, based on similarities of both XIST nucleic
acid sequence and protein amino acid sequence. Therefore, RIP coupled to RT-
gPCR was a suitable alternative in which the association of candidate proteins with
XIST based on those identified in mouse could be assessed. In selecting candidate
proteins to assay for an association with XIST, the following parameters were
considered: 1) amino acid conservation of putative protein partner across species of
interest, 2) efficacy of antibody at detecting the protein in western blotting and

3) functional studies in the literature linking the role of the protein to XCI.

Therefore ClZ1, WTAP, hnRNPK, SPEN and RBM15 were selected.

Given XIST is predominantly nuclear-enriched (Clemson et al., 1996), initial RIP
experiments were performed using both whole cell and nuclear-enriched extracts of
ISHIKAWA cells to find out whether increased specificity could be achieved by

reducing the complexity of the lysates, i.e. using a nuclear-enriched lysate.

In the first instance, ISHIKAWA cell lysates were prepared from 20 million cells each
and RIP was performed using 5 ug of the CIZ1 antibody. The RIP approach involves
incubating the lysate with magnetic beads coupled to the ClZ1 antibody. This allows
the ClZ1 protein to be isolated from the rest of the lysate. Eluting material captured
by the beads can be split in two samples to a) analyse proteins captured via western
blot, verifying RIP specificity and b) amplify candidate ClIZ1-interacting RNAs via
PCR. In the western blots performed here, B-tubulin was also probed for as a
negative control, meaning that an interaction between specific antibodies such as
ClZ1 here and B-tubulin was not expected. Equally, in the RT-PCR assessment of
elutions, ACTB, GAPDH and U2 RNAs were used as negative controls, indicating

that an interaction between ClZ1 and these RNAs was not expected.
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In this experiment, RIP was performed and following that western blot was
performed. Looking in the depleted lysate fraction where whole cell lysates were
used, the CIZ1 protein was depleted regardless of which antibody was used for RIP
(Figure 3.10A). This demonstrating most of the available ClIZ1 was captured by the
beads in whole cell extracts. The same pattern was observed for the non-specific
protein control, B-tubulin. Importantly, there was no notable difference in the
depletion of B-tubulin across the anti-ClZ1 or IgG antibodies (Figure 3.10A&B),
indicative of non-specific capture. Looking in the elution samples, CIZ1 protein was
pulled down, demonstrated by the presence of two distinct bands (at 95 and 130
kDa, as expected) when the anti-ClZ1 antibody was used. However, some CIlZ1
protein was also pulled down with the use of the IgG control in whole cell extracts
(Figure 3.10A). More importantly, despite the presence of B-tubulin in both elution
samples, there was no difference in enrichment when using the anti-ClZ1 or the IgG

antibody, indicative of non-specific 3-tubulin pulldown.
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Figure 3.10. Comparison of CIZ1-XIST enrichment from RIP in whole cell and nuclear-enriched extracts.

A) Western blot of CIZ1 RIP samples using whole cell extract of ISHIKAWA cells. Two bands at 95 and 130 kDa expected (four
isoforms). B) Western blot of CIZ1 RIP samples using nuclear-enriched extract of ISHIKAWA cells. All antibodies used at 1:1000 in
PBS-T. C) RT-PCR of CIZ1 RIP from whole cell and nuclear extract of ISHIKAWA cells. IgG is a non-specific control in RIP
experiments. B-tubulin serves as a non-specific interacting protein negative control in western blot. ACTB serves as a specific
interacting transcript positive control whereas U2 serves as non-specific transcript negative control. N=1 biological replicate. RIP,
RNA immunoprecipitation; RT-qPCR, reverse transcription quantitative PCR
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In nuclear-enriched extracts, more of the heavier isoform of ClZ1 (at 130 kDa) was
preferentially captured by the ClZ1 antibody compared to 1gG, in depleted lysates
(Figure 3.10B). Conversely, there was no notable difference in the depletion of B-
tubulin across the anti-ClZ1 or IgG antibodies. Examining the elution samples, the
heavier isoform of CIZ1 was found enriched when the anti-ClZ1 antibody was used
in nuclear-enriched extracts whereas no ClZ1 protein was found eluted with the IgG
antibody (Figure 3.10B). Even though some B-tubulin signal was seen for both
elution samples, there was no enrichment for it, regardless of antibody used,

indicative of non-specific capture.

In summary, the CIZ1 protein was completely depleted regardless of antibody used
in in whole cell extracts whereas only the heavier ClZ1 isoform was completely
depleted in nuclear-eneriched lysates (Figure 3.10A&B). The same depletion
pattern was seen for B-tubulin. In terms of the elution samples, ClZ1 was found more
enriched with the IgG than the anti-CIZ1 antibody in whole cell extracts. Conversely,
hardly any ClZ1 was seen in the elution of nuclear-enriched lysates, with most of it

showing in the elution with the anti-ClIZ1 antibody.

Following RIP, RT-PCR was performed to identify transcripts associated with the
assayed CIZ1 protein with ACTB, GAPDH and U2 were used as non-specific
controls meaning an interaction between these transcripts with the CIZ1 protein was
not expected. Indeed, there was no enrichment of GAPDH and U2 RNA in elution
samples of IgG or ClZ1, for either whole cell or nuclear-enriched extracts was
observed (Figure 3.10A&B), indicative of high specificity. An enrichment of ACTB
was observed in the elutions from CI1Z1 pulldown compared to input and IgG control,
both in whole cell and nuclear-enriched extracts (Figure 3.10C and Appendix I),
suggesting that ACTB may be specific partner of ClZ1. This has not been previously
reported in the literature. Therefore, ACTB could serve as an additional positive
control of RIP performance and efficiency in future experiments with the anti-ClZ1

antibody.

To ensure full-length XIST was recovered, all XIST primers described previously
were used (cyan bars in Figure 3.6A). XIST RNA was found enriched in the anti-
ClIZ1 elution over the IgG elution in both whole cell and nuclear-enriched extracts,
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with all primers used (Figure 3.10C and Appendix I), demonstrating a specific
association of CIZ1 with human XIST in ISHIKAWA cells. Enrichment levels varied
according to primer set used, with XIST exon 1 and XIST exon 6 showing the highest
enrichment in the elution samples of anti-C1Z1 versus the IgG (Figure 3.10C and

Appendix I).

Given no gross differences were seen in the levels of XIST RNA enrichment across
whole cell and nuclear-enriched extracts, whole cell extracts were used for the rest
of the RIP experiments (Merck Millipore, 2009).

In the next experiment, RIP was performed using whole cell lysates this time in three
biological replicates with 10% of elution used for western blots and the remaining
was analysed by RT-gPCR. A reduction in the signal of ClZ1 protein was seen from
western blotting of the depleted lysate fraction with the anti-ClZ1 antibody, but not
with the IgG (Figure 3.11A). Additionally, an enrichment of the CIZ1 protein was
seen in the elution with the anti-ClZ1 antibody but not with the IgG. In contrast, the
negative control protein, B-tubulin, was not present in elutions and therefore not
pulled-down (Figure 3.11A). RT-qPCR was then used to assess the binding of XIST
RNA to CIZ1 protein. Consistent with RT-PCR results from the previous experiment,
XIST was found to be more enriched in elutions of anti-ClZ1 versus IgG elutions in
three biological replicates (Figure 3.11B). More specifically, XIST exon 1, exons 2-3
and exon 6 regions were 4-, ~14-, and 7-fold enriched, respectively, over the input
(Figure 3.11B). ACTB was found to be more enriched in in CIZ1 pulldowns when
compared to the non-specific IgG control (4-fold enrichment over input; Figure
3.11B), consistent with what was previously seen with RT-PCR (Figure 3.11C). U2
was not enriched in either CIZ1 or IgG pulldown, indicating that pulldowns were
specific. ACTB has not been previously recognised as a ClZ1 interactor in the
literature. Conversely, XIST has been shown to bind ClZ1 in HEK293FT cells
previously (Sunwoo et al., 2017). Overall, these data demonstrate an association
between human ClZ1 and human XIST in the human endometrial ISHIKAWA cell

culture model.
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Figure 3.11. The CIZ1 protein associates with human XIST.

A) Representative image from western blot of CIZ1 RIP samples in whole cell extract
of ISHIKAWA cells. Two bands at 95 and 130 kDa expected (four isoforms). The
amount of protein loaded across input and depleted lysate samples was consistent
and equivalent to the same number of cells (~500,000) whereas 10% of the elution
was used for western blotting. n=3 biological replicates. B) RT-qPCR of CIZ1 RIP in
whole cell extracts of ISHIKAWA cells. Fold enrichment of each transcript’s
abundance in RIP elutions was normalised to input using the 2*Ctgtion” Ctinput! formula
and reported as RNA enrichment. Three technical replicates were performed for
each of three biological replicates. Antibodies were used at 1:1000 in PBS-T. IgG
serves as a non-specific negative control in RIP experiments. B-tubulin serves as a
non-specific negative control in western blot. ACTB serves as a specific interacting
transcript positive control whereas U2 serves as non-specific transcript negative
control. RIP, RNA immunoprecipitation; RT-gPCR, reverse transcription quantitative
PCR
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Next, RIP was performed using the RBM15 antibody as previously with whole cell
ISHIKAWA lysates in two independent biological replicates. Western blotting of RIP
elution samples indicated that RBM15 is specifically pulled down with the anti-
RBM15 but not the IgG antibody, given a higher abundance of the RBM15 protein in
the former compared to the latter (Figure 3.12A). This was also reflected by the
depletion of RMB15 levels in the lysate following pulldown. To determine whether
XIST RNA was bound to RBM15, RT-gPCR was performed on RNA eluted from the
pulldown. Neither ACTB or U2 negative control transcripts were specifically bound to
the RBM15 protein from elution samples (Figure 3.12B). Likewise, XIST was not
enriched in the RBM15 pulldown when compared to the IgG control, regardless of
which primer set was used for its detection (Figure 3.12B). This result suggests
XIST is not bound by RMB15 in human ISHIKAWA cells. This is in contrast to results
from previous studies, which detect a specific RBM15-XIST interaction (Patil et al.,
2016, Graindorge et al., 2019). Taken together, RBM15 could not be robustly
validated as a specific protein partner of human XIST here, given a weak capture of
the RBM15 protein from RIP.
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Figure 3.12. An association between the RBM15 protein and human XIST could
not be inferred

A) Representative western blot of RBM15 RIP samples in whole cell extract of
ISHIKAWA cells. Bands expected between 100-107 kDa (four isoforms). The amount
of protein loaded across input and depleted lysate samples was consistent and
equivalent to the same number of cells (~500,000) whereas 10% of the elution was
used for western blotting. n=3 biological replicates. B) RT-gPCR of RBM15 RIP in
whole cell extracts of ISHIKAWA cells. Fold enrichment of each transcript’s
abundance in RIP elutions was normalised to input using the 2 (Ctgution” Ctinput! formula
and reported as RNA enrichment. Three technical replicates were performed for
each of two biological replicates. Antibodies were used at 1:1000 in PBS-T. IgG
serves as a non-specific negative control in RIP experiments. B-tubulin serves as a
non-specific negative control in western blot. ACTB and U2 serve as non-specific
transcript negative controls. RIP, RNA immunoprecipitation; RT-qPCR, reverse

transcription quantitative PCR
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An association between the WTAP protein and XI/ST was sought to be examined.
Two antibodies were trialled for the detection of the WTAP protein in chapter 2
(Figure 2.11), one recognised the protein from all species (mouse anti-WTAP) and
the other was human-specific (rabbit anti-WTAP). Here, RIP was performed using
both WTAP antibodies in a single biological replicate of whole cell ISHIKAWA lysates
to determine which one was more suitable for pulldowns. RIP elution samples were
assessed for protein pulldown efficiency via western blot. Western blotting of
depleted lysates indicated that both antibodies could capture most of the available
WTAP protein (Figure 3.13A). Additionally, probing for WTAP in elution samples
indicated that both antibodies could pulldown the WTAP protein, albeit the rabbit
anti-WTAP antibody showed a stronger signal (Figure 3.13A). The size difference
observed between the two is owed to the antibodies. The mouse one was raised
against endogenous WTAP and therefore has the capacity to recognise
phosphorylated WTAP whereas the rabbit one was raised against recombinant
WTAP. Given WTAP had a similar size to B-tubulin (50 kDa vs 55 kDa, respectively),
RpS5 was used as a non-specific negative control in western blotting. The presence
of the RBM15 protein was also probed due to previous studies showing its co-
immunoprecipitation with WTAP in human and mouse (Horiuchi et al., 2013, Patil et
al., 2016, Coker et al., 2020).

Having established the rabbit anti-WTAP antibody was a more suitable candidate for
RIP, RIP was performed in two more independent biological replicates. Here, the
WTAP protein was found greatly enriched in the elution of the anti-WTAP antibody
over the IgG, although at a slightly lower molecular weight compared to other lanes
(Figure 3.13A & B). Whereas in the first WTAP RIP replicate, there was no
detectible RBM15 protein in any of the elutions with the different anti-WTAP
antibodies (Figure 3.13A), a marked enrichment of RBM15 was seen in the elution
of rabbit anti-WTAP in the second replicate (Figure 3.13B). Conversely, the
abundance of RpS5 was low (if any) in the elution samples, as expected from a

negative control.

RT-gPCR was then used on eluted RNA to determine the binding of XIST RNA to
the WTAP protein. Two biological repeats were performed for this experiment, each
of which was supported with three technical replicates for RT-gPCR. Analysis from
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both biological replicates showed that neither of the non-specifc RNA controls, ACTB
and U2, were enriched in the WTAP pulldown comapred to the non-specific IgG
control (Figure 3.13C). Conversely, XIST was enriched in the WTAP pulldown. On
average, XIST exons 2-3 and XIST exon 6 were found to be 2- and 1.2-fold enriched
in the the anti-WTAP elution over the input respectively, whereas there was no
enrichment of XIST in the 1gG elution (Figure 3.13C). Together these data indicate
that WTAP is bound to XIST in human endometrial cells. Despite a robust WTAP
immunoprecipitation achieved, the presence of the RBM15 protein was not
consistent in elution samples here. Thus, an association between WTAP and RBM15

could not be reliably inferred under these conditions described here.
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Figure 3.13. The WTAP protein associates with human XIST.

A) Representative image from western blot of WTAP RIP samples in whole cell
extract of ISHIKAWA cells. One isoform expected at 44 kDa. The human-specific
rabbit anti-WTAP antibody was used for western blotting. The amount of protein
loaded across input and depleted lysate samples was consistent and equivalent to
the same number of cells (~500,000) whereas 10% of the elution was used for
western blotting. n=2 biological replicates. C) RT-gPCR of WTAP RIP in whole cell
extracts of ISHIKAWA cells. Fold enrichment of each transcript’s abundance in RIP
elutions was normalised to input using the 22 (Cletion” Clinput formula and reported as
RNA enrichment. Results here are only from the use of the rabbit anti-WTAP
antibody. Three technical replicates were performed for each of two biological
replicates. Antibodies were used at 1:1000 in PBS-T. IgG serves as a non-specific
interacting protein negative control in RIP experiments. RpS5 serves as a non-
specific negative control in western blot. ACTB serves as a specific interacting
transcript positive control whereas U2 serves as non-specific transcript negative
control. RIP, RNA immunoprecipitation; RT-gPCR, reverse transcription quantitative
PCR
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An interaction between mouse Xist and hnRNPK has been extensively
characterised. To assess whether human XIST could associate with human
hnRNPK, RIP was performed in three independent biological replicates using whole
cell ISHIKAWA lysates. Western blotting of samples where RIP was performed with
the anti-hnRNPK antibody, exhibited a modest, albeit higher depletion of the
available hnRNPK protein in the input, compared to the IgG (Figure 3.14A).
hnRNPK protein was detected in the hnRNPK pulldown elution but not in the IgG
control. Given an interaction was not seen previously between XIST and RBM15, it
was used as a negative control. However, a modest depletion of RBM15 was
observed when performing RIP with the anti-hnnRNPK antibody but no RBM15
depletion was seen with the IgG (Figure 3.14A). Nonetheless, no RBM15 protein
was present in the elution of either anti-hnRNPK or IgG, perhaps indicating that

RBM15 could be depleted due to being bound to the same transcript(s) as hnRNPK.

Similar to what was seen with ClZ1 RIP, ACTB was more highly enriched in the
hnRNPK pulldown compared to the IgG (Figure 3.14B). More specifically, ACTB
was enriched ~6-fold over the input. In contrast, U2 levels were no different between
the two elutions (Figure 3.14B). This observation demonstrated a specific
association between hnRNPK and ACTB. Compared to the IgG, XIST was also
found to be more enriched when the anti-hnRNPK antibody was used versus the IgG
(Figure 3.14B). In fact, enrichment of XIST over the input for exon 1, exons 2-3 and
exon 6 was on average 8-fold, ~3-fold and 1.5-fold higher respectively (Figure
3.14B). This was in agreement with previous evidence of a hnRNPK-XIST interaction
in human HepG2 (liver), K562 (myeloid) and HEK293T (kidney) cells (Van Nostrand
et al., 2016, Graindorge et al., 2019, Lu et al., 2020a). Overall, these data
demonstrate that XIST specifically associates with human hnRNPK in ISHIKAWA

cells.
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Figure 3.14. The hnRNPK protein associates with human XIST.

A) Representative western blot of hnRNPK RIP samples in whole cell extract of
ISHIKAWA cells. One isoform expected at 60 kDa (according to datasheet; 51 kDa
according to Uniprot). The amount of protein loaded across input and depleted lysate
samples was consistent and equivalent to the same number of cells (~500,000)
whereas 10% of the elution was used for western blotting. n=3 biological replicates.
B) RT-gPCR of hnRNPK RIP in whole cell extracts of ISHIKAWA cells. Fold
enrichment of each transcript’'s abundance in RIP elutions was normalised to input
using the 24 (Clyi0n” Clinput) formula and reported as RNA enrichment. Three technical
replicates were performed for each of three biological replicates. Antibodies were
used at 1:1000 in PBS-T. IgG serves as a non-specific negative control in RIP
experiments. B-tubulin serves as a non-specific negative control in western blot.
ACTB serves as a specific interacting transcript positive control whereas U2 serves
as non-specific transcript negative control. RIP, RNA immunoprecipitation; RT-

gPCR, reverse transcription quantitative PCR
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The mouse Xist-Spen interaction has been found to be at the forefront of XCl gene
silencing onset. Therefore, here the assessment of whether this interaction also
holds true in human was carried out. An anti-SPEN antibody previously failed to
consistently detect the SPEN protein in western blotting of human or other placental
mammal tissue. Here, the anti-SPEN antibody was tested for its suitability in RIP .
Thus, RIP was performed in four independent biological replicates using the anti-
SPEN antibody in whole cell ISHIKAWA cell extracts. In three of those replicates, the
elution was split 90:10 for RNA:protein analyses. Since no western blot could be
performed to biochemically establish whether the pulldown had efficiently worked,
tThe elution of SPEN and the elution of the IgG negative control were analysed via
mass-spectrometry for protein identification instead. SPEN was found in the anti-
SPEN elution sample with a spectral count of 30 and 29 unique peptides, whereas
none was detected in the IgG elution (Table 3.6) confirming SPEN protein is pulled
down and the anti-SPEN antibody is suitable for RIP.

Then, RT-qPCR was performed on RIP samples for the examination of transcripts
pulled down by SPEN. RT-qPCR revealed no enrichment of negative controls ACTB
or U2 in the elution where the anti-SPEN antibody was used over the IgG (Figure
3.15). XIST was found enriched in the elution of the SPEN pulldown compared to the
IgG pulldown (Figure 3.15). Primers targeting XIST exon 1 and exons 2-3 were the
two most highly enriched regions with a ~12- and ~20-fold enrichment over IgG,
respectively whereas exon 6 showed a ~3-fold enrichment. This is consistent with
previous studies showing SPEN interacts with XIST in human cells (Graindorge et
al., 2019, Lu et al., 2020a). Taken together, it was demonstrated that SPEN
associates with human XI/ST in human endometrial cells.
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Figure 3.15. RT-qPCR from RIP of SPEN protein in human.

RT-gPCR of SPEN RIP in whole cell extracts of ISHIKAWA cells. Fold enrichment of
each transcript’s abundance in RIP elutions was normalised to input using the 2/
(Ctyution” Ctinput! formula and reported as RNA enrichment. Three technical replicates
were performed for each of four biological replicates. Antibodies were used at 1:1000
in PBS-T. IgG serves as a non-specific negative control in RIP experiments. 3-
tubulin serves as a non-specific negative control in western blot. ACTB and U2 serve
as non-specific transcript negative controls. RIP, RNA immunoprecipitation; RT-

gPCR, reverse transcription quantitative PCR
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Table 3.5. List of proteins identified as specific to the SPEN elution following
RIP of SPEN in ISHIKAWA cells.

Spectral
Protein count ratio
(SPEN/IgG)

GRIPAP1 113 81
SPEN 30 29
PABPC1 24 16
MKI67 16 14
IMPDH 14 12
IMPDHZ2 14 12
MCM7 14 14
HNRNPC 13 11
RBMX 12 10
DDX48 10
EIF4A3 10
DKFZp686K23100
MATR3

SRSF1

PNN

SAP18

SRSF7

KTN1

KIF1C

SEMG1

SRSF3

SFRS3

SRSF6

HEL-S-91
DKFZp667N107
ACIN1

FLG2

DCD

HNRNPM

PCMT1

GAPDH
DKFZp686F18120
SRSF10

PABPN1

TRA2B
HNRNPH1
UBAS52

#Unique
Peptides
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PRSS3
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DLST
PRPF19
TRIOBP
RPL23
RPLPO
PGAMS5
RPLPOP6
RALY
HIST1H2BC
HIST1H2BK
H2BC12
H2BC4
HIST2H2BF
HIST1H2BH
HIST1H2BD
H2BC15
H2BC14
GRN
HSPAS
HEL-S-72p
HRNR
TUBB4B
DSP
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An additional set of proteins were found to be co-immunoprecipitated with SPEN
from the mass-spectrometry results (Table 3.6 and Figure 3.16). Some of these
proteins have been previously identified in a biochemical pulldown using SPEN’s
SPOC domain in mESCs (Dossin et al., 2020)(see 3.4 Discussion). Among them
were Sin3A Associated Protein 18 (SAP18), Serine/arginine-rich splicing factor 1
(SRSF1), RNA Binding Motif Protein X-Linked (RBMX), Polyadenylate-binding
nuclear protein 1 (PABN1) and pinin (PNN).
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Figure 3.16. MS of SPEN pulldown identifies SPEN and previously described
co-immunoprecipitated proteins.

Venn diagram showing 17/74 (~23%) of the identified proteins specific to SPEN from
RIP-MS of SPEN here (purple) had also been found in mESCs (Dossin et al.,
2020)(green). Trypsin, immunoglobulin- and keratin-related proteins,
uncharacterised, had less than two unique peptides and a SPEN/Control ratio below
one, were filtered out from both datasets. A single biological replicate was performed
with 100% of the RIP elution sample from each antibody. RIP, RNA

immunoprecipitation; MS, mass-spectrometry.
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3.3.3. Employing RIP coupled to RT-gPCR to characterise putative protein partners
of XIST in cow

Performing pulldowns in ISHIKAWA cells revealed some of the human XIST protein
partners are shared with mouse Xist. To establish whether the same proteins
partners of human XIST are shared across cow, RIP was carried out in primary

bovine endometrial stromal cells using the same antibodies.

More specifically, the aim of this experiment was to assessed whether cow ClZ1
associates with cow XIST. Hence, RIP was performed here for CIZ1 in whole cell
extracts from bovine stromal cells in three independent biological replicates. The
antibody used for RIP was the same as the one successfully used for pulldowns in
ISHIKAWA cells. Following RIP, samples were assessed for the presence of CIZ1 by
western blotting using the same anti-ClZ1 antibody. Western blotting revealed the
anti-ClZ1 antibody detected bovine CIlZ1, but also depleted it (with a preference for
the heavier isoform at 130 kDa) in bovine stromal cells more so than the IgG (Figure
3.17A). CIZ1 protein was found at a higher level in the elution of the anti-ClZ1
antibody compared to the IgG. A similar pattern of enrichment was observed for 3-

tubulin, albeit at much lower levels.

Subsequently, RT-qPCR was used to characterise whether cow XIST interacts with
cow ClZ1. Using ACTB and RPL19 were used as non-specific interactors of the ClZ1
protein in cow (negative controls) levels of both transcripts in the elution samples did
not differ between CIZ1 and IgG in two of the three biological replicates but in the
third replicate background was detected in CIZ1 pulldown (Figure 3.17B). On
average, XIST exons 1 and 5 failed to enrich higher than 2-fold over the input and
were not specific to ClZ1 compared to IgG (Figure 3.17B). This also occurred for the
XIST exon 1 primer set, perhaps indicating a difference related to the particular
replicate, where there was high background non-specificity. Overall, the weak
enrichment of XIST over input was similar to the enrichment seen for negative
control transcripts, ACTB and RPL19. Hence, an association between bovine ClZ1

and XIST could not be reliably shown under these conditions.
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Figure 3.17. RIP of CIZ1 protein in cow.

A) Representative image from western blot of CIZ1 RIP samples in whole cell extract
of ISHIKAWA cells. One isoform at 91 kDa predicted by Uniprot. The amount of
protein loaded across input and depleted lysate samples was consistent and
equivalent to the same number of cells (~500,000) whereas 10% of the elution was
used for western blotting. n=3 biological replicates. B) RT-gPCR of ClIZ1 RIP in
whole cell extracts of ISHIKAWA cells. Fold enrichment of each transcript’s
abundance in RIP elutions was normalised to input using the 22 Ctgution” Ctinput! formula
and reported as RNA enrichment. Three technical replicates were performed for
each of three biological replicates. Antibodies were used at 1:1000 in PBS-T. I1gG
serves as a non-specific negative control in RIP experiments. B-tubulin serves as a
non-specific negative control in western blot. ACTB serves as a specific interacting
transcript positive control whereas U2 serves as non-specific transcript negative
control. RIP, RNA immunoprecipitation; RT-gPCR, reverse transcription quantitative
PCR
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RBM15 has been shown to be a bona fide interactor of mouse and human XIST. To
examine whether cow RBM15 associates with cow XIST, RIP was performed here in
whole cell bovine stromal extracts with the same antibody used for ISHIKAWA
pulldowns. Western blotting was used to assess whether pulldown of RBM15 was
successful. The anti-RBM15 antibody was no better than the IgG at efficiently
depleting RBM15 from bovine stromal cells, since no discernible difference was seen
between the RBM15 protein levels across the input and depleted lysate samples
(Figure 3.18A). Nevertheless, a slight enrichment of the RBM15 protein (although of
slightly higher molecular weight than in other lanes) was seen in the elution sample
of the anti-RBM15 antibody compared to the IgG. B-tubulin was found to be enriched
in the elution sample from the IgG compared to the anti-RBM15 antibody. To
determine whether cow RBM15 could bind cow XIST RNA, RT-gPCR was performed
on RNA eluted from the pulldown. Similar to the levels of negative controls ACTB
and RPL19, XIST was not found to be enriched in the elution sample of the anti-
RBM15 antibody compared to the IgG (Figure 3.18B). This was consistent with the
relatively low presence of the RBM15 protein in the same elution sample as detected
by western blotting. Hence, under these conditions an association between cow
RBM15 and cow XIST could not be assessed, given RBM15 could not be robustly

pulled down.
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Figure 3.18. RIP of RBM15 protein in cow.

A) Representative image from western blot of RBM15 RIP samples in whole cell
extract of ISHIKAWA cells. One isoform at 105 kDa predicted from Uniprot. The
amount of protein loaded across input and depleted lysate samples was consistent
and equivalent to the same number of cells (~500,000) whereas 10% of the elution
was used for western blotting. n=1 biological replicate. B) RT-qPCR of RBM15 RIP
in whole cell extracts of ISHIKAWA cells. Fold enrichment of each transcript’s
abundance in RIP elutions was normalised to input using the 2*Ctgtion” Ctinput! formula
and reported as RNA enrichment. Three technical replicates were performed for the
single biological replicate. Antibodies were used at 1:1000 in PBS-T. IgG serves as a
non-specific negative control in RIP experiments. 3-tubulin serves as a non-specific
negative control in western blot. ACTB serves as a specific interacting transcript
positive control whereas U2 serves as non-specific transcript negative control. RIP,

RNA immunoprecipitation; RT-qPCR, reverse transcription quantitative PCR
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Next, the potential of a cow WTAP-XIST interaction was examined. Thus, RIP was
performed in whole cell extracts from bovine stromal cells in a single biological
replicate. For this, the mouse anti-WTAP antibody was employed, given it was the
only WTAP available that could recognise cow WTAP (Figure 2.11). Western
blotting of RIP samples with the same antibody was used to assess for pulldown
efficiency. Cow WTAP is predicted to be 44 kDa, however another band was evident
at ~50 kDa (which could be a phosphorylated fraction of the protein). There was no
notable difference in the depletion of the bovine WTAP 44 kDa protein from the input
using either anti-WTAP or IgG antibodies. There was a difference for the 50 kDa
band though (Figure 3.19A). This band was detected at a higher amount in the
elution sample when the anti-WTAP antibody was used compared to the IgG (Figure
3.19A). A slight enrichment of the RBM15 protein could also be discerned in the
same anti-WTAP elution sample compared to the IgG. To characterise whether cow
XIST was bound to the pulled down WTAP protein, RT-gPCR was performed.
Results showed no ACTB or RPL19 enrichment was found in any elution samples
(Figure 3.19B), indicating these transcripts do not preferentially associate with either
WTAP or IgG. Although XIST exon 1 was not more highly enriched in the elution
from anti-WTAP compared to the 1gG (Figure 3.19B), XIST exon 5 was (1-fold vs
0.13-fold over input for WTAP vs IgG antibodies used). Thus, in the absence of at
least a 2-fold XIST enrichment over input and more biological replicates, an

association of bovine WTAP with XI/ST, could not be confidently examined.
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Figure 3.19. RIP of WTAP protein in cow.

A) Representative image from western blot of WTAP RIP samples in whole cell
extract of ISHIKAWA cells. One isoform at 44 kDa predicted from Uniprot. The
amount of protein loaded across input and depleted lysate samples was consistent
and equivalent to the same number of cells (~500,000) whereas 10% of the elution
was used for western blotting. n=1 biological replicate. B) RT-qPCR of WTAP RIP in
whole cell extracts of ISHIKAWA cells. Fold enrichment of each transcript’s
abundance in RIP elutions was normalised to input using the 24 Ctgution” Ctinput! formula
and reported as RNA enrichment. Three technical replicates were performed for the
single biological replicate. Antibodies were used at 1:1000 in PBS-T. IgG serves as a
non-specific negative control in RIP experiments. -tubulin serves as a non-specific
negative control in western blot. ACTB serves as a specific interacting transcript
positive control whereas U2 serves as non-specific transcript negative control. RIP,

RNA immunoprecipitation; RT-qPCR, reverse transcription quantitative PCR
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An hnRNPK-XIST interaction is closely linked to the establishment of a repressive
chromatin environment for chromosomal-wide gene silencing of the X chromosome.
In this experiment, an association between cow hnRNPK and cow XIST was tested.
For this, RIP of hnRNPK was performed in a single biological replicate of whole cell
bovine stromal extracts using the same antibody as for the ISHIKAWA pulldowns.
Again, western blotting was carried out to address the suitability of this antibody for
cow hnRNPK pulldowns. A noteworthy depletion of the hnRNPK protein was seen
with the use of the anti-hnRNPK antibody, compared to the IgG (Figure 3.20A).
Consistently, a clear enrichment of the hnRNPK protein was witnessed in the anti-
hnRNPK elution sample versus the IgG. The presence of cow XIST and non-specific
transcript controls bound to the pulled down hnRNPK protein was assessed via RT-
gPCR. No enrichment of negative controls ACTB or RPL19 was seen by RT-qPCR
in any of the elution samples. In spite of a clear enrichment of bovine hnRNPK
protein in the elution sample with the anti-hnRNPK antibody, a related concomitant
XIST enrichment was not detected regardless of XIST primers used, with XIST
abundance being similar across both anti-hnRNPK and IgG elution samples (Figure
3.20B). Therefore, no association could be reliably tested between bovine hnRNPK
and XIST with a single replicate under these conditions.
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Figure 3.20. RIP of hnRNPK protein in cow.

A) Representative image from western blot of hnRNPK RIP samples in whole cell
extract of ISHIKAWA cells. One isoform at 60 kDa from datasheet (51 kDa from
Uniprot). The amount of protein loaded across input and depleted lysate samples
was consistent and equivalent to the same number of cells (~500,000) whereas 10%
of the elution was used for western blotting. n=1 biological replicate. B) RT-qgPCR of
hnRNPK RIP in whole cell extracts of ISHIKAWA cells. Fold enrichment of each
transcript’s abundance in RIP elutions was normalised to input using the 2*-(Clytion”
Cinput! formula and reported as RNA enrichment. Three technical replicates were
performed for the single biological replicate. Antibodies were used at 1:1000 in PBS-
T. IgG serves as a non-specific negative control in RIP experiments. B-tubulin serves
as a non-specific negative control in western blot. ACTB serves as a specific
interacting transcript positive control whereas U2 serves as non-specific transcript
negative control. RIP, RNA immunoprecipitation; RT-gPCR, reverse transcription
quantitative PCR
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Given the central role of the SPEN-XIST interaction in human and mouse, the aim of
the next experiment was focused on examining whether such an interaction would
also exist in cow. Since the anti-SPEN antibody had previously worked successfully
in ISHIKAWA pulldowns, RIP was performed here in whole cell bovine stromal cell
extracts using the same antibody. Despite no information was provided in the SPEN
antibody manufacturer’s datasheet with regards to the peptide used to raise the
antibody, an ~88% amino acid similarity between human and cow SPEN was shown
previously in Chapter 2 (Figure 2.11). Following RIP, a single biological replicate of
the elution with the SPEN and the IgG antibodies were analysed with mass
spectrometry to confirm the successful pulldown of cow SPEN in bovine stromal
cells, as performed for ISHIKAWA cells. Cow SPEN protein was not found in either
elution sample from anti-SPEN or IgG from the mass-spec report (data not shown).
Therefore, it is likely the anti-SPEN antibody used is not suitable for RIP of bovine
SPEN. Therefore, an association between cow SPEN and cow XI/ST could not be
assessed here since the anti-SPEN antibody used probably did not recognise the

bovine SPEN protein.
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3.4. Discussion

In this chapter, work was focused on experimentally demonstrating whether putative
protein partners of XIST biochemically interact with the XIST RNA in cells from
placental mammals with different implantation strategies, given their co-ordinate

expression seen in reproductive tissues/cells in the previous chapter.

3.4.1. Adapted RAP coupled to RT-gPCR enriches for human XIST but not its
interactome

RAP had previously been used to identify protein partners of a specific IncRNA
candidate, therefore this technique was selected to be adapted for the detection of
the human XIST protein interactome in ISHIKAWA cells. RAP employs UV
crosslinking to identify specific proteins bound to an RNA target, however, UV
treatment is known to lead to RNA damage. A comparison of XIST abundance in UV
crosslinked versus non-crosslinked cells revealed a decrease in XIST abundance
upon UV treatment (Figure 3.4 and Figure 3.5), further compounded by an already
low steady-state XIST expression in the ISHIKAWA cell line (Figure 2.9 & 3.3). This
has implications for the use of RAP given the low proportion of a single RNA in the
transcriptomic pool of a cell and the need to attain high enrichment levels in order to

robustly and specifically pulldown its protein partners.

Despite these implications, an XIST enrichment of up to ~300-fold was achieved in
RAP elutions (Figure 3.8). Following pulldown, XIST enrichment was not consistent
across the whole sequence and varied depending on regions amplified. More
specifically, the highest level of enrichment was seen across XIST exons 2-3,
followed by exon 6 whereas exon 1 was never found enriched at a level higher than
9-fold over input (Figure 3.8A). The differences in enrichment detected by different
primer pairs might be the result of primer efficiency biases, amplification of different
XIST isoforms, a lack of accessibility from some antisense probes on XIST or a lack
of full-length XIST isolation. Differential enrichment across XIST regions following
RAP is unlikely to be the result of primer efficiencies as the pattern observed in
elution samples was different to steady-state XIST abundance (compare Figure 3.3
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and Figure 3.7). Several XIST isoforms are present in humans (Figure 3.6B). It is
evident that primers targeting exons 2-3 and 4-5 would amplify more XI/ST isoforms
than primers targeting exon 1 or 6 (Figure 3.6B), which is consistent with the
amplification pattern seen (Figure 3.3). The pattern of XIST enrichment could also
be related to the location of the probes and the presence of local secondary
structure. However, care was taken during the design stage to avoid probes
overlapping known repetitive regions on XIST and also incubation of ISHIKAWA
lysates with the XIST probe pool occurred at 66°C, which would melt low to medium
strength local structures. One of the reasons why full-length XIST would not be
pulled down could be due to fragmentation, perhaps due to shearing during lysate
preparation, the use of too few probes for the pulldown of such a large transcript or
RNase-mediate degradation owed to lysate contamination. RNA fragmentation
during lysate preparation is very likely given the passing of the lysate through a
needle and syringe, although none of the above were explicitly addressed here.
Overall, the pattern of XIST enrichment seen is likely a combination of preferential
isoform capture and amplification by the exon 2-3 targeting primers and likely
degradation of the XIST RNA.

The highest XIST enrichment (~307-fold; Figure 3.8) was achieved with the use of
160 million ISHIKAWA cells and 9.6 mg of beads for capture. Nevertheless, when
258 million cells were used with ~15.5 mg of beads, more beads than just scaling for
cell number, a lower XIST enrichment was noted (Figure 3.9A). Whilst a higher
number of beads may have been used, it is likely that due to the addition of almost
100 million cells relative to the previous experiment, the extra copies of XIST present
in the starting lysate (input) would decrease the observed fold enrichment as it is
calculated relative to input. Despite the increase in cell number used as input, no
proteins were detected bound to XI/ST, which indicated that the achieved level of
enrichment was not sufficiently high (Figure 3.9B&C). Nevertheless, the rationale
behind increasing the number of cells used was two-fold. A low starting quantity of
XIST would mean a higher difficulty in enriching it at sufficient levels to detect its
protein partners, therefore having more available XIST would allow for more probe
binding. Moreover, a higher cell number would help in overcoming the inherently low
UV crosslinking inefficiency ranging from 1-5% (Fecko et al., 2007), which would

reduce the abundance of IncRNA-protein complexes. Going forward, to further
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augment XIST RNA enrichment with RAP, one avenue would be to design more
antisense probes against the XIST RNA given its transcript length. Another
experiment one could do even before that would be to test the levels of XIST
enrichment with fewer than 10 probes. An alternative route to boost RNA enrichment
would involve the use of a higher amount of bead to probe (maximum 2-2.2-fold
excess)(ThermoFisher Scientific, 2016) or the use of a different cell line where

XISTs abundance would be higher.

3.4.2. RIP coupled to RT-gPCR demonstrates an association between human XIST
and several putative protein partners in endometrial cells

RIP coupled to RT-qPCR has often been employed to reciprocally validate IncRNA-
protein interactions following identification of candidate protein partners of a specific
IncRNA via an RNA-centric approach. Thus, using a protein-centric approach here
the ability of putative protein partners of XIST to enrich for the XIST RNA was
assessed in human and cow. CIZ1, WTAP, hnRNPK, SPEN and RBM15 proteins
were the ones selected to be assayed for an interaction with XIST. These were
selected primarily on the availability of functional studies linking the role of the
protein to XCI and secondarily, on amino acid conservation across species of
interest and availability and efficacy of antibody at detecting the protein in western

blotting.

Employing RIP of ClZ1 in whole cell ISHIKAWA extracts depleted all of the ClZ1
protein from the input as seen in depleted lysates (Figure 3.10A), indicative of
efficient capture. Given the strict nuclear localisation of CIZ1 however (Warder and
Keherly, 2003), it could also be indicative of a ‘diluted’ initial abundance of ClZ1 in a
complex pool of proteins from both the cytoplasm and the nucleus. Thus, ClZ1 would
be less represented in the amount of whole cell lysate loaded on the gel for western
blotting compared to a more ‘concentrated’ presence in nuclear-enriched lysates
(Figure 3.10, compare A & B). Hence, it could give the impression that depletion of
ClZ1 in whole cell extracts is more efficient than in nuclear-enriched lysates. This
would also explain the differences in the presence of B-tubulin in depleted lysate and

elution samples across whole cell and nuclear-enriched lysates.
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Notably, CIZ1 was found to associate with human X/ST in both whole cell and
nuclear-enriched lysates (Figure 3.10 & Figure 3.11), in agreement with other
pulldown studies in human HEK293FT and K562 cells (Sunwoo et al., 2017, Lu et
al., 2020a). Another noteworthy finding reported here was the ACTB enrichment in
elutions from the CIZ1 antibody over the IgG, revealing a previously unappreciated
association between human CIZ1 and ACTB, confirmed both by RT-PCR (Figure
3.10C) and RT-gPCR (Figure 3.11B) across several biological replicates. Similar to
ClIZ1, hnRNPK was also shown here to associate with ACTB and XIST in human
endometrial cells (Figure 3.14). This was in line with previous studies in human
demonstrating a hnRNPK-XIST interaction from pulldown assays (Van Nostrand et
al., 2016, Graindorge et al., 2019). Although a direct hnRNPK-ACTB interaction
could not be traced in the literature, hnRNPK binding sites can be found on ACTB
(Van Nostrand et al., 2016, Dominguez et al., 2018).

An association between RBM15, WTAP and human XI/ST could not be reliably
validated under the conditions in which RIP was used in here (Figure 3.12 & Figure
3.13). This was in contrast to previous studies RBM15 using CLIP data, which
showed a robust interaction of XIST with RBM15 (Patil et al., 2016, Van Nostrand et
al., 2016, Lu et al., 2020a). Equally, an interaction cannot not be ruled out because
of the weak RBM15 protein enrichment following western blotting of RBM15 RIP
elution samples. (Figure 3.12), perhaps due to a small fraction of available RBM15
being immunoprecipitated or owed to the anti-RBM15 antibody not being suitable for
RIP. The low abundance of XIST in the ISHIKAWA model system combined with a
potential low proportion of RBM15 or WTAP bound to XIST at any one time could
comprise another reason as to why these interactions were not observed here. The
detection of XIST in elution samples could be further compounded depending on
whether proteins such as RBM15, WTAP, SPEN and LBR or others not described
here, bind to the XIST repeat A competitively with one another. Competitive binding
of RBM15 and SPEN has been speculated in the literature previously based on
mouse eCLIP data (Cirillo et al., 2016, Pintacuda et al., 2017b).

A previous study aiming to identify protein partners of X/IST used a CRISPR-dead
Cas9 fusion with biotin ligase and guide RNAs navigating the biotin ligase to XIST
locations (Yi et al., 2020). After feeding free biotin to cells, biotin ligase labels
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proteins nearby XIST allowing for their identification. Although RBM15 was detected,
it was not above the enrichment cut-off as a specific XIST partner in their dataset (Yi
et al., 2020). In another study performing RIP-seq with RBM15 in a human bone
marrow MEG-01 cell line, XIST was not identified in their dataset (Zhang et al.,
2015). These two studies and work presented here are in contrast to several lines of
evidence that support a direct interaction between RBM15, WTAP and human XIST
(see 2.1 Introduction). Technical shortcomings aside, the results presented here
could argue for a cell/tissue-type specific XIST interactome whereby RBM15 is not
bound by XIST either at all or at a high enough level in endometrial cells whereas
this interaction could occur in kidney cells. Furthermore, these observations could
reflect differences in the dynamic XIST interactome across XCI stages, with different
interactions preserved following the establishment of XCI. In support of this logic, a
recent study reported a 71.3% overlap between human XIST protein partners across
B cells (GM12878 cell line) and myeloid cells (K562 cell line)(Yu et al., 2021).
Moreover, this study described a 57.8% overlap between protein partners of Xist
across B cells and ESCs with inducible expression of XIST. Finally, observations
made here could also be taken to mean that the RBM15-XIST interaction could be
dispensable for endometrial cells and a different protein has been co-opted to
undertake RBM15’s function in this particular cell/tissue type. Redundancy in the
m6A methylation pathway, in which RBM15 has been described to participate in, has
been previously documented with mouse Ythdf m6A reader proteins (Lasman et al.,
2020) and human RBM15 with its paralog RBM15B (Patil et al., 2016). RIP with the

RBM15B protein was not performed here, however.

In line with previous studies in human HEK293T and K562 cells (Graindorge et al.,
2019, Lu et al., 2020a), an association between SPEN and human XI/ST was shown
in human endometrial cells (Figure 3.15). Due to a lack of a suitable antibody for
western blotting of the SPEN protein, elutions from RIP with the SPEN antibody were
subjected to mass spectrometry for protein identification. Only 114 of those had
more than two unique peptides and 74 were specific to SPEN compared to the IgG,
as measured by a spectral count ratio >1 (Table 3.6). These could comprise protein
partners of SPEN (i.e. part of the same protein complex as SPEN), protein partners
of SPEN targets (i.e. bound on the same transcript as SPEN, e.g. XIST) or both. Of
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that set, 17/74 (~23%) had been previously identified in a previous study using
pulldowns with SPEN’s SPOC domain in mESCs (Dossin et al., 2020).

Some of those proteins identified to be specifically enriched in the SPEN elution
have been shown to bind to mouse (Chu et al., 2015b, McHugh et al., 2015, Minajigi
et al., 2015) and human (Graindorge et al., 2019, Yi et al., 2020, Yu et al., 2021)
XIST in previous studies such as SAP18, RBMX, PNN, EIF4A3, PABPN1, TRA2B
and SRSF1/6/10. GRIPAP1, the most highly enriched protein in this dataset (81
unique peptides, 113 spectral count ratio), has not been seen in any XIST
interactome studies or genetic screens. Hence it is unknown whether it interacts with
SPEN or plays a role in XClI via XIST association. A role for GRIPAP1 that has been
described, unrelated to XClI, involves GRIPAP1 acting as a scaffold protein, binding
JNK and an upstream kinase MEKK1 facilitating JNK signaling in cultured cortical
neurons. Additionally, it has been reported to interact with the GRIP1 protein and
AMPA receptors in the rat brain mediating plasticity and synaptic transmission, since
its overexpression specifically disrupted AMPA receptor synaptic targeting (Ye et al.,
2000).

SPEN has previously been shown to interact and recruit proteins from the
NCOR2/SMRT and NuRD complexes (Shi et al., 2001, McHugh et al., 2015),
however, no proteins from these complexes were detected here. Moreover, besides
RBMX, other proteins from the m6A methylation machinery such as RBM15,
RBM15B or WTAP were not seen here, despite their co-immunoprecipitation with
SPEN in mESCs in other studies (Malovannaya et al., 2011, Horiuchi et al., 2013,
McHugh et al., 2015, Coker et al., 2020, Dossin et al., 2020). This was unexpected
given a central role of those complexes in aiding SPEN with establishing X-linked
gene silencing (McHugh et al., 2015, Dossin et al., 2020). However, it is known that
SPEN binding to chromatin (where it engages other protein partners) decreases,
after X-linked gene transcription diminishes as XCI establishment ensues (Dossin et
al., 2020). Given the differentiated status of ISHIKAWA cells used here which have
established XCl, it is likely that a smaller fraction of SPEN would be found
associated with these complexes as less SPEN would be expected to be bound on
chromatin, perhaps making it more difficult to pick those associations up. Hence, it’s
possible that SPEN'’s interactome is dynamic and dependent on XCI status.
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In pulldown experiments it is reasonable to expect regions where proteins bind on
XIST to be more enriched over other XIST regions where protein binding is not
observed (or predicted). The hnRNPK protein has been shown to interact with repeat
B (part of exon 1) on XIST. Following RIP of hnRNPK here, RT-gPCR results from
the elution with the hnRNPK antibody revealed that XIST exon 1 was more highly
enriched compared to exons 2-3 or exon 6. ClZ1 has been shown to interact with
repeat E (part of the 5’ end of exon 6) on XIST. Here, the primer for XIST exon 2-3
was in closer proximity to repeat E than the primer for exon 6 (684 bp vs 2.3 kbp
away from repeat E, respectively), justifying the result observed. Nevertheless,
human SPEN and WTAP have been shown to interact with repeat A (part of exon 1)
on XIST, whilst here the enrichment of XIST exon 2-3 was higher than that of exon 1
in the elutions for both proteins. Perhaps this pattern could be justified by RNA
fragmentation/shearing, due to the size of full-length XIST, eliminating exon 1 primer
binding sites following capture of the protein and pulldown of XIST. However, RNA
extracted from RIP experiments was not examined via agarose gel electrophoresis
due to limiting amounts of RNA. Therefore, RNA degradation as a driving force

behind this observation cannot be ruled out.

3.4.3. RIP coupled to RT-gPCR in bovine stromal cells highlights potentially shared
XIST protein partners across human and cow

The cow is a placental mammal with different early pregnancy events and
implantation strategies compared to human (Chapter 2.1.). Here it was used as a
model to enable the identification of shared and novel putative protein partners

bound across human and cow.

Mass spectrometry of elution samples from RIP with the SPEN antibody in bovine
stromal cells showed a lack of cow SPEN enrichment. Thus, RIP pulldowns were not
successful for cow SPEN given the antibody likely did not recognise the protein.
Western blots used to evaluate success of RIP pulldowns showed that cow ClZ1,
WTAP, RBM15 and hnRNPK proteins could be found enriched in elution samples
with specific antibodies compared to IgG controls, indicative that pulldowns worked.

However, XIST binding was not consistently observed for any of the above proteins.
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A previous study used selective pressure variation analyses across 43 vertebrate
species and did not report any sites on the WTAP gene as being under positive
selection, implying purifying selection is acting on this protein-coding gene. Given the
amino acid sequence of WTAP was found to be >95% across mouse, human and
cow and the functions of this protein are conserved (based on the study above), a
lack of XIST binding was unexpected here. As previously state above, it is possible
these observations relate to a cell-type specific XIST interactome that is dynamically

different across tissues and XCI stage.

A technical shortcoming that could account for both the inconsistency in bovine XIST
enrichment from ClZ1 and WTAP RIP as well as the lack of an inferred association
with bovine XIST from RBM15 and hnRNPK RIP experiments would be related to
lysate preparation. More specifically, a weak lysis buffer unable to achieve complete
cell lysis of the specific cell number required to perform RIP could translate into three
biological replicates each with varying cell numbers below the threshold for efficient
pulldown. In turn this could underlie suboptimal protein depletion from input samples
and insufficient enrichment in elution samples, consequently limiting the available
XIST RNA for RT-gPCR detection.

In future experiments, lysis buffers should be tested and proven they achieve
complete lysis consistently despite kit recommendations since various cell lines
might require buffers with different ionic strength. Additionally, future experiments
should focus on generating additional biological replicates of RIP with RBM15,
WTAP and hnRNPK antibodies in human and cow to ensure one-off effects are not
interfering with data interpretation and robustly establish whether these proteins
associate with XIST. Given the anti-SPEN antibody used here was not able to
pulldown the bovine SPEN protein, future approaches could employ RIP with
antibodies raised against a specific RRM domain of bovine SPEN or using an
antibody against a tag to bind a constitutively expressed tagged version of the
protein.

Due to RIP being sensitive to detecting artefactual interactions (see 3.1
Introduction), future attempts to establish a direct and specific interaction between

XIST and its putative protein partners could employ the use of lysates prepared from
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UV-treated cells. This way interactions that are taking place endogenously in a cell
are fixed prior to cell lysis and harsh washing buffers can be used to remove non-
specific associations. This approach is also better at determining whether a protein
directly interacts with an RNA, or whether the interaction is mediated by another

protein which is part of the same complex.

In summary, complementing findings from the previous chapter, RIP in human and
cow revealed an association between XIST and a subset of the earlier described
mouse Xist protein partners. Notably, while there was an overlap in the subset of
putative protein partners between human and cow, protein partners of human XIST
were different to those of bovine XIST. Human XIST was found to associate with
ClZ1, WTAP, hnRNPK and SPEN, whereas an association with RBM15 could not be
robustly confirmed here. In contrast, none of the proteins tested could be reliably
verified as associating with cow XIST under the described RIP conditions. These
results will be orthogonally validated, and protein partners of cow XIST further

explored in the next chapter.
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4. Chapter 4: Identification of human and cow XIST repeat region protein
partners

4.1. Introduction

Characterising the protein interactome of a IncRNA can offer insight into the various
pathways it can participate in, as well as provide hints to the mechanism behind
achieving that. Understanding where proteins bind on a IncRNA, can highlight parts
of the IncRNA with functional importance. Modern high-throughput approaches
aimed at identifying protein partners of an endogenous transcript (e.g. RAP
described in Section 3.1) provide no information about the part of the RNA that each
protein is associated with. Early methods to identify protein partners of putative
IncRNAs were based on in vitro transcription pulldowns. This approach relies on the
exogenous in vitro transcription of a IncRNA sequence from a plasmid or PCR
amplicon (Figure 4.1A) coupled to a reaction appending biotin groups to the
transcription product(s) (Figure 4.1B). The biotinylated transcription products would
be introduced into a cell lysate (Figure 4.1C) and IncRNA-protein complexes allowed
to form (Figure 4.1D). The introduction of streptavidin-coated magnetic beads
(Figure 4.1E) enables the isolation of biotinylated IncRNA-protein complexes
(Figure 4.1F). The identification of proteins from RNA pulldowns is then performed
by mass spectrometry (MS). Such an approach has been used to characterise the
protein interactome of several IncRNAs, including HOTAIR (Rinn et al., 2007a),
NORAD (Tichon et al., 2016) and mouse Xist (Pintacuda et al., 2017a). It has also
been used to explore the protein partners of specific elements harboured within
IncRNAs that ascribe them a function, such as the short interspersed nuclear
elements (SINE), which upregulate target mRNA translation (SINEUP class of
IncRNAs)(Toki et al., 2020).
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Figure 4.1. Schematic of XIST in vitro transcription and pulldown approach.

A) The template for in vitro transcription (black ‘Repeat’ box) is cloned into a plasmid
containing an upstream and downstream promoter (for sense or antisense
transcripts, respectively). B) For run-off in vitro transcription, the plasmid is linearised
shortly downstream of the 3’ end of Xist sequence cloned and transcribed with either
T7 or SP6 RNA polymerase, a pool of dNTPs (grey ‘C’, purple ‘G’ and blue ‘A’) and
biotin-modified dUTPs (orange ‘U’ with green spheres), which generates biotinylated
RNA. C&D) Biotinylated RNA is introduced in a protein lysate and RNA-protein
complexes are allowed to form. E) Streptavidin-coated magnetic beads (brown
spheres with green chevrons) are introduced to recover the target RNA by
interacting with the biotin group of the biotinylated in vitro transcribed RNA. F)
Magnetic separation is employed to isolate bead RNA-protein complexes from the
lysate, which are washed and then RNA-protein complexes eluted. Created with

BioRender.com.
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The specific type of mass spectrometry used has varied across the studies of
IncRNA protein partners through the years. Initial studies utilised label-free
proteomics, which involves trypsin digestion of proteins in a control and a treated
sample prepared and analysed separately by liquid chromatography and MS.
Relative quantification is achieved by measuring signal intensity from each peptide in
the control sample and comparing to the intensity of the same peptides from the
treated sample (Bantscheff et al., 2007). With a label-free approach, samples are
analysed one by one successively, which can result in weak comparisons across
different samples. The median protein coefficient of variation (variability compared to
the mean of the sample size) has been reported to be 20% across replicates
(Pappireddi et al., 2019). Additionally, label-free approaches cannot distinguish
between a peptide missing due to a) being misidentified, b) having an abundance
below the lower detection limit or c) being absent from the sample (Karpievitch et al.,
2012).

More recently, quantitative proteomics approaches using isobaric mass tag labelling,
such as tandem mass tags (TMT), are frequently employed to enable multiplexing of
samples run in parallel, mitigating some of the shortfalls of label-free mass
spectrometry. TMT-MS has some obvious advantages over stable isotope labelling
by amino acids in cell culture (SILAC), a gold standard in proteomic analyses due to
its accuracy. In SILAC, cells in culture are fed amino acid reagents that have been
labelled with stable isotopes, therefore generating nascent isotope-labelled
proteomes by live, metabolically active cells (Ong and Mann, 2006). SILAC was one
of the first technologies that enabled multiplexing up to three different conditions.
TMT-MS, however, does not depend on growing a sufficient number of cells and is
not limited by three conditions compared in parallel (comparisons up to 11 conditions
are possible). In TMT-MS, each isobaric tag contains an amine group and a reporter
group, bridged by a balancer group (Thompson et al., 2003)(Figure 4.2A). Isotopes
present on the reporter and balancer groups are distributed so that all tags have the
same mass. Characteristic isotope patterns remain following reporter group cleavage
during the mass spectrometry run, since each tag will have a signature of light/heavy
isotope distribution (Dayon et al., 2008)(Figure 4.2B). In 6-plex TMT each of the six
tags has a specific reporter ion that appears at a mass-to-charge ratio of 126.1,
127.1,128.1, 129.1, 130.1, and 131.1, facilitating the tracking of which sample the
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labelled peptide was present in (Dayon et al., 2008). TMT mass spectrometry has
been preferred in general because this technology allows relative quantitation of
protein abundance across samples which are analysed in parallel due to
multiplexing, resulting in a reduced replicate-to-replicate variation with a median
coefficient of variation of <10% (Sonnett et al., 2018, Pappireddi et al., 2019).
Furthermore, given only tagged peptides are analysed, it mitigates the issue of
comparing signal intensity from low abundance proteins in the sample since even

low abundance proteins would be tagged.

In the previous chapter, an association between human XIST and CIZ1, WTAP,
hnRNPK and SPEN proteins, but not RBM15, was evident from RIP in ISHIKAWA
cells. On the contrary, none of these interactions were found to occur with bovine
XIST. The aim of this chapter is to map the location of protein partner binding on
human and bovine XIST, to explore previously uncharacterised protein partners of
bovine XIST via mass spectrometry as well as orthogonally validate interactions
found in the previous chapter. Studies in mouse have showed an interaction of Spen,
Wtap and Rbm15 with Xist repeat A, Ciz1 with Repeat E and hnRNPK with repeats
B and C (Section 1.6.2). In chapter 2, the similarity of X/ST repeat A and repeat E
between human and cow were estimated to be the most and least conserved, at
~85% and ~54.6%, respectively (Table 2.3). The hypothesis here was that a highly
conserved XIST repeat A would be more likely to have maintained protein partners
compared to a modestly conserved XIST repeat E. Therefore, interactions observed
for human XIST repeat A are expected to be seen for XIST repeat A in cow, whereas
interactions observed for human XIST repeat E are not expected to be seen

maintained in cow.



Cleavage site

A

Reporter Mass
group  balancer

| A

Peptide

MS1

lon count

Isolation

fragmentation’

/|

m/z

lon count

156

MS2

Reporter ions
A

\AA A4

a4l

N

y1|

b1

.|

~

y2‘

bly
|

-ions

b2

48
A~ |3

y3|

Complement
reporter ions

5

»
»

126 127 128 129

Figure 4.2. Quantitative proteomics with isobaric tags overview.

14
77

bl
Il

m/z

A) Four peptides tagged with different isobaric tags of equal total mass but disproportionate distribution of heavy isotopes across

the reporter group and mass balancer group. Isobaric tags are coloured coded. In the first phase of liquid chromatography-mass

spectrometry (LC-MS), tagged peptides are detected as a single peak in the first analytical stage of mass spec. B) Following

collision-induced dissociation, peptides fragment and either the reporter ions or the peptide backbone is cleaved off. In the former

case, reporter ions will show different masses in the second analytical stage of mass spec which can be used or relative

quantification. In the latter case, the balancer groups will also have a different mass-to-charge ratio and can be used for
quantification. Following fragmentation of peptides, if the charge is retained near the N-terminus, the product is called a b-ion

whereas if the charge is at the C-terminus, it is a y-ion. These can be used to reconstruct the identity of each protein. Adapted from
(Pappireddi et al., 2019).
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4.2. Materials and Methods

Unless otherwise stated, all reagents were purchased from ThermoFisher, UK.

4.2.1 Cloning of human and bovine XIST repeats

Human and bovine XIST repeats A and E were PCR amplified from cDNA generated
from either total RNA of ISHIKAWA (human) or bovine stromal cells (see Table 4.1
for primers used) with the Q5 High-Fidelity DNA polymerase (NEB, UK) or the non-
proofreading Taq DNA Polymerase (EP040; ThermoFisher, UK). Thermocycling was

followed as shown in Table 4.2.

Amplicons were run on 1-1.5% agarose gels, bands corresponding to expected sizes
were excised and DNA was purified using the QIAquick Gel Extraction Kit (QIAGEN,
UK). Human XIST repeat A was inserted into T3 plasmid vector (pEASY-T3 Cloning
kit; TransGen Biotech, UK) downstream of a T7 promoter and upstream of a SP6
promoter. All other XIST fragment sequences were inserted into a TOPO Blunt
vector (Zero Blunt™ TOPO™ PCR Cloning Kit; ThermoFisher, UK), downstream of
an SP6 promoter and upstream of a T7 promoter. Plasmids were introduced into
One Shot™ TOP10 Chemically Competent E. coli by mixing the ligation reaction with
15 pl of competent cells and incubating on ice for 30 minutes. Next, cells were heat-
shocked for 30 seconds at 42°C, followed by briefly incubating on ice for 2 minutes.
After the addition of 150 pl of room temperature S.0O.C. medium, cells were
incubated at 37°C for 1 hour while shaking at 1000 RPM in a thermoshaker block. In
LB agar plates (with 50 pyg/mL kanamycin for the TOPO Blunt vector or 100 pg/mL
ampicillin/carbenicillin for the T3 vector), 150 ul from each transformation reactions
were evenly spread using a glass spreader and incubated overnight at 37°C.

Bacterial cultures were grown from single colonies inoculated into 3-8 ml of LB
media (50 ug/mL kanamycin for the TOPO Blunt vector or 100 pg/mL
ampicillin/carbenicillin for the T3 vector). Cultures were incubated at 37°C for 14-16
hours whilst shaking at 220 RPM. Plasmid DNA was isolated from bacterial cultures
using either the E.Z.N.A.® Plasmid DNA Mini Kit | (Omega Bio-tek through VWR,
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UK) and the QIAGEN® Plasmid Plus Midi Kit (QIAGEN, UK). Plasmid DNA was
isolated following culture centrifugation at 10,000 xg for 10 minutes at room
temperature according to manufacturer’s instructions. Plasmid DNA concentration
and purity were examined by Nanodrop measurements. The correct sequence of
plasmid constructs was confirmed using Sanger sequencing with M13F and M13R
primers (GENEWIZ, UK).
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Table 4.1. List of primers used for cloning of XIST Repeat A and E.

All primers target exons and contain restriction enzyme recognition sites (bold) separated with a 3-4 bp ‘stuffer’ sequence
(lowercase). Forward primers contain a 5’ recognition site for Notl whereas reverse primers a 3’ recognition site for Sall. Primer
melting temperatures were estimated before the addition of the restriction sites or the stuffer sequence using the IDT OligoAnalyzer

tool (https://eu.idtdna.com/calc/analyzer). Amplicon sizes were predicted by the in silico PCR software MFEprimer

(https://mfeprimer3.igenetech.com/spec).

Primer
_ _ Amplicon size _ _
Species Region (bp) Orientation Sequence (5'-3')
p
Forward GCGGCCGCattaGGATTTCTTTGCCTGTGTGGT
Repeat A 1156
Reverse = GTCGACatgtTCTTCTCCCGCTCATTTTCC
Cow
Forward GCGGCCGCtaacTGCTCATCACTGTAGTTTGTCTCT
Repeat E 923
Reverse = GTCGACtcaTGAGTCTTCTATCCAACTCCAGTC
Forward GCGGCCGCtacCCCCCAACACCCTTTATGG
Repeat A 931
Reverse = GTCGACtcagGACTTCCTCTGCCTGACCTG
Human
Forward GCGGCCGCatcatGCACTCTAGCACTTGAGGATAGC
Repeat E 1881

Reverse = GTCGACCcttgctGAGTAGCGTTGGCACAGTCCA



160

Table 4.2. Thermocycling conditions for PCR amplification of XIST fragments.

STEP TEMPERATURE TIME
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
*57.5°C 30 seconds
35 Cycles 72°C 40 seconds/kb
Final Extension 72°C 2 minutes
Hold 4°C

*Annealing temperature was tailored according to primer set
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4.2.2. Run-off in vitro transcription of human and bovine XIST repeats using
biotinylated nucleotides

Plasmids were linearised with excess restriction enzyme (see below for enzymes;
NEB) for 3 hours at 37°C. Typical reactions included 5 ug of plasmid DNA, 1x
CutSmart Bufer (NEB, UK), 130 U of restriction enzyme (NEB, UK) in ddH20 in a
100 pl total volume. The use of restriction enzyme was dependent on the plasmid
vector, XIST repeat construct and promoter sequence to be utilised for the
transcription of the sense (assayed treatment) or antisense (negative control)

construct needed (summarised in Figure 4.3).
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B Bovine XIST repeat A

M13F
ccdB

Promoter
(antisense)

SP6
promoter
(sense)

ot

C
Restriction RNA
XIST Promoter
Species ) enzyme for Orientation length
region used
linearisation (nt)
Pstl T7 Sense 1062
Repeat A
Ncol SP6 Antisense 1010
Human
EcoRV SP6 Sense 1979
Repeat E
BamHl T7 Antisense 1994
EcoRV SP6 Sense 1254
Repeat A
BamHl T7 Antisense 1268
Cow
EcoRV SP6 Sense 1036
Repeat E
BamHl T7 Antisense 1021

Figure 4.3. XIST fragment transcription and RNA polymerase use per

construct.

A) Plasmid map for human XIST fragment containing repeat A. B) Plasmid map for

bovine XIST fragments A and E as well as human XIST fragment containing repeat

E. C) Orientation of XIST fragment transcription depends on restriction enzyme and

polymerase used. Expected sizes were estimated by counting all nucleotides

downstream from the last ‘G’ or 'T’ of the T7 or the SP6 promoter sequence,

respectively.
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4.2.2.1. Plasmid linearization and purification

Linearised plasmid DNA was purified using acidified phenol:chloroform
(ThermoFisher) and precipitated with ethanol. Briefly, samples were made up to 300
Ml with ddH20, mixed with 300 ul of acidified phenol/chloroform (pH 4.5 + 0.2) and
vortexed for 10 seconds. Then, samples were centrifuged at 17,000 xg for 10
minutes at 4°C and the aqueous layer was transferred into a fresh tube. Next, 2.5x
volumes of 100% ethanol, 1 ul of GlycoBlue and a final concentration of 0.3 M NaCl
were mixed with the aqueous layer and vortexed for 10 seconds. Samples were
precipitated at -80°C overnight and the next day, they were centrifuged at 17,000 xg
for 30 minutes at 4°C after thawing. Pellets were washed with 300 pl of ice-cold 70%
ethanol and flicked to dislodge the pellet. Subsequently, the pellet was centrifuged at
17,000 xg for 15 minutes at 4°C, after which the supernatant was aspirated and the
pellet left to air dry for 10 minutes. The pellet was resuspended in 30 ul of ddH20
and the purity and concentration of plasmid DNA were determined using the
Nanodrop 8000 instrument.

4.2.2.2. In vitro transcription

RNA was transcribed using 1 pg of linearised plasmid DNA, 1x of Biotin RNA
labelling mix (1x mixture: 1 mM ATP, 1 mM CTP, 1 mM GTP, 0.65 mM UTP, 0.35
mM Biotin-16-UTP, pH 7.5; Roche/Sigma) and ~40 U of either T7 (Roche/Sigma,
UK) or SP6 (Roche/Sigma, UK) polymerase in 20 ul total volume at 37°C for 2 hours.
For the SP6 polymerase, the HiScribe SP6 RNA Synthesis (NEB, UK) kit was also
used. After transcription, reactions were DNase-treated using 6 U of Turbo DNase
(ThermoFisher, UK) at 37°C for 15 minutes. RNA was purified using chloroform
(ThermoFisher, UK) and precipitated with isopropanol. In brief, samples were made
up to 300 pl with ddH20, mixed with 300 pl of chloroform isoamyl alcohol (24:1) and
vortexed for 10 seconds. Then, samples were left to incubate at room temperature
for 3 minutes before a centrifugation step at 17,000 xg for 10 minutes at 4°C. The
aqueous layer was next transferred into a fresh tube. Next, 300 pl of 100%
isopropanol, 1 pl of GlycoBlue and 38.4 pl of 5 M NaCl were mixed with the aqueous
layer and vortexed for 10 seconds. Samples were precipitated at -80°C overnight
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then centrifuged at 17,000 xg for 30 minutes at 4°C after thawing. The pellet was
washed with 300 pl of ice-cold 70% ethanol and flicked to dislodge the pellet.
Subsequently, the pellet was centrifuged at 17,000 xg for 15 minutes at 4°C, after
which the supernatant was aspirated and the pellet left to air dry for 10 minutes. The
pellet was resuspended in 30 yl of ddH20 and the purity and concentration of
plasmid DNA were determined by NanoDrop.

4.2.2.3. Assessment of biotinylated RNA products

Transcript sizes were checked on 1% denaturing formaldehyde agarose gels in 1x
MOPS buffer (20 mM MOPS pH 7.0, 12 mM sodium acetate, 0.5 mM EDTA pH 8.0).
To make a 60 ml denaturing gel, 0.6 g of agarose was dissolved in 43.2 ml of water,
immediately after which 6 ml of 10x MOPS (200 mM MOPS pH 7.0, 120 mM sodium
acetate, 5 mM EDTA pH 8.0) were mixed in and solution was cooled down to 50-
60°C. Subsequently, 10.8 ml of 37% formaldehyde (final concentration 6.7%) and 6
Ml of x10,000 SYBR Safe staining dye were mixed in and the gel was poured in a
casting tray. Prior to loading RNA samples, 1 ug of RNA was mixed with formamide
dyes (95% v/v deionised formamide, 20 mM EDTA, 0.05% w/v xylene cyanol, 0.05%
w/v bromophenol blue) at a final concentration of 63% formamide and heated at
68°C for 15 minutes. Samples were electrophoresed at 90 V for 45 minutes. Sizes of
RNAs were estimated based on an RNA ladder (RiboRuler High Range; NEB, UK).

The presence of biotin was confirmed via RNA slot blot. Briefly, 500 ng of RNA were
diluted in Dot buffer (10mM NaOH and 1mM EDTA in ddH20) and applied until dry
onto an Amersham Hybond-XL nylon membrane (GE Healthcare, UK), pre-washed
in ddH20 for 10 minutes. The membrane was blocked for 1 hour with 1% BSA in
PBS + 0.5% SDS and then blotted with 1:1000 NeutrAvidin-HRP (ThermoFisher,

UK) in PBS +10% SDS for 30 minutes at room temperature. The membrane was
washed for 10 minutes in each of 10% SDS in PBS, 1% SDS in PBS and 0.1% SDS
in PBS and then developed using ECL (Biological Industries, UK). Chemiluminescent

signal was detected using a ChemiDoc XRS+ imaging system (BioRad, UK).

4.2.3. Generation of nuclear cell extracts
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Pellets of 10 million ISHIKAWA or bovine stromal cells (described in Section 2.2.2)
were fractionated as previously with a few modifications (Werner and Ruthenburg,
2015). Briefly, cell pellets were resuspended in 250 ul of Buffer A (10 mM HEPES
pH 7.5, 10 mM KCI, 10% glycerol, 340 mM sucrose, 4 mM MgCl2, 1 mM DTT in
ddH20 supplemented with 1x cOmplete™, Mini, EDTA-free protease inhibitor
cocktail; Sigma, UK) and 250 pl of Buffer A+Triton (2% Triton-X100, 10 mM HEPES
pH 7.5, 10 mM KCI, 10% glycerol, 340 mM sucrose, 4 mM MgClz, 1 mM DTT in
ddH20 supplemented with 1x cOmplete™, Mini, EDTA-free protease inhibitor
cocktail). The cell suspension was incubated on ice for 12 minutes with occasional
inverting to mix followed by centrifugation at 1,200 xg for 5 minutes at 4°C.
Supernatants were kept as the cytoplasmic fraction. Nuclear pellets were
resuspended in 250 pl of Buffer A and 250 pl of Buffer A+Triton and centrifuged at
1,200 xg for 5 minutes at 4°C. Nuclear pellets were resuspended with 250 pl of RNP
lysis buffer (20 mM Tris-HCI, pH 7.5, 500 mM LiCl, 0.5% LiDS, 1 mM EDTA, 5 mM
DTT in ddH20, supplemented with protease inhibitor cocktail and 1U/ul RNase
inhibitor) and incubated on ice for 20 minutes. Nuclear extracts were then
homogenised by passing through a 27’ gauge needle and syringe 5-7 times and then
centrifuged at 17,000 xg for 1 minute. The supernatants were kept as nuclear
extracts. Cytoplasmic fractions were subjected to another centrifugation at 1,200 xg
for 5 minutes at 4°C to remove any traces of nuclei. Subsequently, the concentration
of protein in the samples was determined via the Protein Qubit assay according to
the manufacturer’s instructions (ThermoFisher, UK) and samples were stored at -
80°C.

To examine the purity of fractions, samples were prepared for immunoblotting of
cytoplasmic and nuclear markers by heating 10 ug of protein mixed with Laemmli
Sample Buffer (at 1x: 31.5 mM Tris-HCI, pH 6.8, 10% glycerol, 1% SDS, 0.005%
Bromophenol Blue; BioRad, UK; supplemented with 2-mercaptoethanol at a final
concentration of 355 mM; Sigma, UK) at 95°C for 5 minutes. Proteins were
separated on a denaturing 10% SDS-polyacrylamide gel at 90 V for 30 minutes and
then at 150 V for 80 minutes (total run time 110 minutes) using 1x running buffer (1x
running buffer, 0.025 M Tris, 0.25 M Glycine and 0.1% SDS in ddH20).
Subsequently, proteins were onto a 0.22 ym PVDF membrane at 200 mA for 1:30
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hours using 1x transfer buffer (25 mM Tris and 192 mM Glycine with 20% methanol
in ddH20) and wet-blotter (Mini-PROTEAN Tetra Vertical electrophoresis cell).
Membranes were blocked with 5% Marvel milk powder in PBS-T (0.5% Tween) for 1
hour at room temperature while rolling. Blots were incubated with primary antibodies
(Section 2.2) overnight at 4°C while rolling, washed three times in PBS-T (0.5%
Tween) at room temperature for 10 minutes each while rolling and incubated with
secondary HRP-conjugated antibodies for 1 hour at room temperature while rolling.
Membranes were washed three times in PBS-T (0.5% Tween) at room temperature
for 10 minutes each while rolling and developed using ECL (Biological Industries,
UK). Chemiluminescent signal was detected using a ChemiDoc XRS+ imaging
system (BioRad, UK).

4.2.4. In vitro transcribed RNA pulldown

RNA-protein complexes were isolated as previously described using an in vitro
transcribed RNA pulldown approach (Tichon et al., 2018). Nuclear-enriched extracts
from ISHIKAWA or whole-cell extracts from bovine stromal cells were generated.
Nuclear-enriched extracts could not be generated here from bovine cells (see Figure
4.6), so whole-cell lysates were used instead. Each lysate containing 0.5-1 mg
protein was mixed with the incubation buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl,
1.5 mM MgCl2, 2 mM DTT, 0.5% sodium deoxycholate, 0.5% NP-40 in ddH20
supplemented with protease inhibitors and 1 U/ul RNase Inhibitor). The ratio of lysis
buffer to incubation buffer was ~1:4. Lysates were pre-cleared by incubating with 50
pl of Dynabeads™ MyOne™ Streptavidin C1 magnetic beads (10 mg/m;
ThermoFisher, UK) for 1 hour at 4°C while rotating, discarding the beads at the end.
From each of sense or antisense in vitro transcribed biotinylated transcripts, 10 ug
were denatured at 85°C for 3 minutes and snap-chilled on ice for 2 minutes before
incubating with pre-cleared lysates for 2 hours while rotating at 4°C. 50 ul of beads
were then added and incubated for further 1 hour at 4°C while rotating to recover
biotinylated XIST-protein complexes. Beads were washed six times with washing
buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 1.5 mM MgClz, 2 mM DTT, 0.5%
sodium deoxycholate, 0.5% NP-40 in ddH20). The standard elution approach was
performed in elution buffer (15 mM Tris HCI pH 7.5, 0.02% SDS) for 15 min at 65°C.

Following that and for later downstream analyses via western blot, beads were
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resuspended in 1x Laemmli buffer and heated at 95°C for 5 minutes while shaking at
1100 RPM (referred to as post-elution in Fig. 4.8). Pulled down proteins were
examined via western blotting as previously described (Section 4.2.3). For
downstream analyses via TMT-MS, beads were resuspended in 10 mM Tris, pH 7.5,
2 mM MgClz in ddH20, snap-frozen and stored at -80°C. Samples were analysed via
TMT-MS at the Proteomics Facility of the University of Bristol.

4.2.5.1. Proteomic analyses: TMT labelling and high pH reversed-phase
chromatography

The following proteomic analysis was performed by Dr Kate Heesom, Proteomics
Facility at the University of Bristol. For each pulldown replicate, an equal amount of
starting material (lysate) was used to perform pulldowns and 100% of the captured
material by streptavidin-coated beads was labelled by TMT-MS 6-plex reagents
according to the manufacturer’s protocol (Thermo Fisher Scientific) and the labelled
samples were pooled. Pooled samples of 100 ug were evaporated until dry,
resuspended in 5% formic acid and then desalted using a SepPak cartridge
according to the manufacturer's instructions (Waters). The resulting eluates from the
cartridge were evaporated dry and resuspended in buffer C (20 mM ammonium
hydroxide, pH 10) before fractionating by high pH reversed-phase chromatography
with the Ultimate 3000 liquid chromatography system (Thermo Scientific). Briefly,
samples were loaded onto an XBridge BEH C18 Column (130 A, 3.5 ym, 2.1 mm x
150 mm, Waters) in buffer C and peptides eluted with increasing gradient of buffer D
(20 mM ammonium hydroxide in acetonitrile, pH 10) from 0 to 95% over 60 min. The
resulting fractions were until dry and resuspended in 1% formic acid prior to analysis
by nano-LC—MS/MS using an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific).

4.2.5.2. Nano-LC mass spectrometry

Fractions collected were further fractionated using an Ultimate 3000 nano-LC system
in line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Briefly,
peptides in 1% (vol/vol) formic acid were injected onto an Acclaim PepMap C18
nano-trap column (Thermo Scientific). After washing with 0.5% (vol/vol) acetonitrile
0.1% (vol/vol), formic acid peptides were resolved on a 250 mm x 75 ym Acclaim
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PepMap C18 reverse phase analytical column (Thermo Scientific) over a 150 minute
organic gradient, using seven gradient segments (1—6% solvent B over 1 min, 6—
15% B over 58 min, 15-32% solvent B over 58 min, 32—40% solvent B over 5 min,
40-90% solvent B over 1 min, held at 90% solvent B for 6 min and then reduced to
1% solvent B over 1 min) with a flow rate of 300 nl/min. Solvent B was aqueous 80%
acetonitrile in 0.1% formic acid. Peptides were ionized by nano-electrospray
ionization at 2.0 kV using a stainless-steel emitter with an internal diameter of 30 um

(Thermo Scientific) and a capillary temperature of 275°C.

Spectra were acquired from an Orbitrap Fusion Tribrid mass spectrometer using the
Xcalibur 2.1 software (Thermo Scientific) in data-dependent acquisition mode under
the SPS-MS3 workflow. Fourier transform mass analyzer 1 (FTMS1) spectra were
collected at a resolution of 120,000 with an automatic gain control (AGC) target of
200,000 and a max injection time of 50 ms. Precursors were filtered with an intensity
threshold of 5,000, according to charge state (to include charge states 2—7) and with
monoisotopic peak determination set to peptide. Previously interrogated precursors
were excluded using a dynamic window (60 s + 10 ppm). The MS2 precursor ions
were isolated with a quadrupole isolation window of 1.2 m/z. FTMS2 spectra were
collected with an AGC target of 10,000, max injection time of 70 ms and CID collision
energy of 35%. For FTMS3 analysis, the Orbitrap was operated at 50 000 resolution
with an AGC target of 50,000 and a max injection time of 105 ms. Precursors were
fragmented by high energy collision dissociation (HCD) at a normalised collision
energy of 60% to ensure maximal TMT reporter ion yield. Synchronous Precursor
Selection (SPS) was enabled to include up to 5 MS2 fragment ions in the FTMS3

scan.

4.2.5.3. TMT-MS data analysis

The described data analysis was performed by Dr Phil Lewis, Proteomics Facility at
Bristol. Raw data files were processed and quantified using Proteome Discoverer
software v2.1 (Thermo Scientific) and queried against the UniProt Homo sapiens and
Bos taurus databases using the SEQUEST HT algorithm. Peptide precursor mass
tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search

criteria included oxidation of methionine (+15.995 Da) and acetylation of the protein
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N-terminus (+42.011 Da) as variable modifications and carbamidomethylation of
cysteine (+57.021 Da) and the addition of the TMT mass tag (+229.163 Da) to
peptide N-termini and lysine as fixed modifications. UniProt searches were
performed with full tryptic digestion and a maximum of two missed cleavages were
allowed. The reverse database search option was enabled and all data were filtered
to a false discovery rate (FDR) of 5%.

Peptide IDs not corresponding to H. sapiens or B. taurus proteins were removed
from all TMT replicates. Using the protein grouping decided by PD2.1, master protein
selection was improved using an in-house script to select the UniProt accession
(database downloaded January 2021; 42,818 sequences) with the best annotation
whilst maintaining confidence in protein identification and quantitation. Abundances
are the sum of the signal-to-noise ratio values for the TMT reporter groups for all
peptide-spectrum matches (PSMs) matched to the protein. Normalised abundances
of these values were obtained by normalising the Total Peptide Amount in each
sample such that the total signal from each TMT tag is the same. Normalised
abundances were log2 transformed to bring them closer to a normal distribution.
Pairwise comparisons were then used to calculate the logz fold-change difference
(log2FC) of proteins between sense and antisense samples. The standard Student’s
t-test was used to test the statistical significance of log2FC values across sense and
antisense samples. Principal component and volcano plot analyses were performed
by Dr Phil Lewis, Proteomics Facility at Bristol. All other analyses of TMT data (violin
plots and venn diagrams) were performed in R by loannis Tsagakis using custom

scripts.

4.2.6. Gene ontology (GO) term over-representation analysis

GO term analysis for biological process and cellular component was performed using
the Gene ontology (Ashburner et al., 2000, The Gene Ontology Consortium, 2021)
and PANTHER (Mi et al., 2021) platforms with a consensus list of proteins identified
across all three biological replicates as enriched in the sense transcript. The
background gene set used includes all protein-coding genes in the genome selected

(Homo sapiens or Bos taurus). Fisher’s exact test was used to infer significance (p-
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value <0.05) and results were filtered for a false discovery rate (FDR) with a p-value
<0.05. Platform used can be accessed here: http://geneontology.org/
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4.3. Results

The binding sites of a subset of the XIST protein interactome have been clearly
documented to be within repetitive regions of the XIST RNA in mouse and human.
Spen has been shown to interact with repeat A of Xist both in mouse embryonic
stem cells (Monfort et al., 2015, Chen et al., 2016, Lu et al., 2016, Lu et al., 2020)
and in human embryonic kidney cells (HEK293T)(Graindorge et al., 2019). Rom15
and Wtap have been shown to bind repeat A in mouse embryonic stem cells (Chu et
al., 2015b, Moindrot et al., 2015) whereas RBM15 has also been shown to bind
human XIST repeat A in HEK293T (Graindorge et al., 2019). WTAP was found
associated with repeat C of XIST in HEK293T (Graindorge et al., 2019). Ciz1 has
been found to associate with repeat E in both mouse and human (Sunwoo et al.,
2017, Graindorge et al., 2019). To determine which repetitive regions of the XIST
RNA are bound by specific proteins, XIST RNA fragments were in vitro transcribed

and used in pulldown reactions.

4.3.1. In vitro transcription generates biotinylated human and bovine XIST fragments

In order to perform RNA pulldowns, the first step was to generate biotinylated XIST
fragments. To this end, human and bovine XIST repeat A and E fragments were
cloned into plasmids (Section 4.2.1), in vitro transcribed and RNA was purified. To
assess the size and quality of these transcripts, they were electrophoresed on
denaturing agarose gels. When electrophoresed, transcripts appeared almost twice
in size compared to the size of the transcript predicted to be transcribed from the
plasmid. This is owed to the presence of biotin in the modified nucleotides, slowing
down the migration of RNA on the gel (Figure 4.4)(New England Biolabs, 2021).

To confirm biotin incorporation, RNA slot blot assays were performed. In vitro
biotinylated transcribed RNA was run alongside total RNA purified from cells as a
negative control. RNA slot blot demonstrated the presence of biotin in samples with
800 ng of RNA that had been in vitro transcribed using biotin-modified nucleotides,
whereas background levels of biotin (if any) were detected in up to 800 ng of total

RNA (Figure 4.5). Background levels of biotin were no longer detectable when using
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200 ng of total RNA, whereas a clear signal was evident for RNA that had been in
vitro transcribed using biotin-modified nucleotides. In summary, in vitro transcribed

RNA of roughly the appropriate size could be generated and modified with biotin
groups.



RNA
Species XIST region Orientation length
(nt)
Sense 1062

Repeat A _
Antisense 1010
Human Sense 1979
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Figure 4.4. Denaturing agarose gel electrophoresis of in vitro transcribed biotinylated XIST RNA repeats.

Sizes of fragments transcribed from plasmids are given in table (left). In vitro transcribed XIST fragments containing biotin were

separated on a 1% agarose gel under denaturing conditions with formaldehyde (right). To aid in band size estimation, a single-

stranded RNA ladder was used (200 to 6000 bp; Riboruler High Range). One ug of each RNA was run on the gel. High molecular

weight products indicate spurious in vitro transcription products.
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Figure 4.5. RNA slot blot of select in vitro transcribed XIST RNA repeat
constructs.

In vitro transcribed RNA using biotinylated dUTP and total RNA isolated from
ISHIKAWA cells were blotted with a single replicate per serial dilution. Equal
amounts of RNA were used for all samples and serial dilutions of 1/4 were
performed. The pattern of the second column was owed to sample leaking from the
cast used. Membrane was probed with a biotin-specific NeutrAvidin antibody at
1:1000.
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4.3.2. Subcellular fractionation isolates a pure nuclear compartment in ISHIKAWA
but not in bovine stromal cells

To identify nuclear protein partners of in vitro transcribed XIST fragments given the
exclusive nuclear localisation of endogenous XIST, nuclear lysates were prepared
and used in pulldown assays. To this end, subcellular fractionation was performed
on human ISHIKAWA and bovine stromal cells. Purity of fractions was then
assessed by western blotting with a cytoplasmic marker, B-tubulin, and a nuclear
marker, Lamin B. Following fractionation of ISHIKAWA cells, the cytoplasmic marker,
B-tubulin, was abundant in the cytoplasmic fraction and less so in the nuclear
fraction whereas the nuclear marker, Lamin B, was only found in the nuclear fraction
(Figure 4.6). Despite a pure cytoplasmic fraction lacking Lamin B, the presence of B-
tubulin in the nuclear fraction suggested the protocol used was sufficient to generate
nuclear-enriched lysates from ISHIKAWA cells, but not pure nuclear lysates.
However, the same fractionation protocol was not effective for bovine stromal cells,
given both cytoplasmic and nuclear markers were found in the nuclear fraction,
indicative of a whole cell lysate (Figure 4.6). Increasing the ionic strength of the
plasma membrane lysis buffer resulted in a lower abundance of B-tubulin in the
nuclear fraction of ISHIKAWA cells, but was not strong enough to completely deplete
it (Figure 4.7). These conditions were not trialled in bovine stromal cells. In
summary, the lysis conditions used were suitable for the generation of nuclear-
enriched lysates for ISHIKAWA cells, but not for bovine stromal cells. Whole cell

lysates were used for bovine stromal cells.



176

ISHIKAWA Bovine stromal
A B C D A B
. . O
@ Q¢ e 9‘0 cf(\ N N
\° X > \° K o Q\"b N Q\'& 0\ Q\ @ \o° \
0s O *\oQ QY0P 0T W OF \\\0 go Q QO
72 _— — pr— -— -_— s |- Lamin B
5 | o e @D R - — " o- 3-tubulin

Figure 4.6. Subcellular fractionation of ISHIKAWA and bovine stromal cells.

Protein lysates prepared from 10 million ISHIKAWA or bovine stromal cells. Plasma
membrane was lysed using a 2% Triton containing solution. n=4 independent
biological replicate shown for ISHIKAWA and n=2 biological replicate shown for
bovine stromal cells. Equal amounts of protein were loaded from each sample (~5
Mg). B-tubulin was used as a cytoplasmic marker and Lamin B was used as a nuclear
marker,. All antibodies were used at 1:1000 dilution in PBS with 0.5% Tween-20
(PBS-T).
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Figure 4.7. Subcellular fractionation of ISHIKAWA.

a- Lamin B

a- B-tubulin

Protein lysates prepared from 5 and 10 million ISHIKAWA cells. Plasma membrane

was lysed using a 4% Triton containing solution. n=4 independent biological replicate
shown for ISHIKAWA and n=1 biological replicate shown for bovine stromal cells.

Equal amounts of protein were loaded from each sample (~5 pg). B-tubulin was used

as a cytoplasmic marker and Lamin B was used as a nuclear marker. All antibodies
were used at 1:1000 dilution in PBS with 0.5% Tween-20 (PBS-T).
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4.3.3. Human CIZ1 interacts with XIST repeat E in nuclear-enriched human
endometrial cell lysates

The in vitro transcription pulldown approach involves incubating lysates with either
sense or antisense transcript, allowing protein partners of the XIST region to be
isolated from the rest of the lysate. The antisense transcript is used as a negative
control to differentiate sequence-specific partners of the sense transcript from
sequence non-specific protein partners of the antisense transcript. RNA-protein
interactions captured by the beads can then be eluted and proteins captured
analysed via western blot or mass spectrometry. Lamin B is not expected to
associate with any XIST regions specifically and was thus used as a negative control

in western blots to assess background levels of non-specific protein binding.

In the first instance, 0.5 mg of nuclear-enriched ISHIKAWA cell lysates were
prepared and pulldowns were performed using 10 ug of biotinylated in vitro
transcribed XIST repeat E sense or antisense transcripts. Samples from the
pulldown were analysed by western blotting against CIZ1, known to bind human and
mouse Xist repeat E. Probing for ClIZ1 indicated that its abundance was higher in the
elution from the sense transcript compared to the antisense in nuclear-enriched
ISHIKAWA lysates (Figure 4.8A). Nonetheless, Lamin B (negative control) was not
detected in either elutions, indicating there is no non-specific protein binding. In a
second biological replicate of this experiment, ClZ1 was again detected at higher
levels in the sense elution than in the antisense. Although the overall abundance of
the CIZ1 protein was low, requiring a long exposure time to detect ClZ1 in the
elutions (Figure 4.8B). However, Lamin B was also detected at higher levels in the
sense when compared to antisense, although the signal difference between sense
and antisense did not appear as great as the one for ClZ1. Overall, a greater ClZ1
enrichment was found in the elution from the sense than the antisense transcript,

demonstrating a specific association of human XIST repeat E with CIZ1.
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Figure 4.8. Human CIZ1 binds to human XIST repeat E.

A&B) Pulldowns were performed in nuclear-enriched ISHIKAWA protein lysates.

Equal amounts of protein were loaded from each sample (~5 pg) and 100% of the

elution sample. In B) equal amounts of input and depleted lysate were used. Input

here corresponds to 0.5% of starting amount. Lamin B was used as a negative
control. All antibodies were used at 1:1000 dilution in PBS with 0.5% Tween-20

(PBS-T). Two independent biological replicates shown.
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4.3.4. Bovine ClZ1 interacts with XIST repeat E in whole-cell bovine stromal cell
lysates

ClZ1 binding on mouse and human XIST has been documented to be specifically
restricted in the repeat E region (Section 1.6.2). To test whether cow CIZ1
associates with the bovine XIST repeat E region, a biotinylated RNA pulldown was
performed. To this end, 10 pg of bovine XIST repeat E was in vitro transcribed and
used in pulldown assays with 1 mg of bovine stromal whole cell lysates. Following
pulldown with bovine XIST repeat E sense and antisense transcripts, western
blotting was performed on input, depleted lysates and elutions to probe for a
differential enrichment (and hence specificity) of the CIZ1 protein for the sense or
antisense transcript. In the first replicate, ClZ1 protein binding was higher in the
elution from the sense compared to the antisense transcript (Figure 4.9A). Lamin B
was absent from both elution samples, consistent with a lack of non-specific protein
binding to the biotinylated transcripts. In the second replicate, again ClZ1 depletion
was no different across the sense and antisense transcripts whilst a higher
enrichment of CIZ1 was seen in the elution of the sense versus the antisense
transcript (Figure 4.9B). As with the previous replicate, there was no difference in
the depletion of Lamin B between sense and antisense transcripts, and despite the
presence of Lamin B in both elution samples, again there was no great difference in
enrichment in the sense over the antisense transcripts (Figure 4.9B). A low CIZ1
abundance was observed in both elution samples of the third replicate. In order to
determine whether CIZ1 was more abundant in the sense over the antisense
transcript, the exposure was increased. This revealed a slightly higher Cl1Z1
abundance in the sense over the antisense transcript (Figure 4.9C). Although Lamin
B was present in both elution samples, there was no indication of an enrichment in
either, suggestive of a lack of non-specific protein enrichment across all three
replicates (Figure 4.9). Taken together, these observations suggested a weak
although discernible preferential presence of cow ClZ1 in the elution of the sense

transcript, indicative of a specific association with bovine XIST repeat E.
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Figure 4.9. Cow CIZ1 associates with bovine XIST repeat E.

A-C) Pulldowns were performed with whole cell bovine stromal protein lysates. Equal
amounts of protein were loaded from each sample (~5 pg) and 100% of the elution
sample. Input here corresponds to 0.5% of starting amount. Lamin B was used as a
negative control. All antibodies were used at 1:1000 dilution in PBS with 0.5%
Tween-20 (PBS-T). Three independent biological replicates shown. Material from
different animals was used for each biological replicate here. Occasionally, due to
efficiency of cell purification from animals, material from two animals was pooled and

used once as an individual replicate.
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4.3.5. Human CIZ1 from nuclear-enriched human endometrial cell lysates does not
bind bovine XIST repeat E

In this thesis, the ClZ1 protein has been shown to interact with XIST, binding repeat
E in both human and cow. Next, given that XIST repeat E was estimated to be
~54.6% similar between human and cow and the CIZ1 protein showed ~80%
sequence similarity between human and cow, it was sought to be determined if
human CIZ1 could bind bovine XIST repeat E. To address whether a sufficiently high
conservation has been maintained to enable a biochemical interaction, bovine XIST
repeat E was assayed for an association with human CIZ1 in ISHIKAWA lysates.

To this end, bovine XIST repeat E was in vitro transcribed and used in pulldowns
with nuclear-enriched human endometrial cell lysates (ISHIKAWA). Subsequently,
the presence of the human CIZ1 protein was probed by western blotting in elution
samples of the sense and antisense bovine XIST repeat E transcripts. Only a small
amount of human ClZ1 could be detected in the elutions and there was no difference
between sense or antisense, suggesting non-specific binding (Figure 4.18A). Lamin
B was slightly more enriched in the sense elution (Figure 4.18A), which could be
indicative of non-specific protein associations occurring with the sense transcript
compared to the antisense. In the second replicate a small amount of human ClZ1
was detected in elutions but more in antisense compared to sense, again indicating
non-specific binding of human CIZ1 to bovine XIST repeat E (Figure 4.18B). Lamin
B binding was also higher in antisense compared to sense suggesting higher
background protein binding to the antisense. In summary, under these pulldown

conditions, human CIZ1 does not bind bovine XIST.



183

A

RNA protein
ooy — ﬁ
Input Depleted lysate Elution
kDa sense antisense sense antisense
130 — e —
a- ClZ1
95
T2 | S ssmees  S—— a- Lamin B
RNA protein
ooy — R
Input Depleted lysate Elution
kDa sense antisense sense antisense
130 [o— s— a—— ’
. a- ClZ1
95 [« ‘
72 | S S— o- Lamin B

Figure 4.10. Human CIZ1 does not associate with bovine XIST repeat E.

A-B) Pulldowns were performed in nuclear-enriched ISHIKAWA protein lysates.
Equal amounts of protein were loaded from each sample (~5 pg) and 100% of the
elution sample. Input here corresponds to 0.5% of starting amount. Lamin B was
used as a negative control. All antibodies were used at 1:1000 dilution in PBS with

0.5% Tween-20 (PBS-T). Two independent biological replicates shown.
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4.3.6. Human RBM15 but not WTAP associates with XIST repeat A in nuclear-
enriched human endometrial cell lysates

In the previous chapter, the WTAP and RBM15 proteins were used to pulldown XIST
in RIP where WTAP, but not RBM15, demonstrated a specific association with
human XIST in human endometrial cells. To determine if WTAP associates with
XIST via the repeat A region and verify a lack of binding with RBM15, the reverse
approach was employed here, where in vitro transcribed and biotinylated XIST
repeat A was used in pulldowns. In this experiment, 10 ug of biotinylated in vitro
transcribed XIST repeat A were used in a pulldown assay in ~500 ug of nuclear-
enriched lysate from ISHIKAWA cells. Western blotting was performed in the elution
samples from sense and antisense transcripts to assess whether human XIST
repeat A binds RBM15 and/or WTAP. There was a greater enrichment of two
RBM15 protein isoforms in the elution of the sense than in the antisense sample,
indicating RBM15 specifically binds the human XIST A repeat. UniProt lists four
RBM15 isoforms for human (100-107 kDa in size), three of which were seen with
RIP in ISHIKAWA cells (Figure 3.12), but it is unknown whether all of them are
expected to associate with XIST. Samples were also probed for WTAP, previously
seen to associate with XIST in RIP-RT-gPCR (Figure 3.13). WTAP was detected in
the sense elution but at low levels and required a long exposure time. WTAP was not
detected in the antisense elution (Figure 4.8A). However, levels of Lamin B were
also higher in the sense compared to the antisense, indicating a higher non-specific
protein enrichment. Therefore, the preferential, albeit weak, presence of the WTAP
protein in the elution from the sense transcript could be non-specific. In contrast, the
difference between the enrichment of the RBM15 protein in the sense over antisense

elution, was too great to be explained by Lamin B levels seen.

In the second replicate, RBM15 was still found enriched in the elution from the sense
over the antisense transcript, albeit at a lower abundance compared to the first
replicate (Figure 4.8B). Again, WTAP was found present in both samples. Lamin B
levels were almost non-existent in any elution sample in this replicate, suggestive of
no background, non-specific protein enrichment (Figure 4.8B). Taken together,
RBM15 was shown to be greatly enriched in the elution of the sense compared to

the antisense XIST repeat A transcript, suggesting a specific interaction. The
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difference in sense over antisense enrichment was not as clear for WTAP here,
preventing its definitive assignment as a specific interactor of XIST repeat A.
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Figure 4.11. Human RBM15 associates with XIST repeat A.

A&B) Pulldowns were performed in nuclear-enriched ISHIKAWA protein lysates.
Equal amounts of protein were loaded from each sample (~5 pg) and 100% of the
elution sample. Input here corresponds to 0.5% of starting amount. Lamin B was
used as a negative control. All antibodies were used at 1:1000 dilution in PBS with

0.5% Tween-20 (PBS-T). Two independent biological replicates shown.
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4.3.7. Bovine hnRNPU but not SPEN, RBM15 or WTAP associate with bovine XIST
repeat A in whole-cell bovine stromal lysates

Previously, the association of cow SPEN, RBM15 and WTAP with bovine XIST was
assayed using RIP (Chapter 3), with inconsistent results and a number of replicates
insufficient for a statistically powered analysis. Given SPEN, RBM15 and WTAP
interact with repeat A of XIST in both mouse and human, the aim of this experiment
was to determine whether cow SPEN, RBM15 and WTAP interact with the bovine
XIST repeat A. Thus, using 10 ug of bovine XIST repeat A in vitro transcribed in the
sense or antisense orientation (negative control) were mixed with 1 mg of bovine
stromal whole cell lysate in pulldown assays. Since no suitable antibody was
available for western blotting of the cow SPEN protein, the RNA-protein complexes
bound to the streptavidin-coated magnetic beads were subjected to quantitative TMT
mass spectrometry. Three biological replicates for each pulldown using sense and
antisense XIST repeat A biotinylated fragments were performed and all 6 samples

were run together on a 6-plex TMT-MS run (Section 4.2.5).

However, after data analyses it became evident that some samples had been

mislabelled and thus switched. Namely, replicates 2 and 3 exhibited a pattern which
was the reverse of what was expected (these analyses are shown in Supplementary
Information). To account for this, an adjustment was implemented and the analyses

using the adjusted data are shown below.

Given the hypothesis that sense samples had been misidentified as antisense (and
vice versa) in replicates 2 and 3, samples were switched and reanalysed to account
for potential human error. In order to determine how similar the three biological
replicates were to one another, principal component analysis (PCA) was performed
(Figure 4.12; by Dr Phil Lewis). Here, replicates 2 and 3 for sense cluster better
together than replicate 1 and the same is true for replicates 2 and 3 for antisense.
The difference seen here following data reanalysis, is that replicates 2 and 3 for
sense cluster at the top and right part of the plot, whereas replicates 2 and 3 for
antisense occupy the bottom and left part of the plot, indicating they have smaller

values than the sense replicates. Despite the data adjustment implemented here,
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there was still agreement between two of the three replicates for pulldowns
performed with either the sense or antisense transcripts.
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Figure 4.12. Bovine XIST repeat A sense replicates in cow cells are more
similar to each other than bovine XIST repeat A antisense replicates following
log2FC adjustment.

PC1 on the x-axis accounts for 74% of the variation between sense and antisense
bovine XIST repeat A samples and PC2 on the y-axis accounts for 13.9% of the
variation between samples. Two out of three pulldown replicates with the sense
transcript (green) clustered above 0, and two out of three pulldown replicates with
the antisense transcript (red) were below 0 for PC1 and PC2. Replicates shown are
independent biological replicates. Generated by Dr Phil Lewis (Proteomics Facility at

University of Bristol). PC, principle component



190

A violin plot of the distribution of log2FC protein abundance differences between
sense and antisense in replicates 2 and 3 were now mostly found in the same range
of 0 to 2.5 as replicate 1 (Figure 4.13). This suggested that most proteins were
enriched in the sense, i.e. supporting specificity of protein binding. This was in line
with pulldown experiments, whereby proteins that recognise a specific sequence are
expected to be found enriched in the sense compared to the antisense (negative
control) transcript (hence log2FC changes for most proteins would show as positive).
Therefore, whilst there was still a difference observed between replicate 1 and the
adjusted replicates 2 and 3, the directionality of log2FC change was in agreement
across all replicates and the difference across replicates seen is more likely to

represent differences in lysate preparations or pulldown efficiencies.
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Figure 4.13. Distribution of differential protein abundance across replicates in
the cow dataset following log2FC adjustment between sense and antisense.

Violin plot illustrating the distribution of differential protein abundance in replicate 1 is
similar to that in replicates 2 and 3 following adjustment. Differential protein
abundance (log2 fold change) was estimated by taking the mean of the log2

normalised protein abundance difference of antisense from sense: > Alogy(sense-

antisense) \/jolin width reflects the frequency of data points in each region. Cross bars
denote the median, box limits represent the 25th and 75th percentiles, whiskers
show the 1.5x interquartile range and dots indicate individual data points. Number of
proteins detected in total per replicate are shown under each violin plot. three

replicates shown are independent biological replicates.
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Following log2FC adjustment for replicates 2 and 3, the overlap of proteins found
enriched or depleted across replicates of the bovine XIST repeat A sense transcript
was examined by plotting Venn diagrams. Proteins with a log2FC cut-off of higher
than 1 were plotted as enriched and those with a log>FC cut-off lower than -1 were
plotted as depleted. The number of proteins enriched on the sense transcript were
found to be 342 for replicate 1, 666 proteins for replicate 2 and 130 for replicate 3
(Figure 4.14). There were three proteins that were found to be enriched across all
three replicates (Figure 4.14). Additionally, there were 105 proteins shared between
replicates 1 and 2, 80 proteins shared between replicates 2 and 3, and 11 proteins
shared between replicates 1 and 3. Examining proteins enriched in the antisense
(i.e. depleted from the sense) could highlight proteins that display promiscuous
binding, irrespective of sequence specificity. When looking at the proteins showing a
higher abundance in the antisense compared the sense elution, no overlap was
found across all three replicates, suggesting different proteins were binding to the
antisense with every pulldown replicate. In fact, there was no overlap even between
replicates 1 and 2 or 1 and 3. A single protein, MICALL1, was shared between
replicates 2 and 3. Taken together, not only were several proteins found to be
enriched in each replicate, but also there was an overlap in the number of enriched

proteins shared.
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Figure 4.14. Higher overlap in enriched compared to depleted proteins pulled
down by bovine XIST repeat A sense transcripts across cow replicates
following log2FC adjustment.

Venn diagram showing overlap between proteins A) enriched or B) depleted in
sense over antisense bovine XIST repeat A transcripts. Three proteins were
common across all three replicates from those found to be enriched whereas no
proteins were common across all three replicates from proteins found to be depleted.
Proteins were called ‘enriched’ or ‘depleted’ based on log2FC cut-offs of >1 or <-1,
respectively. Proteins with log2FC values between -1 and 1 were not plotted here.
Replicate 1 is shown in purple, replicate 2 in green and replicate 3 in yellow.
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One of the aims of this chapter was to characterise the protein partners of bovine
XIST. To identify proteins that were differentially bound between sense and
antisense elution samples from all three biological replicates, log2FC scores and
associated p-values were plotted, following the inversion of log2FC scores for
replicates 2 and 3. A total of 1544 proteins were found for the first and second
replicates whereas 1542 proteins for the third replicate. Across the three replicates, a
total of 376 proteins were statistically significant (p<0.05), all of which were enriched
in the sense over the antisense transcript, but only 40 were above the log2FC >1 cut-
off (Figure 4.15; by Dr Phil Lewis and Table 4.3). This constitutes the high-
confidence list of bovine XIST repeat A protein partners.
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Figure 4.15. Volcano plot of proteins differentially bound between sense and
antisense bovine XIST repeat A.

In total, 40 proteins (in red) were found to be significantly enriched (log.FC>1 and p-
value <0.05) in the bovine XIST repeat A sense transcript over the antisense
transcript. Proteins that were significantly enriched at a log2FC<1 (p-value <0.05) are
shown in yellow. Proteins that were not enriched or did not reach statistical
significance are shown in grey. Data generated from three biological replicates.
Statistical analysis was performed with a Student’s t-test (significance was inferred at
p-value <0.05). Generated by Dr Phil Lewis (Proteomics Facility at University of
Bristol).
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Table 4.3. High-confidence list of proteins identified by TMT-MS from bovine
XIST repeat A pulldowns in cow lysates.

Candidates fulfilled the criteria of having a log2FC>1 and being statistically significant

(Student’s t-test, p-value<0.05). TMT-MS, tandem mass tag mass spectrometry

Protein Protein name Unique | Average | T-test | Previously
symbol Peptides | log2FC | (p-value) | described
TAF3 TATA-box binding protein 15 1.84 0.04259
associated factor 3
MIA3 Transport and Golgi 7 1.27 0.014506
organization protein 1
homolog (TANGO1)
SEPTIN11 Septin-11 2 1.2 0.017633
SEC23B Protein transport protein 1 1.17 0.044025
Sec23B (SEC23-related
protein B)
ATP5MG ATP synthase subunit g, 1 1.15 0.004566
mitochondrial (ATPase
subunit g) (ATP synthase
membrane subunit g)
SGPL1 Sphingosine-1-phosphate 2 1.15 0.023653
lyase 1
KCTD12 Potassium channel 2 1.14 0.026913
tetramerization domain
containing 12
RPL9 60S ribosomal protein L9 9 1.14 0.021768
RAB2A RAB2A, member RAS 1 1.13 0.044279
oncogene family
SLC25A5 ADP/ATP translocase 2 1 1.13 0.027615
(ADP, ATP carrier protein
2) (Adenine nucleotide
translocator 2) (ANT 2)
(Solute carrier family 25
member 5) [Cleaved into:
ADP/ATP translocase 2,
N-terminally processed]
URB1 URB1 ribosome 1 1.12 0.028702
biogenesis homolog
GLYR1 Glyoxylate reductase 1 2 1.11 0.00771
homolog (Nuclear protein
NP60) (Putative
oxidoreductase GLYR1)
RPL35A 60S ribosomal protein 7 1.11 0.042789
L35a
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OSTC Oligosaccharyltransferase 1 1.1 0.049372
complex subunit OSTC
NDUFS7 NADH dehydrogenase 3 1.1 0.045566
[ubiquinone] iron-sulfur
protein 7, mitochondrial
(EC 7.1.1.2) (Complex I-
20kD) (CI-20kD) (NADH-
ubiquinone
oxidoreductase 20 kDa
subunit) (PSST subunit)
HNRNPAO Heterogeneous nuclear 7 1.1 0.01617 Mouse
ribonucleoprotein AO (Chu et al.,
2015b),
Human
(Graindorge
et al., 2019,
Yu et al.,
2021)
RCL1 RNA 3'-terminal 2 1.1 0.022557
phosphate cyclase-like
protein
FLOT1 Flotillin-1 2 1.09 0.005191
RPL31 60S ribosomal protein 5 1.09 0.022215
L31
RPL22 60S ribosomal protein 2 1.09 0.024261
L22
HNRNPA2B1 | Heterogeneous nuclear 13 1.07 0.018127 Mouse
ribonucleoproteins A2/B1 (Nguyen et
al., 2018),
Human
(Nguyen et
al., 2018)
NUDT21 Cleavage and 8 1.07 0.006186
polyadenylation specificity
factor subunit 5
(Nucleoside diphosphate-
linked moiety X motif 21)
(Nudix motif 21)
RPL23 60S ribosomal protein 5 1.07 0.044941
L23
SLC25A6 ADP/ATP translocase 3 6 1.07 0.0442

(ADP, ATP carrier protein
3) (ADP, ATP carrier
protein, isoform T2) (ANT
2) (Adenine nucleotide
translocator 3) (ANT 3)
(Solute carrier family 25
member 6) [Cleaved into:
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ADP/ATP translocase 3,
N-terminally processed]

MLEC

MLEC protein (Malectin)

1.06

0.045755

HNRNPU

Heterogeneous nuclear
ribonucleoprotein U
(Heterogeneous nuclear
ribonucleoprotein U
(Scaffold attachment
factor A))

1.06

0.048149

Mouse
(Chu et al.,
2015b,
McHugh et
al., 2015),
Human
(Kolpa et
al., 2016)

RPL30

60S ribosomal protein
L30

1.06

0.0147

SKIV2L2

SKIV2L2 protein

1.05

0.005256

TOP1

TOP1 protein (Fragment)

1.05

0.036306

Mouse
(Minajigi et
al., 2015)

SYPL1

Synaptophysin like 1

1.05

0.002165

IARS1

Isoleucyl-tRNA
synthetase (EC 6.1.1.5)

1.05

0.014789

FYN

Tyrosine-protein kinase
Fyn (EC 2.7.10.2) (Proto-
oncogene c-Fyn) (p59-
Fyn)

1.04

0.008434

RPL14

60S ribosomal protein
L14

1.04

0.014238

PRPF3

U4/U6 small nuclear
ribonucleoprotein Prp3
(Pre-mRNA-splicing
factor 3)

1.04

0.011587

Human
(Graindorge
et al.,
2019).

ARPC1B

Actin-related protein 2/3
complex subunit 1B
(Arp2/3 complex 41 kDa
subunit) (p41-ARC)

1.03

0.034236

SLC25A1

Tricarboxylate transport
protein, mitochondrial
(Citrate transport protein)
(CTP) (Solute carrier
family 25 member 1)
(Tricarboxylate carrier
protein)

1.03

0.036637

KIAA1217

KIAA1217

1.02

0.012406

SLC25A3

Phosphate carrier protein,
mitochondrial (Phosphate
transport protein) (PTP)
(Solute carrier family 25
member 3)

1.01

0.032351
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SENP3 ULP_PROTEASE 1.01 0.000839
domain-containing protein
RPL11 60S ribosomal protein 1.01 0.023303

L11
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Bovine XIST is predominantly localised in the nucleus (Yu et al., 2020). The bovine
stromal cell lysates used for pulldown assays of bovine XIST repeat A were whole
cell lysates, based on cytoplasmic and nuclear markers (shown in Figure 4.6).
Pulldown assays lacking UV crosslinking prior to cell lysis are inherently biased to
identify artefactual associations (Mili and Steitz, 2004), which can be further
exacerbated by exogenously introducing a transcript at a supraphysiological
concentration. The aim of the next analysis was to distinguish proteins identified as
enriched in the sense transcript, due to an artefactual spatial co-localisation of
bovine XIST repeat A with cytosolic components. To this end, Gene Ontology (GO)
term over-representation analysis for biological processes and cellular components
was performed on the 40 proteins classified as specifically enriched in the bovine

XIST repeat A sense transcript.

The predominant biological processes (most highly enriched with p-value <0.05)
computed were ‘positive regulation of signal transduction by p53 regulator’ and
‘negative regulation of ubiquitin-dependent protein catabolic process’, both of which
processes were represented by the presence of two genes, RPL11 and RPL23
(Figure 4.16). It's worth noting that ribosomal proteins are known contaminants in
pulldown experiments (Chen and Gingras, 2007, Rees and Lilley, 2011, Pardo and
Choudhary, 2012, Mellacheruvu et al., 2013). Among the most statistically significant
processes estimated were ‘translation’ and ‘cellular nitrogen compound metabolic
process’, the former of which was represented by 10 genes and the latter by 20
genes, again featuring a high proportion of ribosomal proteins. This suggested that
some of the proteins that were pulled down in bovine whole cell lysates with the
bovine XIST repeat A sense transcript, were proteins that would carry out their
function in the cytosol and cytoplasm. Following this up with GO term cellular
component analysis revealed that up to 36/40 (~90%) proteins were classified under
a category that indicates cytoplasmic localisation (Figure 4.17). Two of the proteins
in this category were hnRNPU and TOP1, both of which were previously found to
interact with Xist in mouse (Chu et al., 2015b, McHugh et al., 2015, Minajigi et al.,
2015) and human (Yu et al., 2021). PRPF3, a known mRNA splicing factor, was also
in the ‘cytoplasm’ category and has previously been described as a human XIST
partner (Graindorge et al., 2019). The ‘ribonucleoprotein complex’ category was
comprised of 11 genes, eight of which were ribosomal proteins and three splicing
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factors (hnRNPU, hnRNPA2B1 and PRPF3). Taken together, these findings highlight
a large proportion of the proteins found to interact with the bovine XIST repeat A
sense transcript by TMT-MS was predominantly cytosolic proteins, or proteins which

could shuttle between the cytosol/cytoplasm and the nucleus.

The protein with the highest log2FC was TATA-binding protein-associated factor 3 /
Transcription initiation factor TFIID subunit 3 (TAF3; log2FC ~1.84). TAF3 is a
component of the core promoter-recognition complex TFIID, which has been shown
to recognise H3K4me3 histone marks (associated with active transcription and
promoters) and is involved in lineage commitment regulation in ESCs (Lauberth et
al., 2013, Ong and Corces, 2014). Another protein found here that was previously
described to interact with human XIST was HNRNPAO (Graindorge et al., 2019, Yu
et al., 2021), which has known roles in RNA metabolism and translation. Equally,
HNRNPA2B1 has been reported to bind human and mouse Xist (Nguyen et al.,
2018). SPEN, RBM15 and WTAP proteins (previously shown to interact with human
XIST, Figures 3.15, 4.8 and 3.13, respectively) were not found to be significantly
enriched (p-value <0.05) with a logoFC>1 in the sense bovine XIST repeat A over the
antisense transcript. In fact, RBM15 was found to be enriched at 0.8-fold on average
in the sense over the antisense transcript (with 11 unique peptides) whereas SPEN
and WTAP proteins were not detected at all in this dataset, in either sense or
antisense elutions. This analysis has identified potentially novel protein interactors of
XIST which have not been previously found in cow, human or mouse, including
TAF3 and PRPF3. In summary, in vitro transcription of bovine XIST coupled to TMT-
MS revealed several protein partners that interact with bovine XIST repeat A,
expanding the list of conserved protein partners and introducing novel players with a
potential role in bovine XIST processing or cow XCI. It would be necessary to
validate these interactions and test for a role in XCI before characterising them as

bona fide functional XIST interactors.
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Figure 4.16. Most proteins bound to bovine XIST repeat A sense in bovine cells are involved in biological processes in the

cytoplasm.

GO term analysis for biological process was performed using the Gene ontology and PANTHER platforms with the consensus list

of 40 proteins identified across all three biological replicates as enriched in the bovine XIST repeat A sense transcript mixed in

bovine cells. Fisher’s exact test was used to infer significance (p-value <0.05). -log1oP, log+o-transformed p-value.



203

™

intracellular anatomical structure: @
prgtein-ct;)nta?irég complﬁx- o
non-membrane-bounded organelle: ®
intracellular non-membrane-bounded organelle- o Compartment
ribonucleoprotein complex: o Cytosol
membrane-bounded organelle- @® Cytosol & Nucleus
intracellular membrane-bounded organelle:
organelle: -logoP
intracellular organelle-
cytoplasm:- .
organelle membrane: |
mitochondrial membrane: ¢
organelle inner membrane: ®
mitochondrial inner membrane- PY
[

= 00 O

ribosome:
ribosomal subunit:
cytosolic ribosome:
large ribosomal subunit:
cytosolic large ribosomal subunit: . . |
0 10 20 30
Fold enrichment

Figure 4.17. A high proportion of proteins enriched in bovine XIST repeat A sense in bovine cells have a role in the
cytosol.

GO term analysis for cellular process was performed using the Gene ontology and PANTHER platforms with the consensus list of

40 proteins identified across all three biological replicates as enriched in the bovine XIST repeat A sense transcript mixed in bovine

cells. Fisher’'s exact test was used to infer significance (p-value <0.05). -log1oP, log1o-transformed p-value.
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4.3.8. Pulldown of bovine XIST repeat A in human lysates elucidates protein partners
shared with XIST from other placental mammals but not with bovine XIST

Repeat A is the region on XIST with the highest conservation across placental
mammals (>76% across human, mouse, cow and pig; Table 2.3) compared to other
repetitive regions or full-length XIST. Protein partners of mouse and human XIST
repeat A were shown to be very similar in amino acid sequence comparisons (LBR
>80%, SPEN >80%, RBM15 >94% and WTAP >95%; Table 2.4). Therefore, it is
possible that XIST repeat A from one placental mammal could bind proteins from
another placental mammal, which would be more likely if the function of the complex
would be conserved. The aim of this next experiment was to test whether the
sequence of bovine XIST repeat A could interact with proteins from human lysates,
which had previously been shown to interact with human XI/ST. To this end, bovine
XIST repeat A was in vitro transcribed and used in pulldowns with nuclear-enriched
ISHIKAWA lysates. Subsequently, streptavidin-coated magnetic beads used for the
capture of RNA-protein complexes from three independent biological replicates were
subjected to a 6-plex quantitative TMT mass spectrometry run to identify all protein
partners of bovine XIST repeat A in human cells. Mass spectrometry was employed
here since an extensive list of validated protein partners of bovine XIST is lacking
and several new partners were sought to be identified, instead of testing predicted

ones via western blotting.

After data analyses, it was evident that all sense samples had been misidentified to
antisense and vice versa. This was based on the expectation that more proteins
would be enriched on the sense transcript (containing a specific sequence) rather
than the non-biologically relevant antisense negative control (analyses leading to this

conclusion are shown in Supplementary Information).

Given the hypothesis that sense samples had been misidentified as antisense (and
vice versa), data were reanalysed to account for potential human error. To examine
the variation across biological replicates after applying the proposed adjustment of

inverting values for all replicates, PCA was performed. There was agreement
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between two of the three replicates for pulldowns performed with either the sense or
antisense transcripts (Figure 4.18; by Dr Phil Lewis).
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Figure 4.18. Bovine XIST repeat A antisense replicates in human cells are more
similar to each other than bovine XIST repeat A sense replicates following
log2FC adjustment.

PC1 on the x-axis accounts for 82.2% of the variation between sense and antisense
bovine XIST repeat A samples and PC2 on the y-axis accounts for 8.5% of the
variation between samples. Two out of three pulldown replicates with the sense
transcript (green) clustered above 0 for PC1, and two of these were above 0 for PC2
as well. All three pulldown replicates with the antisense transcript (red) were below 0
for PC1 and two of these were below 0 for PC2. All replicates shown are
independent biological replicates. Generated by Dr Phil Lewis (Proteomics Facility at

University of Bristol). PC, principle component.
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The distribution of protein abundance differences between sense and antisense
across replicates was examined using violin plots of the distribution of log2FC across
all proteins per replicate. Protein abundance fold-changes of replicate 1 varied from
1.5 to -0.5 range as expected, revealing that a large proportion of proteins
demonstrated a slight preference for the sense over the antisense transcript (Figure
4.19). For replicate 2, the range was from 1 to -1, still indicating most proteins were
not showing a clear preference for either the sense or antisense transcript.
Conversely, protein abundance fold-changes in replicate 3 ranged from 3 to 0.5,
suggestive of a clear preference of most proteins for the sense over the antisense
transcript. Replicate 3 was different to the other two replicates, given the higher
number of proteins that displayed preferential enrichment towards the sense
transcript. Altogether, all three replicates agreed on a positive directionality of
differential protein abundance, implying most proteins in the dataset were
preferentially binding the sense over the antisense transcript, as expected.
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Figure 4.19. Distribution of differential protein abundance across replicates in
the cow dataset following data reanalysis.

Violin plot illustrating the distribution of differential protein abundance in replicate 1 is
similar to replicate 2 whereas replicate 3 is slightly different. Following adjustment,
changes appear predominantly positive, indicative of protein enrichment in the
bovine XIST repeat A sense transcript instead of depletion. Differential protein

abundance (log2 fold change) was estimated by taking the mean of the log2
normalised protein abundance difference of antisense from sense: 2. Aloga(sense-

antisense) \/jolin width reflects the rough frequency of data points in each region. Cross
bars denote the median, box limits represent the 25th and 75th percentiles, whiskers
show the 1.5x interquartile range and dots indicate individual data points. Number of
proteins per replicate are shown under each violin plot. Replicates performed were

independent biological replicates.
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Next, the overlap of proteins found enriched or depleted across replicates of the
bovine XIST repeat A sense transcript was examined. Proteins with a log2FC cut-off
of higher than 1 were classified as enriched and those with a log2FC cut-off lower
than -1 were classified as depleted. More proteins were found to be enriched than
depleted in each replicate (compare panels in Figure 4.20), and the overlap between
replicates in the sense-enriched proteins was much larger: 40 proteins were
enriched in the sense compared to antisense in all 3 replicates. Overall, the pattern
observed fitted with the expectation that there would be a consensus list of proteins
bound to the sense transcript upon recognition of a specific sequence. In agreement,
variation in proteins binding to the antisense would be higher, consistent with a lack

of great overlap seen in proteins found depleted from the sense.
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Figure 4.20. Higher overlap in enriched than depleted proteins pulled down by
bovine XIST repeat A sense transcripts in human cells across replicates
following reanalysis.

Venn diagram showing overlap between proteins A) enriched or B) depleted in
sense over antisense bovine XIST repeat A transcripts. 40 proteins were common
across all three replicates from those found to be enriched whereas a single protein
was common across all three replicates from proteins found to be depleted. Proteins
were called ‘enriched’ or ‘depleted’ based on log2FC cut-offs of >1 or <-1,
respectively. Proteins with log2FC values between -1 and 1 were not plotted here.

Replicate 1 is shown in purple, replicate 2 in green and replicate 3 in yellow.
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The aim of using bovine XIST repeat A for pulldowns in human cells was to examine
the potential of a highly conserved region of XIST (repeat A; 85% similarity between
cow and human) from one placental mammal species to associate with proteins from
another placental mammal species. To identify proteins that were statistically
differentially bound between sense and antisense elution samples, log2FC values
and associated p-values were calculated, using all 3 replicates and then plotted as a
volcano plot. A total of 1861 proteins were seen for the first and third replicates
whereas 1859 proteins were found in the second replicate. Across all three
replicates, 55 proteins were found to be statistically significant (p<0.05), out of which
only 33 were enriched in the sense compared to antisense (above the minimum
enrichment cut-off of log2FC >1; Figure 4.21; by Dr Phil Lewis and Table 4.4). This
constituted the high-confidence list of human proteins specifically binding to the

bovine XIST repeat A sense transcript.
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Figure 4.21. Volcano plot of proteins found enriched in sense or antisense
bovine XIST repeat A transcripts from human cells following log2FC

adjustment.

In total, 33 proteins (in red) were found to be significantly enriched (log.FC>1 and p-

value <0.05) in the bovine XIST repeat A sense transcript over the antisense
transcript. Proteins that were significantly enriched at a log2FC<1 (p-value <0.05) are
shown in yellow. Proteins that were not enriched or did not reach statistical
significance are shown in grey. N=3 independent biological replicates performed.
Statistical analysis was performed with a Student’s t-test (significance was inferred at
p-value <0.05). Generated by Dr Phil Lewis (Proteomics Facility at University of
Bristol).
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Table 4.4. High-confidence list of proteins identified by TMT-MS from bovine
XIST repeat A pulldowns in human lysates.

Candidates fulfilled the criteria of having a log2FC>1 and being statistically significant

(Student’s t-test, p-value<0.05). TMT-MS, tandem mass tag mass spectrometry

Protein Unique | Average | T-test
symbol Protein name Peptides
Heterogeneous nuclear
ribonucleoproteins C1/C2
HNRNPC (hnRNP C1/C2) 2
RNA-binding Raly-like protein
(hRALYL) (Heterogeneous
nuclear ribonucleoprotein C-like
RALYL 3) (hnRNP core protein C-like 3) 1
Propionyl-CoA carboxylase
alpha chain, mitochondrial
(PCCase subunit alpha) (EC
6.4.1.3) (Propanoyl-CoA:carbon
PCCA dioxide ligase subunit alpha) 1
Heterogeneous nuclear
ribonucleoprotein C-like 1
(hnRNP C-like-1) (hnRNP core
HNRNPCL1 protein C-like 1) 1
Grainyhead-like protein 2
homolog (Brother of mammalian
grainyhead) (Transcription
GRHL2 factor CP2-like 3) 3
Zinc finger CCHC domain-
ZCCHC10 containing protein 10 2
Serine/arginine-rich splicing
factor 1 (Alternative-splicing
factor 1) (ASF-1) (Splicing
factor, arginine/serine-rich 1)
(pre-mRNA-splicing factor SF2,
SRSF1 P33 subunit) 11
WD repeat-containing protein
WDR89 89 1

STEEP1 STING ER exit protein 3
Serine/arginine-rich splicing
factor 8 (Pre-mRNA-splicing

factor SRP46) (Splicing factor

SRp46) (Splicing factor,
SRSF8 arginine/serine-rich 2B) 3
Methylcrotonoyl-CoA
carboxylase subunit alpha,
mitochondrial (MCCase subunit
MCCCA1 alpha) (EC 6.4.1.4) (3- 20

0.000964

0.001663

0.006199

0.00521

0.003505

0.035613

0.01611

0.013311
0.005256

0.048946

0.011116
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methylcrotonyl-CoA
carboxylase 1) (3-
methylcrotonyl-CoA
carboxylase biotin-containing
subunit) (3-methylcrotonyl-
CoA:carbon dioxide ligase
subunit alpha)

YY1

Transcriptional repressor
protein YY1 (Delta transcription
factor) (INO80 complex subunit

S) (NF-E1) (Yin and yang 1)
(YY-1)

MATRS3

Matrin-3

SNRPE

Small nuclear ribonucleoprotein
E (snRNP-E) (Sm protein E)
(Sm-E) (SmE)

PC

Pyruvate carboxylase,
mitochondrial (EC 6.4.1.1)
(Pyruvic carboxylase) (PCB)

C190rf53

Leydig cell tumor 10 kDa
protein homolog

MLAA-44

Antigen MLAA-44

SNRPD3

Small nuclear ribonucleoprotein
Sm D3 (Sm-D3) (snRNP core
protein D3)

THRAP3

Thyroid hormone receptor-
associated protein 3 (BCLAF1
and THRAP3 family member 2)

(Thyroid hormone receptor-
associated protein complex 150

kDa component) (Trap150)

14

SNRPF

Small nuclear ribonucleoprotein
F (snRNP-F) (Sm protein F)
(Sm-F) (SmF)

NSF

Vesicle-fusing ATPase (EC
3.6.4.6) (N-ethylmaleimide-
sensitive fusion protein) (NEM-
sensitive fusion protein)
(Vesicular-fusion protein NSF)

POLR1B

DNA-directed RNA polymerase
| subunit RPA2 (RNA
polymerase | subunit 2) (EC
2.7.7.6) (DNA-directed RNA
polymerase | 135 kDa
polypeptide) (RPA135)

ATPSPO

ATP synthase subunit O,
mitochondrial (ATP synthase
peripheral stalk subunit OSCP)

0.015682
0.039355

0.010893

0.010906

0.000836
0.025646

0.010147

0.047444

0.029166

0.006102

0.006896

0.012304
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(Oligomycin sensitivity conferral
protein) (OSCP)

SNRPD2

Small nuclear ribonucleoprotein
Sm D2 (Sm-D2) (snRNP core
protein D2)

1.52

0.006511

ZNF43

Zinc finger protein 43 (Zinc
finger protein 39) (Zinc finger
protein HTF6) (Zinc finger
protein KOX27)

1.49

0.046503

SPCS2

Signal peptidase complex
subunit 2 (EC 3.4.-.-)
(Microsomal signal peptidase
25 kDa subunit) (SPase 25 kDa
subunit)

1.34

0.033359

SNRPN

Small nuclear
ribonucleoprotein-associated
protein N (snRNP-N) (Sm
protein D) (Sm-D) (Sm protein
N) (Sm-N) (SmN) (Tissue-
specific-splicing protein)

1.32

0.03185

RBM5

RNA-binding protein 5 (Protein
G15) (Putative tumor
suppressor LUCA15) (RNA-
binding motif protein 5) (Renal
carcinoma antigen NY-REN-9)

1.22

0.00932

SNRPD1

Small nuclear ribonucleoprotein
Sm D1 (Sm-D1) (Sm-D
autoantigen) (snRNP core
protein D1)

1.22

0.021253

ITGB1

Integrin beta-1 (Fibronectin
receptor subunit beta)
(Glycoprotein lla) (GPIIA) (VLA-
4 subunit beta) (CD antigen
CD29)

1.16

0.048991

OSBPL8

Oxysterol-binding protein-
related protein 8 (ORP-8)
(OSBP-related protein 8)

0.037828

SNRPB2

U2 small nuclear
ribonucleoprotein B" (U2
snRNP B")

1.02

0.00745

Krt20

Keratin, type | cytoskeletal 20
(Cytokeratin-20) (CK-20)
(Keratin-20) (K20)

1.02

0.03857
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To explore the biological processes that proteins identified might participate in as
well as the cellular compartments they localise to, GO term over-representation
analysis for biological processes and cellular components was performed using this
list of 33 proteins. The most enriched biological processes were related to the
spliceosomal complex encompassing several splicing factors such as SNRPD1,2,3,
SNRNPE and SNRNPEF (Figure 4.22). Among the most statistically significant
processes was ‘RNA splicing’, which included a lot of the same splicing factor family
proteins, with the addition of HNRNPC and RBM5. This suggested that a large
proportion of the proteins pulled down in bovine whole cell lysates using the bovine
XIST repeat A sense transcript, were proteins with a clear role in the nucleus. In
agreement, GO term cellular component analysis revealed that 22/33 (~66.7%)
proteins were classified under the ‘nucleus’ category (Figure 4.23). Both the
‘ribonucleoprotein complex’ and ‘nuclear-protein containing complex’ were
comprised of splicing factor proteins. However, the latter category also included YY1,
a known transcription factor, which has been implicated in the initiation of XCl in
mouse (Jeon and Lee, 2011). All together, most proteins identified from the bovine
XIST repeat A pulldown in human endometrial cells exhibited a nuclear localisation,
with defined roles in splicing and RNA processing.
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Figure 4.22. Most proteins bound to bovine XIST repeat A in human cells are involved in nuclear processes.

GO term analysis for biological process was performed using the Gene ontology and PANTHER platforms with the consensus list
of 33 proteins identified across all three biological replicates as enriched in the bovine XIST repeat A sense transcript mixed in

ISHIKAWA cells. Fisher’s exact test was used to infer significance (p-value <0.05). -log1oP, logio-transformed p-value.
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Figure 4.23. Proteins enriched in bovine XIST repeat A sense in human cells have a role in the nucleus.

GO term analysis for cellular process was performed using the Gene ontology and PANTHER platforms with the consensus list of
33 proteins identified across all three biological replicates as enriched in the bovine XIST repeat A sense transcript mixed in

ISHIKAWA cells. Fisher’s exact test was used to infer significance (p-value <0.05). -log1oP, log1o-transformed p-value.
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Among proteins with the highest log2FC values were hnRNPC (4.57), RALYL (a
paralog of RALY; 3.95), HNRNPCL1 (log2FC 2.91), SRSF1 (2.49) and MATR3
(1.86). All of which were previously found to interact with XIST both in mouse (Chu et
al., 2015b, Pintacuda et al., 2017a, Dossin et al., 2020) and human (Brown and
Baldry, 1996, Graindorge et al., 2019, Yu et al., 2021). YY1 was also shown to bind
mouse Xist (Jeon and Lee, 2011b). To examine whether bovine XIST repeat A in
bovine cells would associate with the same set of proteins when placed in a different
context, such as in human cells, lists of statistically significant proteins found
enriched in the bovine XIST repeat A sense transcript from cow (Table 4.3) and
human lysates (Table 4.4) were compared. When considering proteins that passed
the statistical significance (p-value < 0.05) and log2FC>1 cut-offs across all three
replicates, there was no overlap detected between the cow and human datasets.
When the p-value cut-off was removed, overlap between the two lists was observed
for 41 proteins (Figure 4.24 and Table 4.5).
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Cow Human

Figure 4.24. Overlap in proteins specifically binding bovine XIST repeat A
sense in cow and human lysates.

Venn diagram displaying all proteins that exhibit logoFC>1, but are not statistically
significant for the cow (purple) and human (yellow) datasets across all three
replicates. Almost half of the proteins (~40%) detected with a log2FC>1 in cow

lysates and ~10.2% of the proteins in human were common among the two datasets.
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Table 4.5. List of common proteins found across three replicates of bovine

XIST repeat A pulldowns in cow and human lysates.

Candidates fulfilled the criterion of having a log2FC>1 but were not statistically

significant (Student’s t-test, p-value<0.05). Most of the common proteins display

similar average log2FC values across species.

AI\(\)/gzrla:%e Overlap with other datasets
Protein Cow | Human Human Mouse
aStL o4 | 159 Graind tal., 2019, Yi et al Pintacuda et
RNPS1 1.89 313 (Graindorge ezgz.b) , Yietal., ( ;T_,a§81$)e
NKAP 127 | 1.65
SRSF1 158 | 2.49 i i (Pintacuda et
. . (Graindorge et al., 2019, Yi et al., al., 2017)
SSRPT 3 T 121 2020, Yu et al., 2021)
THRAP3 116 | 1.62
PPIG 179 | 2.38
HNRNPAO 11 1.45 (Graindorge e;g;b)2019, Yietal., (Cgla%)al.,
ZC3H18 143 | 1.38
CWC22 114 | 1.09
HNRNPU 1.06 | 1.46 (Yu et al., 2021)
ARLGIP4 1.04 | 1.98 (Graindorge et al., 2019) (C% f;)a'
NOLCH 175 | 157 (P;T_t,azc(‘)’??)et
RPL8 1.05 | 1.12
ZRANB2 123 | 1.93
GPATCH1 1.66 | 1.81
PNN 191 | 24 (Yi et al., 2020)
PNISR 115 | 1.12
RPL21 1.03 | 1.04
UBTF 152 | 1.11
ZCCHC10 1.82 | 2.66
EIF4A2 1.36 | 1.21
SERBP1 101 | 139 (Cg‘afé)a"'
HNRNPA2B1 1.07 | 1.45
BRD3 145 | 2.04
RPL22 1.09 | 1.09
IARS1 1.05 | 1.18
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BANF1 2.03 1.79
TBC1D10B 2.31 2.69
SUB1 1.62 1.15
NUDT21 1.07 1.1
TAF3 1.84 1.17
MCCCA1 1.3 1.94
BRD2 1.11 1.68
CSRP2 1.06 1.07
HDGFL2 1.48 1.67
RPL30 1.06 1.1

PCCA 1.48 3.83
PC 1.24 1.79
RCL1 1.1 1.39
SKIV2L2/ 1.05 1.04

MTREX
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SPEN, RBM15 or WTAP proteins were previously shown to interact with human
XIST (Figures 3.15, 4.8 and 3.13, respectively). These proteins were not found to be
significantly enriched in bovine XIST repeat A sense in the human lysates. However,
SPEN and RBM15 exhibited some level of binding, which did not pass the log2FC >1
or the statistical significance cut-off. SPEN was enriched at 0.92-fold on average in
the sense over the antisense transcript (with 6 unique peptides) and RBM15 0.99-
fold (with 11 unique peptides). Although not statistically significant, RBM15B, a
paralog of RBM15, both of which have been shown to interact with human XIST and
be required for efficient X-linked gene silencing (Patil et al., 2016), was enriched at
1.12-fold on average (with 9 unique peptides). WTAP was not detected in this

dataset in any samples.

Analysis of TMT-MS of bovine XIST repeat A in human lysates also revealed a
number of novel proteins (Table 4.4), previously not described as interactors of XIST
in cow, human or mouse, including ZCCHC10, WDR89, POLR1B, RBMS5 and
splicing factors (SNRPB2, SNRPE, SNRPF, SNRPD1, SNRPD2, SNRPD3,
SNRPN). In summary, mixing in vitro transcribed bovine XIST repeat A with
ISHIKAWA cells and using pulldown assays coupled to TMT-MS revealed several

proteins that could recognise a conserved repeat A region across human and cow.
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4.4 Discussion

The aim of this chapter was both to orthogonally validate interactions that could not
be robustly inferred in the previous chapter as well as dissect the region on XIST
where protein partners bound. Additionally, work here was also directed towards

identifying previously uncharacterised protein partners of bovine X/ST.

4.4 1. In vitro transcription pulldowns identify RBM15 as a protein partner of human
XIST repeat A

In vitro transcription coupled to pulldown is a suitable assay not only to identify
protein partners of a specific IncRNA but also to determine the location of the
interaction on the RNA and/or the elements contributing to the interaction.

Exploiting such an approach here, human XIST repeat A was shown to associate
with RBM15 (Figure 4.8), an observation that could not be reliably inferred from RIP
assays (Figure 3.12). On the contrary, when the presence of WTAP, another protein
known to bind human XIST repeat A, was also probed in the same XIST repeat A
pulldown experiment, a WTAP-XIST repeat A interaction could not be reliably
inferred. This was in contrast to results obtained with RIP, whereby a WTAP-XIST
interaction was evident (Figure 3.13). Equally, ClZ1 was seen to associate with
XIST when RIP was used (Figures 3.10 and 3.11) whereas when pulldowns were
performed using human XIST repeat E, the CIZ1 protein could not be reproducibly
recovered at a greater degree in the sense transcript compared to the antisense
(Figure 4.7). Variation in replicates seen could reflect different amounts of input
material, despite best efforts made to quantify amount of protein per lysate and
ensure equal amount in each pulldown replicate. Another factor that could influence
variation in pulldown efficiencies is the variable volume of the lysate (depending on
its concentration) mixed with the incubation buffer, which could alter pulldown
stringency. Concentrated cell lysate preparations could also affect pulldown
efficiency by increasing viscosity of incubation reactions, which would make

magnetic bead separation challenging.

It is worth noting that there is only one other study that showed WTAP binding to
human XIST in a repeat-specific manner, albeit surprisingly binding at the C repeat
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was more specific (Graindorge et al., 2019). This was in contrast to studies of mouse
Xist reporting Witap binding in the A repeat (Chu et al., 2015b). It would be surprising
if binding preferences for this protein differ among species given a 95% conservation
of the protein between human and cow (Table 2.4) and an identical WTAP/Mum2
functional domain between human, cow and mouse (Figure 2.3). Instead, it's
possible the WTAP-XIST interaction a) is not high affinity, b) the strength of the
interaction might also depend on co-binding RBM15, or c) it could be context-
specific. The original study reporting Wtap binding in the A repeat used male mESCs
with inducible Xist expression (Chu et al., 2015b). Conversely, when others used
hybrid mESCs from two different mouse strains (C57BL/6JJcl x 129/SvJcl), an
interaction of mouse Xist with Wtap was not reported, despite Rom15 being bound to

Xist in the same dataset.

It will be important for future in vitro transcription coupled to pulldown experiments to
address inconclusive results for WTAP and CIZ1 binding human XIST in ISHIKAWA
lysates by increasing the number of replicates. Due to the trend of low protein
abundance for all proteins probed in western blots here, future experiments should
consider increasing the amount of starting material to 2 mg, the upper limit
suggested by the protocol followed (Tichon et al., 2018). Additionally, the stringency
of the incubation buffer could be further optimised as an approach to tackle non-
specificity from the presence of Lamin B in elution samples, for which a plethora of
protocols/buffers are available (Liu et al., 2012, Wang et al., 2014, Lee et al., 2016,
Pintacuda et al., 2017a). Despite the lack of an antibody for western blotting of
SPEN, elution samples from pulldowns of human XIST repeat A (the region where
SPEN is known to bind) could be analysed via mass spectrometry to enable
identification of the most highly abundant protein interactors.

4.4.2. Bovine XIST protein interactome includes known and previously
uncharacterised partners of XIST

The protein interactome of bovine XIST is previously uncharacterised with no reports
in the literature for any protein partners and their potential contributions to X-linked
gene silencing and downstream XCI. Here, the aim was to uncover protein partners

of bovine XIST in primary bovine endometrial stromal cells. These could include
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proteins that are specific to cow or shared with other placental mammals. Under a
model where XIST is shared across placental mammals and has been co-evolving
with its protein partners across species, it is likely that protein partners of bovine
XIST would share protein binding sites on the XIST RNA. Based on protein partners
previously described for human and mouse XIST, the bovine XIST repeat E was
chosen to be studied for an interaction with CIZ1 and the bovine XIST repeat A
region for an interaction with SPEN, RBM15 and WTAP. To test whether cow CIZ1
associates with bovine XIST via its repeat E element as seen for mouse and human,
bovine XIST repeat E was in vitro transcribed and tested in pulldowns with bovine
stromal whole cell lysates.

Pulldown of bovine XIST repeat E in bovine stromal whole cell lysates demonstrated
a specific interaction with the CIZ1 protein (Figure 4.9). This was in contrast with
results obtained from RIP, where despite an efficient pulldown of the ClZ1 protein,
XIST RNA was not consistently found enriched in the elution (Figure 3.17). Given
the same type of cells served as input for both experiments and the same antibody
was used for ClZ1 detection, it’s likely this difference reflects technical shortcomings
of individual protocols with regards to lysate preparation or pulldown efficiency.

Since several protein partners were known to interact with mouse and human XIST
repeat A, performing mass spectrometry would allow the detection of all these at the
same time from the same sample. This would not have been possible with western
blots since these proteins have similar sizes and antibodies suitable for their
detection via western blotting were not available. Analysis of TMT-MS yielded a total
of 40 proteins as specifically interacting with bovine XIST repeat A in bovine stromal
cells (Figure 4.15 and Table 4.3). The use of GO term analysis on this list of
proteins revealed the majority of those had a function related to the cytosol and were
either present in the cytosol or could translocate between cytosol and nucleus
(Figure 4.17). This could be related to the preparation of bovine stromal lysates as
whole cell lysates, reflected by subcellular markers (Figure 4.6)(Mili and Steitz,
2004). Among the identified proteins were hnRNPU, TOP1 and PRPF3. The first two
have been found to interact with mouse Xist in the literature: hnRNPU in mESCs
(Chu et al., 2015, McHugh et al., 2015) and Neuro2A (Hasegawa et al., 2010) and
TOP1 in MEFs (Minajigi et al., 2015). PRPF3 was shown to interact with human



227

XIST in HEK293T cells (Graindorge et al., 2019). This protein is a homolog of yeast
Prp3, which has been characterised to be a core component of the spliceosome and
its depletion, lack of ubiquitination or SUMOylation leads to reduced splicing and
assembly of precatalytic spliceosomes (Pozzi et al., 2017). In fact, hnRNPU has also
been shown to interact with human XIST in a human erythroleukemic cell line (K562)
(Hendrickson et al., 2016, Lu et al., 2020a, Yu et al., 2021) and primary human lung
fibroblasts (Kolpa et al., 2016). The predominant localisation of hnRNPU is nuclear,
albeit it can shuttle between the nucleus and the cytoplasm upon inflammatory stress
(Zhao et al., 2012). Aside from its role in splicing, hnRNPU has been shown to aid in
anchoring mouse Xist to the Xi, facilitating its gene silencing function in Neuro2A
cells (Hasegawa et al., 2010, Yamada et al., 2015). Moreover, TOP1 has a strict
nuclear localisation and functions as a topoisomerase, relieving torsional stress from
DNA supercoiling (Minajigi et al., 2015), albeit no role has been described for it in
XCl yet.

A protein that had not been previously described in the literature as an XIST partner
includes TAF3, a component of the core promoter-recognition complex transcription
factor Il D (TFIID), which here associated with bovine XIST repeat A (Table 4.3).
Human TFIID is composed of the TATA-binding protein and at least 13 associated
factors that are involved in the formation of the transcription pre-initiation complex.
The identification of this protein as a potential interactor of bovine XIST repeat A
implicates repeat A in the regulation of transcription initiation of X-linked genes.
Previously, TAF15, another component of the core promoter-recognition complex
TFIID was shown to specifically and directly interact with human XIST with a
preference for positions near the B repeat (position ~2 kbp) and D repeat (position
~6 kbp)(Yi et al., 2020). The TAF15-XIST interaction was shown to be involved in
XCI owed to selective X-linked, but not autosomal, gene upregulation upon TAF15
depletion in female MEFs (Yi et al., 2020). Thus, a potential XCl-related role of such
an interaction would serve to sequester transcription factors away from X-linked

genes.

Another potential interactor of bovine XIST repeat A found here is Nudix Hydrolase
21 (NUDT21)(Table 4.3). NUDT21 is one subunit of the tetrameric cleavage factor
Im (CFIm) complex which is involved in 3’-end cleavage and polyadenylation of RNA
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and can lead to alternatively polyadenylated transcript isoforms with different 3’-ends
(Zhu et al., 2018). Such a protein could process bovine XIST and generate several
isoforms. Alternatively, competitive binding between NUDT21 and hnRNPK could
ensure variable polyadenylated isoforms are not produced, instead forcing the
generation of a specific isoform, as seen with the NEAT7 IncRNA (Naganuma et al.,
2012). Although hnRNPK was detected in the cow dataset, it was not found to have

a log2FC>1 or pass the statistical significance cut-off.

Superkiller Viralicidic Activity 2-Like 2 (SKIV2L2) (also known as Mtr4 Exosome RNA
Helicase, MTREX) has not been reported to associate with XIST in any species, but
was bound to bovine XIST repeat A here (Table 4.3). This protein is a subunit of
several complexes such as the nuclear exosome targeting (NEXT) which can
associate with RNAs possessing a 5’-cap via interactions with ZC3H18 (Garland and
Jensen, 2020). The NEXT complex has been demonstrated to be a degradation
pathway for IncRNAs and other non-coding RNAs and that inhibiting or depleting this
complex results in stabilisation of IncRNAs. The ZC3H18 protein was also found to
bind bovine XIST repeat A with an average log2FC of 1.43, albeit it was not
statistically significant. SKIV2L2/MTREX is also a subunit of the polyA exosome
targeting (PAXT) complex which can target polyadenylated transcripts for decay via
associations with polyadenylate-binding nuclear protein 1 (PABPN1) (Garland and
Jensen, 2020). PABPN1 was detected as a statistically significant interactor of
bovine XIST repeat A (Student’s t-test, p-value <0.05), albeit it did not pass the
log2FC>1 cut-off (log2FC for PABPN1 was 0.77).

The human XIST repeat A was shown to interact with SPEN and WTAP (in Chapter
3) and an XIST-RBM15 interaction was shown here (Figure 4.8). No interaction of
bovine XIST with SPEN, RBM15 or WTAP was evident from RIP in bovine stromal
cells. In line with this, none of these three proteins were found in the high-confidence
list of interactors (log2FC >1 and p-value < 0.05 cut-offs) from the TMT-MS data of
bovine XIST repeat A pulldowns in bovine stromal cells. A lack of a bovine XIST
interaction with cow SPEN, RBM15 and WTAP proteins is in direct conflict with their
binding profiles in mouse and human datasets (Section 1.6.2). Although signal for
SPEN and WTAP proteins was not picked up at all with TMT-MS, RBM15 was
detected in this dataset (with 11 unique peptides, albeit it was not statistically



229

significant and did not have a log2FC>1). The lack of signal for SPEN and WTAP
proteins could be an issue related to a low amount of input material used combined
with potentially modest expression levels in the cow. However, the strength of TMT-
MS as a quantitative MS technology is that it enables the detection of even low
abundance proteins, via peptide tagging. An inability to detect a protein could arise
from a small protein size, the peptides of which might not be sufficiently different
from those of other proteins in order to differentiate them. A bias in peptide
fragmentation could also be introduced by the use of trypsin as the protease due to
almost half of the peptides generated being under 6 aa (Swaney et al., 2010). The
use of additional, alternative proteases has been shown to enhance the amount of
proteins identified by mass spectrometry by up to ~20% in yeast (Swaney et al.,
2010).

A plausible explanation for these observations could be that SPEN, RBM15 and
WTAP proteins exhibit cell-type specific binding to XIST in ether cow tissues. Human
XIST's protein interactome has been recently shown to vary depending on the stage
of cell differentiation and thus XCI. More specifically, comparing the protein partners
of XIST across human B cells and ESCs, a previous study reported a 57.8% overlap
in the proteins bound to XIST across these different XCI states (although this could
also be cell-type specific)(Yu et al., 2021). SPEN and RBM15 were present in both
datasets whereas WTAP was not present in the dataset from differentiated cells. The
roles of WTAP and SPEN are important in the early stages of XIST post-
transcriptional processing (WTAP) and onset of X-linked gene silencing (SPEN).
One could speculate that if these proteins exhibited dynamic binding to XIST, their
interaction with XIST after the establishment of XCI could be dispensable for
maintaining a repressive chromatin environment on the Xi. This would be consistent
with bovine stromal cells representing terminally differentiated cells with an
established XCI landscape. Nonetheless, mutating the RNA-binding domains of
SPEN in a differentiated B cell line resulted in X-linked gene de-repression from the
Xi, further extending a role for SPEN in XCI maintenance in human B cells (Yu et al.,
2021). It will be necessary to extend such observations in other human cell types to
distinguish a cell-type specific role of SPEN in maintenance from a general somatic-

cell-wide one.
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An alternative explanation for a lack of XIST binding seen for cow SPEN, RBM15
and WTAP could be that these proteins have acquired different functions in the cow,
no longer participating in XClI, therefore rendering an interaction with XIST weaker or
redundant. One approach to predict whether a protein has maintained the same
function across species is to examine signatures of selection acting on its sequence.
Using comparative proteomic analyses powered by codon-based models of evolution
and maximum likelihood, no signs of positive selection were detected on either
WTAP (Wu et al., 2016) or SPEN proteins (Carter et al., 2020). This implies that both
proteins have been under purifying selection to preserve their functions across
species. More specifically, the RNA-binding domains of SPEN (RRM domain) have
been shown not to have evolved much across human, mouse and cow (Carter et al.,
2020). Future work could take such analysis a step further by probing the bovine
XIST repeat A region for human SPEN RRM binding motifs available from CLIP data
(Carter et al., 2020), to establish the degree of motif conservation as a proxy for
likelihood of binding. Taken together, work in this chapter expanded the XIST protein
interactome that is shared across placental mammals as well as introduced

previously uncharacterised protein partners of bovine XIST.

4.4.3. Cross-species pulldown of bovine XIST in human cells reveals shared proteins
partners with human and mouse but not bovine XIST

Differences in XIST-protein interactions across species may arise from differences in
the IncRNA sequence, in the protein, or in both. To examine whether a biochemical
IncRNA-protein interaction may be preserved across species due to a conserved
IncRNA sequence, bovine XIST repeats E and A were used for pulldowns in human
lysates. XIST repeat E displayed an affinity towards the CIZ1 protein in both human
(Figure 3.10C) and cow (Figure 4.9). Nevertheless, when in vitro transcribed and
biotinylated bovine XIST repeat E was mixed with human lysates, specific binding
was not detected. It is possible an interaction may have not been detected due to an
insufficient amount of protein available, consistent with a weak CIZ1 protein signal
observed in elution samples (Figure 3.17). Yet, a more likely explanation could be
the lack of XIST repeat E and CIZ1 conservation between human and cow. The
similarity of XIST repeat E between human and cow was estimated to be ~54.6%

(Table 2.3) whereas the ClZ1 protein was ~80% similar between the two species
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(Table 2.4). Despite this high CIZ1 protein similarity however, there are 14 amino
acid mismatches interspersed across the Matrin/Zinc-finger domain of ClZ1,
responsible for RNA binding (Figure 2.7). It would be worth for future investigations
to examine whether ClZ1-binding motifs overlap the repeat E region, whether these
are present in both human and cow and compare their similarity. Overall, despite
ClZ1 binds XIST across human, mouse and cow, the sequence of repeat E as well
as of the CI1Z1 protein in each species varies sufficiently to prevent cross-species

redundancy.

Bovine XIST repeat A is ~85% similar to its human counterpart (Table 2.3) and
some of the proteins that bind to human XIST repeat A are over 80% similar
between human and cow (SPEN >80% and RBM15 >94%; Table 2.4). The similarity
between human and cow SPEN and RBM15 proteins also spans their RNA binding
domains. Identifying proteins that can bind the XIST RNA from two different species
could offer insight into the XIST RNA and protein partner co-evolution. To test
whether the sequence of bovine XIST repeat A was similar enough to pulldown
known protein partners of human XIST, bovine XIST repeat A was in vitro
transcribed and used in pulldowns with human lysates. A total of 33 significantly
enriched proteins bound to bovine XIST repeat A transcript were observed in sense
over the antisense transcript via MS (log2FC>1) (Figure 4.25). Contrary to what was
seen when bovine XIST repeat A was mixed with cow lysates, GO term analysis for
biological process and cellular component revealed the majority of proteins identified
here were involved in processes in the nucleus (Figure 4.26A&B). One explanation
could be the difference in generation of lysates i.e. nuclear-enriched (human) versus
whole cell (cow). The subcellular fractionation conditions used here were suitable for
the preparation of a nuclear-enriched ISHIKAWA cell lysate (Figure 4.7), as seen by
the cytoplasmic and nuclear markers. However, lysis conditions were not optimal for
the separation of the cytoplasmic components from the nucleus, resulting in a whole
cell lysate for bovine stromal cells (Figure 4.6). Therefore, the bovine XIST repeat A
sequence could be sequestrated by abundant cytoplasmic proteins in a whole cell
bovine stromal lysate, which could stoichiometrically inhibit the association of
sequence- and structure-specific binding proteins from the nucleus. Consistently, a
large proportion of the proteins pulled down when bovine XIST repeat A was mixed
with whole cell bovine stromal lysates were proteins that have not been described to
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occupy both compartments or shuttle between them i.e. 60S ribosomal proteins and

mitochondrial components.

Of these 33 enriched proteins identified by pulldown of bovine XIST repeat A in
human endometrial cells, five had been previously found to interact with both mouse
(Chu et al., 2015b, Pintacuda et al., 2017a, Dossin et al., 2020) and human XIST
(Graindorge et al., 2019, Yu et al., 2021): hnRNPC, hnRNPCL1, RALYL (a paralog
of RALY), SRSF1 and MATRaS. Interestingly, YY1 was also seen enriched following
bovine XIST repeat A pulldown in bovine stromal cells (Table 4.3). An interaction of
YY1 with XIST RNA has only been reported once in the literature where authors His-
tagged YY1 proteins on magnetic beads and allowed them to interact with total RNA
from female mouse embryonic fibroblasts, and Xist binding was detected by RT-
gPCR (Jeon and Lee, 2011b). Binding was shown to occur at the C-repeat region of
mouse Xist, located ~3 kbp downstream of the 5’ end of the Xist RNA. However,
more recent screens for mouse or human XIST protein partners have not reported
YY1 as an interactor of the XIST RNA (Lu et al., 2017). Irrespective of binding the
XIST RNA, a YY1 interaction with the XIST promoter was linked to XIST
transcriptional activation in both female human lung fibroblasts (IMR-90 cell
line)(Chapman et al., 2014, Makhlouf et al., 2014) and mESCs (Makhlouf et al.,
2014). Depleting YY1 levels did not significantly affect XIST RNA expression in naive
or mouse activated female T cells, though (Wang et al., 2016). However, expression
of 266 X-linked genes decreased following ex vivo YY1 deletion in female mouse
activated splenic B cells (Syrett et al., 2017). In another study using YY1 ChIP-Seq
in lymphoblastoid cells (GM12878 cell line), a bias towards YY1 docking on the Xi
was found, specifically highlighting bindings sites on exon 1 of XIST, which was
correlated with higher expression from FANTOM CAGE data (Chen et al., 2016a).
Consistent with its ability to bind both DNA and RNA, depleting YY1 has been shown
to induce loss of XIST localisation from the Xi in female human lung fibroblasts (IMR-
90 cell line) (Chapman et al., 2014), mouse embryonic fibroblasts (Jeon and Lee,
2011b), human activated T cells and mouse activated B cells (Wang et al., 2016).

Furthermore, among the proteins that were found to be statistically significant and
enriched were proteins not previously described as interactors of XIST such as
ZCCHC10, WDR89, POLR1B, RBM5 and splicing factors (SNRPB2, SNRPE,
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SNRPF, SNRPD1, SNRPD2, SNRPD3, SNRPN). Some splicing factors are known
to bind within introns. However, exonic sequences of XIST were used here for
pulldowns due to the fact that repeats A and E do not span exon-intron regions.

Therefore, the splicing factors identified here probably bind exonic regions.

Pulldowns of bovine XIST repeat A were performed in both cow and human lysates
with the aim to identify which proteins would have preserved their sequences
sufficiently to enable cross-species interactions. No common proteins from the high-
confidence lists (statistically significant, p-value <0.05 and log2FC>1) were observed
(compare Table 4.3 and Table 4.4). This could be because of a lack of optimised
input material added in each pulldown reaction and different binding efficiencies for
these proteins across species. To decrease detection stringency on account of these
reasons, the p-value cut-off was removed, but the log2FC>1 cut-off was kept to
ensure the detection of specific proteins. This enabled 41 proteins to be highlighted
as common across the three replicates from both datasets, including hnRNPU,
HNRNPA2B1, HNRNPAO, SRSF1, BRD2, BRD3, TAF3, PNN, RNPS1, ACIN1 and
ZC3H18 (Table 4.5). More specifically, 24 of the 41 (~58.5%) common proteins had
previously been identified by at least another study in human or mouse (indicated in
Table 4.5). Pinin (PNN), Acinus (ACIN1) and RNA-binding protein with serine-rich
domain 1 (RNPS1) are interactors of the exon-junction complex (EJC) and are
involved in preventing exon skipping, ensuring faithful splicing (Boehm et al., 2018).
Whilst bromodomain-containing proteins 2 and 3 (BRD2 and BRD3) have not been
shown to bind human or mouse Xist, BRD4 was shown to bind mouse Xist DNA
regions and regulate its transcription upon differentiation (Wu et al., 2015). BRD2
and BRD3 are known transcriptional regulators which bind to acetylated histones
and have been identified to interact with mouse Malat1 from pulldown experiments in
a neuroblastoma cell line (NSC-34)(Scherer et al., 2020).

In trying to bridge the observation of a lack of significant overlap across the cow and
human datasets, we can focus on hnRNPU. Although direct expression levels cannot
be compared across human and cow, the pattern of hnRNPU expression levels both
at the transcript and protein level were similar across human and cow (Figure 2.10
and 2.11). Therefore, a lack of detection based on a low abundance of hnRNPU can
be eliminated as it's one of the most highly expressed proteins in this dataset.
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Although, given its strict nuclear localisation, hnRNPU abundance in the bovine
stromal lysate could have been decreased due to lysates being whole-cell
preparations (Figure 4.6). Another possibility for a lack of an overlap in proteins that
were statistically significant with a log2FC>1 could be the use of different
gene/protein annotation between human and cow. Despite the few proteins listed
above having the same nomenclature, one protein was listed in both cow and human
datasets albeit under a different name (SKIV2L2 in cow and MTREX in
human)(Table 4.5), albeit this protein did not pass the statistical significance cut-off.
Finally, issues with proteomic detection of (low abundance or other) proteins cannot
be ruled out.

However, a lack of statistically significant shared interactors for bovine XIST repeat
A, need not necessarily mean that an interaction is not conserved from one species
to the other or that the XIST IncRNA and its partners are not co-evolving. It could
also mean that whilst the sequence similarity of XIST and of the protein partners
appears high enough to substitute for one another across different species, binding
motifs could have diverged. Alternatively, there could be additional co-factors
needed for efficient binding to occur in one species but not another. Although there is
no evidence for such co-factors yet, such an example would be strong evidence for
IncRNA-protein co-evolution whereby the protein in one species would have had to
adapt to a rapidly evolving XIST IncRNA sequence by requiring synergistic binding
with other proteins.

Previously cow SPEN, RBM15 and WTAP were not found among the proteins that
were pulled down with bovine XIST repeat A in bovine stromal cells (Table 4.3).
Whilst RBM15 was detected in the dataset with 11 unique peptides (albeit not
passing the log2FC>1 or p-value < 0.05 cut-offs), there was no signal at all for SPEN
and WTAP proteins. In the human dataset here, RBM15 was detected with 10
unique peptides and an average log2FC score of 0.99 across the three replicates.
Additionally, RBM15B, a paralog of RBM15 previously shown to be required for
efficient X-linked gene silencing (Patil et al., 2016), was found to be enriched at 1.12-
fold on average (with 9 unique peptides), albeit it did not reach statistical significance

(Student’s t-test, p<0.05). Similarly, SPEN was detected with 5 unique peptides and
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an average log2FC score of 0.92 but it did not reach statistical significance (Student’s
t-test, p<0.05). In contrast, WTAP was not detected at all here either.

Collectively, work from Chapter 3 is complemented here, whereby RNA-centric
pulldowns demonstrated an association between human XIST and the RBM15
protein (albeit concordant WTAP binding could not be robustly shown). The potential
for bovine XIST to interact with similar protein partners as human XIST was validated
here by in vitro transcription of bovine XIST repeat E coupled to pulldown
establishing ClIZ1 as a shared protein partner across human and cow. This was
further consolidated by pulldowns of in vitro transcription of bovine XIST repeat A in
bovine stromal lysates coupled to TMT-MS, highlighting hnRNPU and TOP1, as
shared interactors. Among novel, cow-specific partners, TAF3 and PRPF3 were
seen. This chapter also presents evidence of the XIST RNA showing the ability to
pulldown proteins from different species, perhaps highlighting an example of
IncRNA-protein co-evolution with potentially promising protein partners of XIST
critical for XClI function. More specifically, TMT-MS following pulldowns of bovine
XIST repeat A when mixed in human lysates highlighted human hnRNPC,
hnRNPCL1, RALYL, SRSF1, MATRS3, YY1 and RBM5 among others, as proteins
that are poised for cross-species interactions across human and cow. However,
when comparing proteins bound to bovine XIST repeat A from cow vs human
lysates, there was no overlap between high-confidence lists (p-value <0.05 and
log2FC>1). When only proteins passing the log2FC>1 cut-off were considered, there
was an overlap of 40 proteins, among which were hnRNPU and SRSF1. The next
chapter will examine whether differential binding of a small subset of XIST protein
partners observed across human and cow could be explained by signatures of
selective pressure acting on protein sequences. This will also allow for the study of a
potential XIST-protein partner co-evolution across human, cow and perhaps other

placental mammals.
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5. Chapter 5: Examination of selective pressure variation acting on XIST
protein partners across human, mouse, cow and pig

5.1. Introduction

Following on from the exploration of specific protein partners of mouse Xist in
chapters 2 and 3, the focus of this chapter is to determine if the selective constraints
on these XIST protein partners are such that they suggest conserved function in
other placental mammals such as cow and pig. In chapters 3 and 4, it was
demonstrated that whilst a high degree of amino acid conservation exists across
each whole protein (including functional domains such as RNA-binding domains) in
mouse, human, cow and pig, these proteins could not be robustly shown to bind cow
XIST. This could be explained by technical limitations or cell-type specific RNA-
protein interactions, or it could be biologically significant. This chapter will assess
whether a small number of sites in the protein coding regions of these genes are
under positive selective pressure and whether this may have altered the binding
profiles/interacting partners of XIST in these different mammal species. This will
facilitate the prediction of a conserved or divergent XIST protein partner interactome
across placental mammals. Analysis of compensatory mutations resulting from
divergent XIST sequence across placental mammals can provide information on co-

evolution of XIST and its protein partners.

Examining selective pressure variation in homologous protein coding sequences
between species allows us to identify regions under different selection regimes, i.e.
neutral evolution, purifying or positive selection (described in Section 1.12.1).
|dentifying signatures of positive selection enables the understanding of which parts
of a specific protein coding region of the genome have substitutions which increased
the fitness of that individual in its environment. There are also several examples
where biochemical studies of positively selected residues illustrate the impact of
these residues on protein functional shift (Section 1.13. There are several
approaches that have been developed for the assessment of selective pressure
variation across sites and across lineages (Section 1.12.1-1.12.3). Here, codon-
based models of evolution that assess selective pressure variation in a likelihood

framework are applied. The models used are implemented in CodeML, part of the
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PAML programme (Yang, 2007) and the packages employed to streamline the
process are implemented in VESPA (Webb et al., 2017) and Vespasian
(Constantinides B, Webb AE, and O’Connell MJ.; manuscript in preparation). Here
selective pressure variation acting on XIST partner protein coding sequences is
probed for, which might contribute to differential XIST protein partner interactions
observed across human and cow observed in Chapters 3 & 4.

Substitutions accumulating on a region of a sequence neighbouring positively or
negatively selected sites, could alter the level of constraint enforced on those sites.
For instance, mutating glycine at position 38 in rat RNase to aspartate enables it to
interact with lysine at position 41, disturbing the active site [discussed in (Fitch and
Markowitz, 1970)], whilst mutating serine at position 39 to arginine is non-detrimental
(Fay et al., 2002). However, in bovine RNase, the amino acids at positions 38 and 39
are indeed aspartate and arginine, respectively, with no loss of catalytic activity. This
can be explained due to the arginine having a positive charge, which offsets
aspartate’s negative charge, again preventing an interaction with lysine at position
41. To reconstruct the order in which these mutations must have arisen, it was then
deduced that arginine at 39 (responsible for charge neutralisation) needed to be
present in the genome first, followed by aspartate at 38 (which would have its
charged nullified). Following fixation of both residues, the loss of arginine at 39
(responsible for charge neutralisation) to a different amino acid, would not be
tolerated. These observations by Wyckoff and others (Fares and Travers, 2006)
demonstrated that even neutral substitutions can exercise an effect on a protein
coding sequence, i.e. sites that can tolerate substitutions may change as
substitutions are fixed. Compensation by fixing substitutions in response to altered
constraint is a mode of ‘co-evolution’ (Pazos and Valencia, 2008).

The vast majority of protein coding regions are evolving under constraint or ‘purifying
selection’. This involves the purging of substitutions that negatively influence
organismal fitness, e.g. a crucial splice site, a structure that affects function or a
binding site for an interacting partner (Ngandu et al., 2008). In case of an interacting
partner, if the interaction plays a key role in cellular development or homeostasis, it
is likely the amino acid sequence of the partner will also remain invariable. This
indicates a selective pressure to maintain the interaction, meaning that they both
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evolve under purifying selection. For example, a 9 bp region in the rev response
element within the env gene (forming the viral envelope) of HIV-1 coding sequences
is evolving under purifying selection (Ngandu et al., 2008). The rev response
element is bound by the rev protein and involves the nuclear export of HIV-1 mRNAs
to the cytoplasm. The 9 bp region contains sites where the rev protein binds the HIV-
7 mRNA most strongly. Thus, co-evolution of interacting sequences maintains the

function resulting from their interaction.

Another mode of co-evolution is ‘co-adaptation’ (Pazos and Valencia, 2008). In the
context of two partners interacting, this would imply that changes in the sequence of
one partner would be compensated by changes in the sequence of the other, in
order to maintain the interaction. One such example of co-evolution can be seen in
the case of human spliceosomal proteins U1A/U2B” and their target transcripts
U1/U2 snRNAs, which together form small interacting nuclear ribonucleoproteins
(snRNPs) (Strange et al., 2016). In Drosophila, there is a single SNF protein that
associates with both U1 and U2 snRNAs whereas in human there are two paralogs
(U1A/U2B”), which exhibit >70% sequence conservation across the three proteins in
the two species. The Drosophila SNF interacts strongly and specifically with
stemloop Il of the U1 snRNA (SLII) and with a lower affinity to stemloop IV of the U2
snRNA (SLIV) (Strange et al., 2016). Binding in both cases is mediated by the N-
terminal RRM domain of the protein. This interaction is important for cis-splicing,
although some organisms, including nematodes, can employ frans-splicing, whereby
nascently generated RNAs are joined to form mRNA, without the need for the SNF-
U1 interaction (Strange et al., 2016). Assessing for selective pressure variation
across SNF proteins in nematodes and arthropods revealed that although both
lineages were evolving under purifying selection, trans-splicing nematodes (w=
0.04560) were less constrained compared to cis-splicing arthropods (w= 0.02414)
(Strange et al., 2016). An amino acid substitution was found in position 53 of the N-
terminal RRM domain of SNF, which represents a phenylalanine in arthropods but a
histidine in nematodes. Given the occurrence of the substitution in a domain
responsible for RNA binding, it was predicted to interfere with the interaction of SNF
with its respective snRNAs. Examination of the SLII part of U1 snRNA revealed a
loop of 10 nucleotides in arthropods lacking a clear base preference at position 9. In
contrast, an 11-nt loop exists in the nematode SLII region of U1 snRNA, with a
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conserved U at position 9 (Strange et al., 2016). An increased U1 snRNA loop size
has been predicted to decrease stability of the interaction with SNF which could
result in lower affinity. Equally, the SLIV region of nematode U2 snRNA contains a
12 nt loop with no conservation of a specific base at position 2 whereas in
arthropods, the loop is 11 nt long with a preference for an A, which improves binding
affinity, according to in vitro binding assays. Altogether, this study predicted
compensatory mutations in the SNF proteins and stem loops of U1/U2 snRNAs in
nematodes in order to maintain an interaction (Strange et al., 2016). Considering
these changes are likely to result in a reduced affinity of the SNF-U1 interaction,
these results correlate well with an increased adoption of a trans-splicing mechanism

in nematodes, which would rely less on a SNF-U1 interaction.

The molecular co-operation of RNA and protein is central to gene expression
regulation from early development and throughout in life, upholding cellular
homeostasis. An interdependence between these two molecules can be traced to
the beginning of life, according to the Ribonucleopeptide World hypothesis (Di Giulio,
1997), whereby RNA and protein evolved together, in order to stabilise one another
(Frenkel-Pinter et al., 2020). These interactions could result in expanded half-lives,
increased likelihood of further synergy with other ligands, and/or catalysis (Frenkel-
Pinter et al., 2020). Among previous studies focused on the co-evolution of RNA and
interacting proteins are examples from the ribosome (Mallik et al., 2015) and the
spliceosome (Strange et al., 2016). However, at the time of writing | am not aware of
studies that have been carried out to assess the co-evolution between IncRNAs and
their protein partners. Even though there is only a small percentage of IncRNAs that
have been shown to be functional, the ones that are functional tend to regulate key
processes together with their protein partners and they tend to be involved in major
biochemical pathways in eukaryotic cells (Section 1.1). Typically, IncRNAs lack
extended conservation across the full length of their sequence, instead displaying
short, interspersed regions of high conservation (Section 1.2). The potential co-
evolution of IncRNAs interactions with partners has consequences for the
maintenance of these interactions and by extension the resulting function. For
instance, if one protein partner’s binding surface or a IncRNA'’s protein docking site

diverge rapidly, in the absence of compensatory mutations, the specificity of the
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interaction, and subsequently the function of the IncRNA-protein complex can be
lost, as seen for RNA-protein interactions (Strange et al., 2016) and protein-protein
interactions (Dey et al., 2012). In the case of a macromolecular assembly such as
the ribosome, molecular co-evolution has also been observed across components of
the assembly (i.e. proteins that make up the multi-subunit protein ribosomal
complex) and interacting partners, whether that involves RNA-protein or protein-

protein interactions (Mallik et al., 2015).

The XIST IncRNA, together with its protein partners, orchestrate XClI, which is a
crucial function for developmental competency of female embryos, indispensable for
life (Section 1.4). Studies of mouse Xist IncRNA demonstrate interactions with at
least 81 proteins. If these interactions all occurred in parallel, this would constitute an
RNA-protein assembly analogous to the ribosome, if not larger in size (Lu et al.,
2020a). A subset of these proteins has been functionally characterised, and have
been shown to play key roles in mediating X-linked gene silencing or aiding in Xist
localisation to the Xi in the mouse, highlighting the biological relevance of their
interaction with Xist (Section 1.6.2). Here, the focus of the investigation was placed
on the aforementioned subset of functionally characterised mouse Xist partners,
which display differential binding to human and cow XIST in pulldowns (Chapters 3
and 4). These were split into three categories:

a) proteins which showed binding to human but not cow XIST, i.e. SPEN, WTAP and
hnRNPK,

b) proteins which bound both human and cow XIST, i.e. ClIZ1 and hnRNPU,

and, c) proteins that were shown to bind human and mouse Xist in other studies but
not here, i.e. RBM15, PTBP1, MATR3 and LBR.

Proteins that only bound cow but not human had not been identified by that point, as
those experiments happened later (after COVID-19 restrictions were lifted and
laboratory access was granted) — essentially mass-spec analysis and cow-specific
protein identification happened whilst writing the thesis and 1.5-2 months before

submission

Implantation strategies, early pregnancy events, and timing of XCl hallmarks vary
across the placental mammals (Section 1.7). Thus, XIST-protein partner co-
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evolution could have been influenced by unique features pertaining to reproductive
morphologies across placental mammals. Reasoning that loss of RNA-protein
interaction partners can arise from a functional shift directly linked to amino acid sites
under positive selection, it was hypothesised that putative protein partners of XIST
could have functionally diverged across human, mouse, cow or pig due to
perturbations in protein domains involved in RNA-binding or other XCl-related
functions. To this end a comparative genetic analysis was carried out across a
subset of proteins that are known interacting partners of mouse and human XIST. It
was assessed whether any of these proteins showed substitution patterns indicative
of positive selection in human, mouse, cow and pig and indeed whether these
signatures coincide with regions known to interact with XI/ST. With the exception of
WTAP (Wu et al., 2016) and SPEN (Carter et al., 2020), such analyses had not been
previously performed on these proteins.
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5.2. Materials and Methods

Placental mammal genomes included in this work were chosen based on the quality
of the genome available and their phylogenetic placement. In total 16 placental

mammal species were used, one marsupial and one monotreme (Table 5.1).

5.2.1. Data assembly

The protein-coding genes selected here were SPEN, WTAP, RBM15, CIZ1,
hnRNPK, hnRNPU, PTBP1, MATR3 and LBR, as elaborated earlier (Section 5.1.2).
Not all proteins described in the Introduction were examined here since the selective
pressure variation analysis described here was performed prior to the RNA
pulldowns described in the previous Chapter (Chapter 4). Coding DNA sequences
(CDSs) for the 9 protein coding genes were retrieved from Ensembl genome browser
release 102 (Yates et al., 2020). The genes of interest were listed in the
“‘gene_list.txt” file. To establish there was no hidden paralogy, the Orthologous Matrix
(OMA) database (Altenhoff et al., 2018) was queried for every gene to check for the
presence of 1:1 orthology. Single gene orthologs were then downloaded from the
Ensembl API using the command line shown below. The list of species formed the
“species_list.txt” file. The command line shown below, kindly donated by David Orr,
(and associated input files) successfully extracted all transcripts of the protein coding
gene from Ensembl and placed them into a file called “seqs_out”. The source code is

available at https://github.com/davidOrr/ensembl-pull-seqgs

1 python ensemble_seq_run.py -genes gene_lists.txt -species
species_lists.txt -type symbol

Code box 1.

The file for each gene was a FASTA formatted nucleotide file, and output from this

stage can be found in E-appendix 5.2.
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5.2.2. Preparation of orthologous gene sets for selective pressure analyses

In an attempt to semi-automate selective pressure variation analysis whilst reducing
the introduction of errors, the already existing VESPA pipeline was used (Webb et
al., 2017). The end goal of using VESPA was to generate with files in the appropriate
format required to carry out selective pressure variation analysis:
i) a multiple sequence alignment of the amino acid sequence for each gene,
ii) a gene tree describing the relationship between species selected based on
the evolution of each assayed gene and
iii) a species tree describing the relationship between species selected based
on the current phylogeny of mammals according to the literature
This work was undertaken on ARC3, part of the High Performance Computing (HPC)

facilities at the University of Leeds, UK.

After having retrieved coding sequences from ensembl (www.ensembl.org), the first
step involved retaining only the longest transcript for each orthologous gene to be
used in downstream processing steps. To this end, the following VESPA command

was called:

1 vespa.py clean -input=inputname.fa

Code box 2.

This generated a file name with the prefix “Cleaned_(input name)”. Output from this
file processing step can be found in E-appendix 5.2.2. Then, header names of these
FastA files were made compatible for downstream processing steps by trimming the
Ensembl gene identifiers.

To convert Latin species names to common species names, the following custom
script was run, which scans every line in all files with a “.fa” extension to identify the

Latin name and replace it with the common species names.
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for i in *.fa

do

sed -1 's/homo_sapiens/Human/g' *.fa

sed -1 '"s/ornithorhynchus_anatinus/Platypus/g' *.fa
sed -1 's/monodelphis_domestica/Opossum/g' *.fa
sed -1 's/dasypus_novemcinctus/Armadillo/g' *.fa
sed -1 's/loxodonta_africana/Elephant/g' *.fa
sed -1 's/ovis_aries/Sheep/g' *.fa

sed -1 's/canis_lupus_familiarisgreatdane/Dog/g' *.fa
sed -1 's/tursiops_truncatus/Dolphin/g' *.fa

sed -1 '"s/bos_taurus/Cow/g' *.fa

sed -1 's/sus_scrofa/Pig/g' *.fa

sed -1 's/myotis_lucifugus/Microbat/g' *.fa

sed -1 's/equus_caballus/Horse/g' *.fa

sed -1 's/felis_catus/Cat/g' *.fa

sed -1 's/mus_musculus/Mouse/g' *.fa

sed -1 's/oryctolagus_cuniculus/Rabbit/g' *.fa
sed -1 's/macaca_mulatta/Rhesus_macaque/g' *.fa
sed -1 's/pongo_abelii/Bornean_orangutan/g' *.fa
sed -1 's/gorilla_gorilla/Gorilla/g' *.fa

sed -1 '"s/pan_troglodytes/Chimpanzee/g' *.fa
done

O o ~NOoO UL WN B

NNNRRPRRPRERPRPRRERRRRR
NRFRPSOWOoL~NOOUNAWNERES

Code box 3.

After this conversion, the header of each sequence in the files containing the coding
sequences for each gene looked like this:

>Human | SPEN
ATGGTCCGGGAAACCAGGCATCTCTGGGTGGGCAACTTACCCGAGAACGTGCGGGAAGAG

File output 1. Result from Code box 2. Only the first two lines of the output are
shown for human. This output contained several lines in the format shown, with a
header listing the species and gene name followed in the next line by the nucleotide

sequence of the same gene in different species.

Using the “translate” function in the VESPA package (Webb et al., 2017) all nucleic
acid sequences were translated into their corresponding amino acid sequences as

follows:

1 vespa.py translate -cleave_terminal=False
-input=Cleaned_inputname.fa

Code box 4.

This generated a file with a prefix “Translated_(input name)” which looked like this:
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PHuman | SPEN
MVRETRHLWVGNLPENVREEKIIEHFKRYGRVESVKILPKRGSEGGVAAFVDFVDIKSAQ

File output 2. Result from Code box 3. Only the first two lines of the output are
shown for human. This output contained several lines in the format shown, with a
header listing the species and protein name followed in the next line by the amino

acid sequence of the same protein in different species.

Output from this file processing step can be found in E-Appendix 5.2.2. A two-step
quality control step was undertaken to ensure the length of each sequence was a
multiple of 3 and that no internal stop codons were present

(https://web.expasy.org/translate/)(Duvaud et al., 2021).

5.2.3. Multiple sequence alignment of orthologous gene sets

To detect sequence homology across multiple species and create a robust
phylogenetic tree to visualise evolutionary relationships between species, amino acid
sequences were aligned using multiple sequence alignment tools. The multiple
sequence alignment tool MAFFT (Katoh and Standley, 2013) was used to align
orthologous protein sequences. MView (Brown et al., 1998) was used to visually
inspect alignments. The output files would look like the following (also found in E-
appendix 5.2.2.):

>Human | SPEN

MVRETRHL-——————————
———WVGNLPENVREEKIIEHFKRYGRVESVKILPKRGSEGGVAAFVDFVDIKSAQKAHNS
VNKMGDRDLRTDYNEPGTIPSAARGLDDTVSIASRSREVSGFRGGGGGPAYGPPPSLHAR

File output 5. Only the first six lines of the output are shown for human. This output
contained several lines in the format shown, with a header listing the species and
protein name followed in the next line by the multiple sequence alignment of the

same protein across all the species used as described by Table 5.1.
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Common Name Species name Genome Genome Version
Coverage (Ensembl v102)
Gorilla Gorilla gorilla x80 gorGor4
Human Homo sapiens Deep GRCh38.p13
Pig Sus scrofa X65 Sscrofa11.1
Rabbit Oryctolagus cuniculus X7.48 oryCun2
Orangutan Pongo pygmaeus X6 PPYG2
Mouse Mus musculus Deep GRCm38.p6
Microbat Myotis lucifugus x7 myolLuc2
Macaque Macaca mulatta Deep MMUL 10
Horse Equus caballus x88 Equ Cab 3
Elephant Loxodonta africana X7 Loxafr3.0
Dolphin Tursiops truncatus x2.59 turTru1
Cow Bos taurus x80 ARS-UCD1.2
Dog Canis familiaris 50x UMICH_Zoey 3.1
great dane
Chimpanzee Pan troglodytes Pan _tro 3
95X
Cat Felis catus X72 Felis_Catus 9
Armadillo Dasypus novemcinctus X6 dasNov3
Platypus Ornithorhynchus anatinus x58.8 mOrnAna1.p.v1
Opossum Monodelphis domestica N/A ASM229v1
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A permutation tail probability test (yaptp) from Clann software package (Creevey and
Mclnerney, 2005) was performed for each alignment to assess whether the

alignment contained signal better than random using the following command:

1 clann -1n -c genetree_inputname.txt

3 yaptp

5 quit

Code box 5.

5.2.4. Assessing phylogenetic signal contained in multiple sequence alignments via

quartet puzzling

To determine whether the alignments contained phylogenetic signal, maximum
likelihood mapping by quartet puzzling was performed (Strimmer and von Haeseler,
1996). Quartet puzzling breaks down each dataset into all possible sets of four
sequences (or quartets), and estimates the maximum likelihood of each quartet
belonging to one of three possible unrooted phylogenies (Strimmer and von
Haeseler, 1996). The maximum likelihood values can be mapped onto an equilateral
triangle as dots, where each corner of the triangle indicates a potential resolved
phylogeny (Strimmer and von Haeseler, 1997). The position of each dot on the
triangle can therefore inform us about support for distinct phylogenies, e.g. Figure
5.1. If maximum likelihood values cluster predominantly at corners of the triangle,
then a specific phylogeny can be inferred to have more support over another (Figure
5.1A). However, it is not always the case that a single phylogeny is favoured. Short
or very similar sequences could make it difficult to distinguish clear support for a
definite phylogeny, leaving support values either in the edges or the middle of the
triangle (Figure 5.1B). Since support values found at corners of the triangle
represent well-defined phylogenies, if there was equal probability for each of the
three outcomes for a quartet, such a probability would appear in the middle of the
triangle (Figure 5.1C). This would be indicative of an unresolved phylogeny. A strict
cut-off is set for these analyses, i.e. if the cumulative probability percentage of partly
resolved and unresolved regions is higher than 10%, the data are inferred to have
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insufficient phylogenetic signal. In these cases, the gene level alignment does not
have adequate phylogenetic signal to reconstruct a robust phylogeny and a species
level phylogeny (made from many different genes) may need to be considered. To
proceed with maximum likelihood mapping, multiple sequence alignments were
converted from fasta to phylip interleaved format via EMBOSS seqret
(https://www.ebi.ac.uk/Tools/sfc/emboss _seqret/)(Madeira et al., 2019). Approximate

maximum likelihood mapping was performed by using TREE-PUZZLE

(http://www.tree-puzzle.de/; (Schmidt et al., 2002) using a neighbour-joining tree

parameter estimation, JTT model of substitution and a uniform rate of heterogeneity.
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Figure 5.1. Representative images of Quartet Puzzling approach to identifying
basins of attraction demonstrating the degree of phylogenetic signal
contained in alignment files

Dots indicate the maximum likelihood for three possible trees estimated from four
sequences in an equilateral triangle (/eft). Dots falling in defined areas of the triangle
are counted and shown as a percentage of the total number of dots (right). A) In
case most dots fall within corners, there is support for a specific phylogeny by the
maximum likelihood values. Example given here is the SPEN gene. B) When,
however, more than 10% of dots are found outside of corners (in the edges and
centre of triangle marked in teal), there is a lack of clear distinction between
phylogenies. C) If all three phylogeny combinations are equally likely, dots fall within
the middle area of the triangle (also known as a “star” or completely unresolved

phylogeny).
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5.2.5. Reconstructing gene trees from multiple sequence alignments and
assessment of the resulting trees

To examine whether the evolutionary relationships between species could be
recapitulated based on amino acid sequence alignments of single gene orthologs
from 18 species, IQ-TREE (Trifinopoulos et al., 2016) was used to generate gene
trees for each amino acid alignment based on maximum likelihood. Default settings
were used in each case which include the use of ModelFinder (Kalyaanamoorthy et
al., 2017) to detect the substitution model of best-fit for each dataset. Ultrafast
bootstrapping was performed with a maximum of 1,000 iterations (for gene tree
outputs and associated bootstrap values see E-appendix 5.2.3). IQ-TREE
automatically performed tree topology evaluation using the approximately unbiased
test of phylogenetic tree selection (Shimodaira, 2002) with 1,000 replicates. This test
assigns confidence values to trees tested which reflect the probability of each tree
being the true tree. The approximately unbiased test is preferred over other tests
because it controls for i) selection bias, i.e. overestimating the likelihood value when
many comparisons are made, and ii) false positives, i.e. having a probability of
erroneously rejecting the null hypothesis greater than 5% (Shimodaira, 2002). The
test works by implementing several rounds of comparisons, with each round
changing the length of amino acid sequences and checking for how many of those
variations there is support for the hypothesis. Based on this count, confidence in
each tree is provided by values between 0 and 1, whereby the closer a value is to 1,
the more likely it represents the true tree (Shimodaira, 2002). Gene trees were

visualised using the interactive tree of life website, iTOL (Letunic and Bork, 2019).

Additionally, a species tree in Newick format was constructed based on the current
phylogeny of mammals according to the literature (Jebb et al., 2020) (Figure

1.5)(newick formatted tree in E-appendix 5.2.3):

To examine how similar the two trees (i.e. the gene tree and known species tree)
were, Clann (Creevey and Mclnerney, 2005) was used to estimate the Robinson-
Foulds distance score (Robinson and Foulds, 1981). The RF distance serves as a
proxy for similarity where the smaller the Robinson-Foulds distance, the more similar

two trees would be.
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1 clann -1n -c tree_inputname.txt
2

3 rfdists output=vector

4

5 quit

Code box 6.
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5.2.6.1. Selective pressure variation analysis in VESPA and Vespasian

To carry out a selective pressure analysis, three files are required: (1) the alignment
in nucleotide (codon) format, (2) the corresponding tree that describes how the taxa
in that gene family are related to one another (either a gene or species tree
depending on your analysis), and (3) a control file that describes the precise settings

that code for the appropriate model of evolution to be assessed.

5.2.6.2. Preparing the nucleotide alignments

To investigate selective pressure variation across protein-coding genes the standard
assessment of dN/dS (or w) was used. The amino acid sequence alignments were
used to guide the alignment of the original nucleotide sequence files using the
following commands in VESPA:

=

vespa.py create_database -input=Cleaned_inputname.fa

mkdir Map_Gaps_Translated_Cleaned_inputname

uhA wN

scp -r Translated_Cleaned_inputname.fa.mft
Map_Gaps_Translated_Cleaned_inputname/Translated_Cleaned_inputname
.fa.mft

6

7 vespa.py map_alignments -
input=Translated_Cleaned_inputname.fa.mft -database=database.fas

Code box 7.

5.2.6.3. Preparing the gene tree

To ‘prune’ branches of the species tree containing species absent from the gene
tree, the vespasian software was used (https://github.com/bede/vespasian).

1 vespasian infer-gene-trees data
species_tree.txt

Code box 8.

where “data” is a directory that contains a nucleotide alignment with a .fasta suffix.
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It is well known that for likelihood-based estimations of selective pressure variation
more good quality data provides more robust results (Anisimova et al., 2002).
Previous assessments of the sensitivity of these approaches indicated that more
than six species are required to the power to detect sites under positive selection
(Anisimova et al., 2002).

5.2.6.3. Setting up the files for the appropriate models of evolution

Two categories of selective pressure variation models were considered:

(i) Site-specific models enable the investigation of sites that have been under various
selective pressures across all species regardless of lineage. And (ii) lineage-specific
models assess selective pressure variation across sites and specific branches (i.e.
lineages) in the phylogeny as compared to other branches. Here, besides testing for
site-specific models of evolution, lineage-specific models of evolution were
considered for human, mouse, cow and pig. To specify all the codon-based models
of evolution to be tested, vespasian (https://github.com/bede/vespasian) (Webb et
al., 2017) was used to run CodeML (part of the PAML package):

1 vespasian codeml-setup data gene-trees --branches
label_table.txt

Code box 9.

where “data” is a directory that contains a nucleotide gap alignment with a .fasta
suffix and “label_table.txt” a .txt file that specifies which species to be considered as
foreground for lineage-specific models of evolution. CodeML data structures

generated here can be found in E-appendix 5.2.4.

CodeML models were tested by using the following command with vespasian:

1 cd codeml & snakemake --jobs 300 --cluster "qsub -cwd
-V -1 h_rt=48:00:00" --max-status-checks-per-second
0.1

Code box 10.
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To differentiate which models of evolution best fit the data, likelihood ratio tests
(LRTs) have been shown to be better powered to detect sites under positive
selection when seven species were used per tree (Anisimova and Yang, 2007).
Hence, 18 species were used in this analysis. To determine the model of best fit to
the data from all models tested, log-likelihood values (InL) were generated for all
models. By performing LRTs, statistical significance was estimated for appropriate

comparisons of the site-specific and lineage-specific models (shown in Table 5.2).
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Table 5.2. Likelihood Ratio Test (LRT) Calculations.

Models eligible for comparison are displayed with the associated degrees of freedom
(df) and chi-squared thresholds required to reach significance. x? values determine
whether the alternative hypothesis is true based on random chance <5% of the time
(unless otherwise stated). Adapted from (Morgan et al., 2012).

Comparison df Al Critical 2 values

MO v M3k2 2 X2 =5.99
M3Dk2 v M3Dk3 - X1 = 1.00
Mla v M2a 2 X2 =5.99
M7 v M8 2 X2 =5.99

M8 v M8a 1 X2 >2.71(@5%)

=541 (@1%)
Mla v Model A 2 X2 =5.99

Model A v Model A null 1 X2 = 3.84 (@5%)
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Likelihood ratio tests (LRT) and summary tables of models tested and associated

confidence values were generated with vespasian by using the following command:

1 cd .. & vespasian report --progress codeml --hide -p

Code box 11.

In all cases where models allowed for the estimation of positively selected sites, the
contributions of individual sites to that signal for positive selection was estimated
using a Bayes Empirical Bayes (BEB) approach. The Naive Empirical Bayes (NEB)
estimation of posterior probability does not account for sampling errors which can
exponentially affect large data sets (Anisimova et al., 2002) and therefore BEB
scores are preferred. BEB estimates for each site on each gene were reported if the
posterior probability was greater than 0.5. To obtain a set of identified sites with
higher confidence, two user-defined posterior probability (PP) cut-offs were set at
PP=0.95 and PP=0.99.

To examine in more detail what potential impact the positively selected sites may
have on the function/s of the protein we employed UniProt annotations. In cases
where there was evidence of lineage-specific positive selection on a protein with
poor UniProt annotation, the location of positively selected sites was mapped onto
the respective amino acid sequence from humans in Uniprot (The UniProt, 2021).
The human ortholog was chosen due to a superior annotation of protein functional
domains in UniProt. It is worth noting that the positions of residues predicted by
CodeML are based on the alignment file. Thus, to determine the position of those
sites on the human ortholog, gaps inserted during the alignment process must be
factored in. This was done by initially counting the number of gaps in the amino acid
multiple sequence alignment for the human gene and subtracting that from the
predicted position of the positively selected sites (for a graphical representation, see
Figure 5.3). To check whether predicted sites overlapped any functional protein
domains, UniProt was scanned for existing information on protein domains. If
available, these were plotted on top of the location of positively selected site
predictions. In case protein domain information was not available from UniProt,
InterPro (Blum et al., 2021) was used to computationally predict functional domains

on the human genes.
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Figure 5.2. Mapping CodeML sites on the human protein ortholog.

A) Amino acid alignment of the SPEN protein, B) Position of amino acid that would

be predicted to be under positive selection (left), number of gaps preceding the

amino acid reported by CodeML (middle) and actual position of residue on the

human SPEN amino acid sequence (right). Amino acid positions for sites predicted

to be under positive selection by CodeML are reported based on their position in the

alignment file. During the alignment process gaps are inserted (denoted by a dash

shown in A). Accounting for the number of gaps inserted during the alignment allows

for an accurate identification of positively selected sites on select species, e.g.

CodeML site 530 refers to the amino acid at position 350 in the human SPEN protein

sequence. Note this example is not based on actual data for SPEN and only serves

illustrative purposes.
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5.3 Results

To study selective pressure variation on putative protein partners of XIST, candidate
genes were selected based on the propensity of mouse Xist to interact with mouse
orthologs of these proteins and play roles in Xist processing, X chromosome
localisation or X-linked gene silencing. Hence, SPEN, ClZ1, RBM15, WTAP, LBR,
hnRNPK, hnRNPU, MATR3 and PTBP1 were chosen for this analysis. These
candidates have been described in the main introduction (Section 1.6.2).

5.3.1. Confidence in multiple sequence alignments containing non-random signal

Random data produce a normal distribution with a skewness score of 0, therefore
the skewness of the distribution of probability scores assigned to alignments can be
informative. The results of the yaptp test performed on each alignment showed that
most genes tested display a negative skewness ranging from -3.1 (for SPEN) to -
0.05 (hnRNPK) (Table 5.3), arguing for non-random signal. Therefore, the
alignments are non-random and contain structure that indicates they are most likely
homologous sequences. Another way to assess signal is a qualitative assessment
by visual inspection of multiple sequence alignment files, in all cases multiple regions
of conservation were observed indicating non-random data (i.e. alignment of

homologous regions was evident from visual inspection) (E-appendix 5.2.2).
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Table 5.3. Summary table of permutation tail probability tests.

Gene trees created were imported to Clann (Creevey and Mclnerney, 2005) and the
‘yaptp’ command was used with default settings. These included equiprobably
randomization of 100 repetitions where taxa from branches were unlabeled and
shuffled based on sub tree pruning and re-grafting. Any deviation from the normal
distribution (skewness of 0) indicates non-randomness of data. SD, standard

deviation.

Gene Mean Variance SD Skewness
SPEN 4.4086 0.3041 0.55146 -3.1545
WTAP 4.3668 0.3262 0.57119 -1.4945
Clz1 4.3701 0.3451 0.5875 -1.0778
LBR 4.0931 0.2872 0.5359 -0.8398
RBM15 4371 0.23626 0.486 -0.462
PTBP1 4.0919 0.2349 0.4847 -0.4336
hnRNPU 4.3615 0.2238 0.473 -0.1534
hnRNPK 4.0838 0.1577 0.3971 -0.0568

MATR3 4.3564 0.2412 0.491155 0.0261
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5.3.2. Insufficient phylogenetic signal in multiple sequence alignments to establish
phylogeny

To quantify the amount of phylogenetic signal present in the multiple sequence
alignments, we performed quartet puzzling. In this way it was determined whether
sequences in alignments are too closely related or too divergent to reliably
reconstruct a phylogeny. Most genes used here lack support for a resolved
phylogeny (Figure 5.4). SPEN is the only gene with sufficient phylogenetic signal,
given a cumulative percentage of unresolved quartets less than 10% (Figure 5.4A).
ClzZ1, WTAP and RBM15 were found just above the 10% cut-off threshold (Figure
5.4B-D). Consistently, PTBP1, hnRNPU, MATR3 were found to have between 19-
30% of cumulatively unresolved quartets, arguing against an adequate quantity of
phylogenetic signal (Figure 5.4E-G). LBR exhibited a cumulative probability of partly
resolved and unresolved as high as 33% (Figure 5.4H). hnRNPK had most quartets
featuring an equal likelihood for all phylogenies, characterized by 83.5% of quartets
accumulating in the centre of the triangle (Figure 5.41). This is indicative of
insufficient phylogenetic signal in most genes to infer evolutionary relationships
between species, except for the SPEN gene. Often genes with strong selective
constraints and low mutational rates do not have good levels of phylogenetic signal
(Blomberg and Garland Jr, 2002, Lanier et al., 2014).
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Figure 5.3. Estimation of phylogenetic signal contained in amino acid

alignments.

Likelihood mapping and quartet puzzling for A) SPEN, B) CIZ1, C) WTAP, D)
RBM15, E) PTBP1, F) hnRNPU, G) MATRS3, H) LBR and I) hnRNPK. Numbers in
brackets denote cumulative percentages of quartets from areas in the middle and

edges of the triangles. Likelihood mapping and basins of attraction were created
based on amino acid alignments using TREE-PUZZLE (Schmidt et al., 2002) with
default settings. Namely, approximate maximum likelihood was used with all possible

quartets (3,876), the neighbor-joining tree parameter, JTT substitution model and a

uniform rate of heterogeneity. Amino acid frequencies were estimated from the data.
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5.3.3. Incongruence between gene trees and placental mammal species tree

Gene trees were generated in IQ-TREE (5.2.3 and E-appendix 5.2.2). As described
in the main introduction to this thesis, gene and species trees for the same set of
taxa are distinct, have different applications and are not always in agreement (see
Section 1.1.2). Confidence in trees generated, reflecting the probability of trees being
true, was obtained using the AU two tree test. Confidence in each tree is provided by
values between 0 and 1, whereby the closer a value is to 1, the more likely it
represents the true tree (Shimodaira, 2002). For genes examined here, a gene tree
close to the species tree could be obtained with confidence scores over 0.9 (Table
5.4). Confidence in the tree for WTAP was just below 0.9 (~0.88) whereas trees for
SPEN and hnRNPK were not as reliable (0.62 and 0.37, respectively).
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Table 5.4. Summary table of AU test performed on gene versus species trees.

Gene trees were obtained from IQ-TREE and confidence values from the AU test
(Trifinopoulos et al., 2016).

AU test results

Gene tree confidence values

(larger values represent

Gene higher confidence)
hnRNPU 1

PTBP1 0.996
RBM15 0.0987

Clz1 0.968

LBR 0.935
MATR3 0.931
WTAP 0.885
SPEN 0.623

hnRNPK 0.374
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As previously described (Section 1.8), when gene trees differ from species tree, it
can lead to systematic biases in phylogeny reconstruction and generate incorrect
relationships between species. To examine the congruence between gene tree and
species tree for each gene, the RF distance was calculated. The gene trees for the
SPEN and ClZ1 genes appeared to be similar to the species tree with RF values of
0.125 and 0.25, respectively (Table 5.5). A medium degree of incongruence
between the gene and species trees was observed for LBR, WTAP and RBM15, with
RF scores between 0.4 and 0.5. In contrast, gene trees for PTBP1, hnRNPU,
MATR3 and hnRNPK were highly incongruent with the species tree, resulting in RF
scores greater than 0.7. Therefore, with the exception of SPEN and CIZ1 genes,
gene trees for remaining genes did not match the species tree. This observation
suggests that the specific genes assayed here (with the exception of SPEN and
ClZ1 genes) have evolved differently to the way the species have evolved. Because
of that, the species phylogeny was imposed before proceeding with selective
pressure variation. Any species not present in the amino acid alignments for each
gene were removed from the species tree (tree ‘pruning’). Essentially, this makes
both gene tree and species tree have the same set of species and the same
topology (‘forcing’ a species phylogeny).
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Table 5.5. Summary table of phylogenetic distance between gene trees and
species tree.

Each gene phylogenetic tree was compared to a species tree containing the same
taxa. The Robinson-Foulds distance was inferred from those comparisons using
Clann (Creevey and Mclnerney, 2005) with default settings. Note that the Robinson-
Foulds distance serves as a proxy for the similarity of the gene tree to the species

tree, hence, the smaller the distance, the more similar the trees.

Robinson-Foulds

distance
Gene (smaller is better)
SPEN 0.125
Clz1 0.25
LBR 0.4
WTAP 0.4375
RBM15 0.5
PTBP1 0.733
hnRNPU 0.75
MATR3 0.8125

hnRNPK 0.933
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5.3.3. Assessing evolutionary forces underlying selected genes

Results presented so far argue that multiple alignments for genes selected show
signal that is better than random. The phylogenetic signal contained in these
alignments however is not high enough to allow for confident inferences of the
relationships of placental mammals based on these genes. This was reflected by
high RF scores, indicating incongruence between gene and species trees. Because
the current placental mammal phylogeny is known, the species phylogeny was

imposed before proceeding with selective pressure variation.

To examine the nature of selective pressure acting on a set of putative XIST protein
partners, both site- and lineage-specific models of evolution were tested per gene
using the VESPA wrapper for the CodeML program (PAML package)(Yang, 2007).
In order to probe for lineage-specific positive selection of each gene, analyses
focused on the human, mouse, cow and pig lineages (used as foreground) for each

of the 9 interacting partners of XIST.

As an example, site-specific models of selection tested for the CIZ1 gene have been
summarised in Table 5.6 (models for all genes can be found in E-appendix 5.2.5).
According to model MO, the average ratio of dN/dS across all amino acid sites in all
species denotes that ClZ1 is under purifying selection with an w value of ~0.28.
From M1 it could be inferred that ~64.5% of all amino acid sites evolve under very
strong purifying selection with w=0 (fixed), whereas ~35.5% of all sites evolve
neutrally. The M2 model posits that 64% of all sites evolve under strong purifying
selection of w=0.12, ~35% of all sites evolve neutrally and 0.0067% of all sites
evolve under very strong positive selection with w>>1 (w2=5.4). Namely, there were
nine sites predicted to be evolving under positive selection (PP>0.5), 2 with PP>0.95
and 0 sites with PP>0.99. Model M3K2 denotes 58% of all sites evolve under strong
purifying selection of w=0.095, whereas ~42% of all sites evolve under purifying
selection with w=0.73. Results from M3K3 indicate ~21% of all sites evolve under
strong purifying selection of w =0.014, 49% of sites evolve under purifying selection
of w=0.19 and ~30% of sites are evolving neutrally with w=0.92. According to M7, all
sites fall within the distribution dictated by p and q with w estimates between 0 and 1

(purifying selection and near neutral evolution, p=0.52812 q=0.98596). p and q
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symbolise the beta distribution shape parameters, essentially allowing the shape of
the distribution to vary depending on values given, which make for a flexible and
effective model. In M8, ~90% of sites were estimated to fall within the distribution
dictated by p and g (p=0.52812 q=0.98596) and ~10% of the sites are found under
positive selection with w=1.4. From M8a, it would be inferred that ~79% of sites fall
within the distribution dictated by p and q (p=0.83985, q=3.35200) and ~21% of the

sites are evolving neutrally.
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Table 5.6. Summary of site-specific selective pressure models tested for CIZ1.

The number of sites predicted to be under positive selection are shown in the last column, separated by posterior probability

cutoffs. Negative/purifying selection (w=0-0.9), neutral evolution (w=0.9-1.1) and positive selection (w>1.1) (Zhang et al., 2005). P

= number of free parameters estimated in the model; InL = natural log likelihood; pn = proportion of sites with a particular w value; w

or Dn/Ds= the ratio of non-synonymous substitutions per nonsynonymous sites (Dn) compared to the number of synonymous

substitutions per synonymous site (Ds). BEB = Bayes Empirical Bayes estimations.

Site specific

analysis
Model P (InL Estimates of parameters Positively selected
sites (BEB)

MO: One Ratio 1 |F72412 |(w =0.27745 Not allowed

M1: Neutral 1 71210 |p0=0.81, p1=0.1897, w0=0.08479, w1=1 Not allowed

M2: Selection 3 |-71208 |p0=0.81, p1=0.1895, p2=0.00036, w0=0.08486, [9>0.5,2>0.95,0>0.99
w1=1, w2=5.089

M3: Discrete (K=2) |3 |-71048 |p0=0.71, p1=0.2897, w0=0.05096, w1=0.5682 None

M3: Discrete (K=3) 5 70997 |p0=0.572, p1=0.317, p2=0.11, w0=0.0284, None
w1=0.288, w2=0.878

M7: Beta 2 |-71010 |p=0.335, 9=1.303 Not allowed

M8: Beta&Omega>1 4 |-70995 |p0=0.942, p=0.422, q=2.244, p1=0.0577, w=1.027 18>0.5,2>0.95,0>0.99

M8a: Beta&Omega=1 4 |-70995 |p0=0.937, p=0.428, q=2.327, p1=0.062, w=1 Not allowed
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To determine which of the site-specific models of selection tested above best fit the
data, eligible models were compared using likelihood ratio tests (LRTs). LRT results
are summarised in Table 5.7 (E-appendix 5.2.5 for LRTs on all genes). Based on the
InL values seen for site-specific models of ClZ1 in Table 5.6 and LRT results for
these models in Table 5.7, model M8 was the model of best fit for the CIZ1 gene.
This would mean that ~90% of sites were estimated to fall within the distribution
dictated by p and q (p=0.52812 q=0.98596), with the majority of sites being highly
conserved. The remaining ~10% of amino acid sites were found to be evolving with
an w ratio of 1.027, indicating positive selection. More specifically, this corresponded
to a total of 18 sites with a PP greater than 0.5 (also indicated as 18>0.5 in Table
5.6). Of those 18 sites, two exhibited a PP greater than 0.95, but none were above
0.99
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Table 5.7. Summary of LRT tests for the determination of site-specific model of best fit for CIZ1.

Tree Null_ model Alt model Null Inl Alt_Inl LRT p-value Critical value Null rejected
ClZ1_nuc_gap mO m3Discrtk2 -21696.715 -21267.181  859.06733 2.86E-187 5.991 TRUE
ClZ1_nuc_gap m1Neutral m2Selection -21281.599 -21273.965 15.269372 0.00048339 5.991 TRUE
ClZ1_nuc_gap m3Discrtk2 m3Discrtk3 -21267.181 -21230.911  36.270632 - 1 TRUE
ClZ1_nuc_gap m7 m8 -21245.019 -21228.128 33.78203  4.62E-08 5.991 TRUE
ClZ1_nuc_gap m8a m8 -21230.642 -21228.128 5.028764  0.0809129 2.706 TRUE
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As an example, lineage-specific models of selection tested for the ClZ1 gene have
been summarised in Table 5.8 (models for all genes can be found in E-appendix
5.2.5). Selective pressure variation on the ClZ1 gene was assessed using two
lineage-specific models for each of the four lineages tested (human, mouse, cow and
pig). When assessing selective pressure variation on the CIZ1 gene using lineage
model A with the mouse lineage as foreground, it was calculated that ~60.5% of all
sites evolve under strong purifying selection of w=0.11, whereas ~32% of all sites
evolve neutrally. Furthermore, 2.5% of all sites in the mouse lineage were estimated
to evolve under positive selection (w2=4.7). Using lineage model A null, it was
calculated that ~55% of all sites evolve under strong purifying selection of w=0.11,
whereas ~30% of all sites evolve neutrally. Moreover, ~10.5% of all sites in the
mouse lineage were found to evolve under neutral selection. Besides the mouse
lineage, the human, cow and pig lineages were also investigated with the same
method (Table 5.8). To determine which of the lineage-specific models of selection
tested above best fit the data, the two models were compared using LRTs. LRT
results are summarised in Table 5.9 (E-appendix 5.2.5). Based on the InL values
seen for lineage-specific models of CIZ1 in Table 5.8 and LRT results for these
models in Table 5.9, lineage model A was the model of best fit for the CIZ1 gene in
the mouse lineage. This would mean that ~2.5% (p2) of all the sites in the mouse
protein (foreground) were predicted to be under positive selection with an w ratio of
>>1 (w2=4.7). Namely, there were 25 amino acid sites with a PP greater than 0.5,
two with a PP greater than 0.95, but none above 0.99 (Table 5.8). Moreover, there
was no evidence of positive selection in the human, cow or pig lineages tested since
lineage model A null was the model of best fit for CIZ1 in these lineages. Overall,
there was only evidence for positive selection acting on ClZ1 in the mouse lineage
across the four lineages tested. To assess if positively selected sites on the CI1Z1
protein alignment overlap any known (or predicted) functional domains, CodeML-
predicted amino acid sites were mapped on the amino acid sequence of mouse
Ciz1. Four out of the 25 amino acids predicted to be under positive selection (702N,
703P, 704S and 713R) spanned the zinc-finger domain of mouse Ciz1 (702-733 aa
in mouse Ciz1; Figure 5.4).Zinc-finger domains have been shown to have RNA
binding capacity (Klug, 1999, Brown, 2005, Hall, 2005).
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Table 5.8. Summary of lineage-specific selective pressure models tested for ClIZ1.

The number of sites predicted to be under positive selection are shown in the last column, separated by posterior probability
cutoffs. Negative/purifying selection (w=0-0.9), neutral evolution (w=0.9-1.1) and positive selection (w>1.1) (Zhang et al., 2005). P,
number of free parameters estimated in the model; InL, log-likelihood values; pn proportion of sites under a particular w value; w,

the ratio of non-synonymous to synonymous nucleotide substitution (dN/dS). BEB, Bayes Empirical Bayes estimations.

Lineage-specific P InL Estimates of parameters Positively selected

analyses sites (BEB)

Human

modelA 7 -21282 p0=0.64457 p1=0.35543 p2=0.0 p3=0.0 w0=0.12072 None
w1=1.0 w2=1.0

modelAnull 7 -21282 p0=0.64457 p1=0.35543 p2=0.0 p3=0.0 w0=0.12072 None
w1=1.0 w2=1.0

Mouse

modelA 7 -21262 p0=0.60542 p1=0.3226 p2=0.04696 p3=0.02502 25>0.5, 2>0.95,
w0=0.11444 w1=1.0 w2=4.72081 0>0.99

modelAnull 7 -21266 p0=0.54575 p1=0.29239 p2=0.1054 p3=0.05646 None
w0=0.11103 w1=1.0 w2=1.0

Cow

modelA 7 -21280 p0=0.64022 p1=0.35284 p2=0.00447 p3=0.00247 1>0.5, 0 >0.95, 0>0.99
w0=0.11993 w1=1.0 w2=24.3891

modelAnull 7 -21281 p0=0.62061 p1=0.34203 p2=0.02409 p3=0.01328 None
w0=0.12029 w1=1.0 w2=1.0

Pig

modelA 7 -21282 p0=0.64457 p1=0.35543 p2=0.0 p3=0.0 w0=0.12072 None
w1=1.0 w2=1.0

modelAnull 7 -21282 p0=0.64457 p1=0.35543 p2=0.0 p3=0.0 w0=0.12072 None

w1=1.0 w2=1.0
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Table 5.9. Summary of LRT tests for the determination of lineage-specific model of best fit for ClZ1.

Tree Null_model Alt_model Null_Inl Alt_Inl LRT p-value Critical_value Null_rejected
ClZ1_nuc_gap_Cow m1Neutral modelA -21281.599 -21279.994 3.210782 0.20081102 5.991 FALSE
ClZ1_nuc_gap_Cow modelAnull modelA -21281.451 -21279.994 2.9146 0.23286416 3.841 FALSE
ClZ1_nuc_gap_Human m1Neutral modelA -21281.599 -21281.599 -2.00E-06 1 5.991 FALSE
ClZ1_nuc_gap_Human modelAnull modelA -21281.599 -21281.599 2.00E-06  0.999999 3.841 FALSE
ClZ1_nuc_gap_Mouse m1Neutral modelA -21281.599 -21261.82 39.558794 2.57E-09 5.991 TRUE
ClZ1_nuc_gap_Mouse modelAnull modelA -21266.454 -21261.82 9.267534 0.00971808 3.841 TRUE
ClZ1_nuc_gap_Pig m1Neutral modelA -21281.599 -21281.599 0 1 5.991 FALSE
ClZ1_nuc_gap_Pig modelAnull  modelA -21281.599 -21281.599 2.00E-06  0.999999 3.841 FALSE
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Figure 5.4. Ciz1 shows evidence of positive selection in the mouse lineage.

The x-axis represents the amino acid sequence of the Ciz1 gene from the first to the
last amino acid residue. The y-axis denotes posterior probability, a confidence value
for the prediction that a site is under positive selection, ranging from 0.5 to 1 (50-
100%). Vertical bars symbolise the protein’s functional domains according to their
location. Dots in black indicate positively selected sites with a posterior probability
score of 0.5 to <0.95 whereas dots in orange have a posterior probability score of
0.95 to 1. The zinc-finger domain (ZF) is highlighted in grey panel and corresponds

to positions 702 to 733 of the amino acid sequence.
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Both site and lineage-site models were applied because the site models are the null
for the lineage-site models and are therefore necessary to justify the application of
the lineage parameters. However, the results most relevant to the question of
interest in this chapter are based on the lineage-site results as these are the models
that allow us to determine if there are selective pressure variations detectable
between species. In summary, lineage-specific models allow us to assess whether
positive selection could (perhaps in part at least) explain XIST protein partner
differences observed across placental mammals. Results from the LRTs and the
comparisons between models were shown, but in the outcomes of lineage-specific
models for the remaining genes examined are more relevant for the question of
interest here. A summary table of lineage-specific selective pressure models where
positive selection was found in selected lineages is shown in Table 5.10. To
understand the impact of these sites under positive selective pressure in the context
of the association of these proteins with XIST, the location of positively selected sites
was reviewed with regards to each protein’s functional domains. The aim of this was
to identify sites whose positive selection could potentially have an impact on protein

function through for e.g. modification of RNA binding.

When assessing for selective pressure variation on the SPEN gene, there was
evidence of positive selection exclusively in the pig lineage (Table 5.10). In the pig
protein, ~0.2% of all amino acid sites were predicted to be under positive selection
with an w ratio of >>1 (w2=459). Namely, there were four amino acid sites with a PP
greater than 0.5. Of those four sites, three exhibited a PP greater than 0.95, and two
were above 0.99. Mapping CodeML-predicted positively selected sites from the
SPEN amino acid alignment on pig SPEN, none of the four sites (1173M, 2711L,
2712Q, 2714Q, 2715Q) were found to overlap functional domains as described by
UniProt (RRM1 35-110 aa and RRM2 114-186 aa; Figure 5.5A). Given a superior
annotation of the human amino acid sequence in UniProt, CodeML-predicted
positively selected sites in the pig lineage from the SPEN amino acid alignment were
next mapped on the human SPEN amino acid sequence. Once again, none (1590M,
3128L, 3129Q, 3131Q, 3132Q) were found to overlap functional domains as
described by UniProt (RRM1 6-81, RRM2 335-415, RRM3 438-513, RRM4 517-589,
RID 2201-2707 and SPOC 3498-3664 aa; Figure 5.5B). This would imply that the
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RNA- binding domains of this protein have been evolving slowly, remaining
unchanged between the species examined here.
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Table 5.10. Summary of lineage-specific selective pressure models of best fit tested for all genes.

The number of sites predicted to be under positive selection are shown in the last column, separated by posterior probability

cutoffs. Negative/purifying selection (w=0-0.9), neutral evolution (w=0.9-1.1) and positive selection (w>1.1) (Zhang et al., 2005). P,

number of free parameters estimated in the model; InL, log-likelihood values; pn proportion of sites under a particular w value; w,

the ratio of non-synonymous to synonymous nucleotide substitution (dN/dS). BEB, Bayes Empirical Bayes estimations.

Gene: Foreground

P Estimates of parameters

Positively selected sites (BEB)

Lineage

ClZ 1: Mouse

modelA p0=0.60542 p1=0.3226 p2=0.04696 p3=0.02502 w0=0.11444 25>0.5, 2>0.95, 0>0.99
w1=1.0 w2=4.72081

SPEN: Pig

modelA p0=0.80872, p1=0.18868, p2=0.00211, p3=0.00049, 4 >0.5, 3>0.95, 2>0.99
w0=0.08452, w1=1.0, w2=459.0714

RBM15: Cow

modelA p0=0.90387 p1=0.09105 p2=0.00462 p3=0.00047 w0=0.03298 3>0.5, 0>0.95, 0>0.99
w1=1.0 w2=935.93937

MATR3: Cow

modelA p0=0.94955 p1=0.04663 p2=0.00365 p3=0.00018 w0=0.04935 3>0.5, 3>0.95, 2>0.99

w1=1.0 w2=999.0

PTBP1: Human

modelA

p0=0.85415 p1=0.13817 p2=0.00662 p3=0.00107 w0=0.03019
w1=1.0 w2=999.0

4>0.5, 1>0.95, 1>0.99

PTBP1: Pig

modelA

p0=0.8475 p1=0.12035 p2=0.02815 p3=0.004 w0=0.03025
w1=1.0 w2=31.99978

6>0.5, 3>0.95, 2>0.99
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Figure 5.5. SPEN shows evidence of positive selection in the pig lineage.

CodeML predicted sites identified in the pig lineage are here mapped on the A) pig
and B) human sequence. The x-axis represents the amino acid sequence of the
SPEN gene from the first to the last amino acid residue. The y-axis denotes posterior
probability, a confidence value for the prediction that a site is under positive
selection, ranging from 0.5 to 1 (50-100%). Vertical bars symbolise the protein’s
functional domains according to their location, reading from left to right these are
RRM1 (aa positions 6 to 81), RRM2 (aa positions 335 to 415), RRM3 (aa positions
438 to 513), RRM4 (aa positions 517 to 589), RID (aa positions 2201 to 2707) and
SPOC (aa positions 3498 to 3664). Dots in black indicate positively selected sites
with a posterior probability score of 0.5 to <0.95 whereas dots in orange have a

posterior probability score of 0.95 to 1.
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Similarly, there was only evidence for positive selection of RBM15 in the cow lineage
(Table 5.10). When focusing on the cow protein, ~0.46% of all amino acid sites were
predicted to be under positive selection with an w ratio of >>1 (w2=935.6). More
specifically, there were three amino acid sites with a PP greater than 0.5, none of
which exceeded the more stringent PP cut-off of 0.95. Mapping CodeML-predicted
positively selected sites identified in the cow lineage from the RBM15 amino acid
alignment on the cow RBM15 amino acid sequence, one out of the three sites (956F)
was found to overlap the SPOC domain as described by UniProt (SPOC 778-957 aa;
Figure 5.6). The SPOC domain has been shown to mediate protein-protein
interactions (Section 1.6.2).
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Figure 5.6. RBM15 shows evidence of positive selection in the cow lineage.

The x-axis represents the amino acid sequence of RBM15 from start to end. The y-
axis denotes posterior probability, a confidence value for the prediction that a site is
under positive selection, ranging from 0.5 to 1 (50-100%). Vertical bars symbolise
the protein’s functional domains according to their location, reading from left to right
these are RRM1 (aa positions 170 to 252), RRM2 (aa positions 374 to 451), RRM3
(aa positions 455 to 529), and SPOC (aa positions 778 to 957). Dots in black
indicate positively selected sites with a posterior probability score of 0.5 to <0.95

whereas dots in orange have a posterior probability score of 0.95 to 1.
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In the MATRS3 gene, there was evidence of positive selection in the cow lineage
(Table 5.10). Within the cow MATRS3 protein, ~0.37% (p2) of all amino acid sites
were predicted to be under positive selection with an w ratio of >>1 (w2=999). In
particular, three amino acid sites had PP>0.95, two of which had PP> 0.99. Mapping
CodeML-predicted positively selected sites from the MATR3 amino acid alignment
on the cow MATR3 amino acid sequence, no sites (842G, 844D, 845Y) were found
to overlap functional domains as described by UniProt (RRM1 398-473, RRM2 496-
571 aa; Figure 5.7A). The same was true when positively selected sites identified for
MATRS in the cow lineage were mapped onto the human MATR3 amino acid

sequence (Figure 5.7B).



282

>

1.0
2
=0.9
Q0
3
©0.8
o
S0.7
2
(2] - o~
0 0.6 s S
o & &
0.5 4 . ‘ ‘ , ‘ . ‘
© — (o] — (o] — (o] ~—
— o — — N N ™ ™ <
— AN o < (o] (o} N~ (eo]
B Cow MATRS3 protein (amino acids)
1.0
2
=0.9
Q0
3
© 0.8
Q.
| .
207
—
§C)
(72} - o
0 0.6 s S
a & 3 3 N
0.5 _ _ . . ‘ ‘ _ .
© — © — O — (o] —
- o — — AN (V] o™ (3p] <
- N o™ < wn (o] N~ (e0]

Human MATRS protein (amino acids)

Figure 5.7. MATR3 shows evidence of positive selection in the cow lineage.

CodeML predicted sites identified in MATR3 from the cow lineage were mapped on
the A) cow or B) human sequence. The x-axis represents the amino acid sequence
of RBM15 from start to end. The y-axis denotes posterior probability, a confidence
value for the prediction that a site is under positive selection, ranging from 0.5 to 1
(50-100%). Vertical bars symbolise the protein’s functional domains according to
their location, reading from left to right these are RRM1 (aa positions 398 to 473),
RRM2 (aa positions 496 to 571), NLS (aa positions 710 to 718) and ZF (aa positions
801 to 832). The UniProt entry for bovine MATRS3 did not describe coordinates for a
ZF domain or an NLS. Dots in black indicate positively selected sites with a posterior
probability score of 0.5 to <0.95 whereas dots in orange have a posterior probability
score of 0.95 to 1.
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Examining selective pressure variation on the PTBP1 gene, there was evidence of
positive selection in both the human and pig lineages (Table 5.10). In human,
~0.675 of all amino acid sites were predicted to be under positive selection with an w
ratio of >>1 (w2=999), which translated into four sites with a PP greater than 0.5, one
of which exceeded the most stringent PP cut-off of 0.99. CodeML-predicted
positively selected sites from the PTBP1 amino acid alignment identified from the
human lineage were mapped on the human PTBP1 amino acid sequence. Four out
of four sites (351P, 378Q, 379S, 385G) were found to overlap the RRM3 domain as
described by UniProt (RRM1 59-143, RRM2 184-260, RRM3 337-411 and RRM4
454-529 aa; Figure 5.8A). Since these sites overlap an RNA-binding domain, this
could have implications for the RNA binding capacity of this protein. In the pig
lineage, ~2.8% of all sites were predicted to be under positive selection with an w
ratio of >>1 (w2=~32), resulting in six amino acids sites with PP> 0.5, three of which
had PP > 0.95, and two with PP> 0.99. The amino acid sequence for pig PTBP1
generated from the analysis here was longer than the one listed by UniProt. Due to
this disparity, positively sites were mapped on the human PTBP1 sequence directly.
When CodeML-predicted positively selected sites found in the pig lineage were
mapped on the human PTBP1 amino acid sequence, no sites (41, 6P, 81, 9A, 11G,
12T) were found to overlap any functional domains as described by UniProt (RRM1
59-143, RRM2 184-260, RRM3 337-411 and RRM4 454-529 aa; Figure 5.8B).

Complete protein structures for these proteins could not be found in The Protein
Data Bank (PDB, rcsb.org) (Berman et al., 2000). Partial protein 3D structures based
on homology could be traced from SWISS-MODEL (Waterhouse et al., 2018) for
human SPEN, CIZ1, PTBP1, MATR3, RBM15 proteins. However, experimental
evidence for structure was only available for single domains of human SPEN (SPOC
domain) and PTBP1 (RRM2 domain).
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Figure 5.8. PTBP1 shows evidence of positive selection in the human and piqg
lineage.

CodeML predicted sites identified in the A) human or B) pig lineage are shown. In B)

sites predicted in the pig lineage were plotted on the human sequence due to the
disparity between the PTBP1 sequence generated here compared to the one listed
in UniProt. The x-axis represents the amino acid sequence of the PTBP1 gene from
the first to the last amino acid residue. The y-axis denotes posterior probability, a
confidence value for the prediction that a site is under positive selection, ranging
from 0.5 to 1 (50-100%). Vertical bars symbolise the protein’s functional domains
according to their location, reading from left to right these are RRM1 (aa positions 59
to 143), RRM2 (aa positions 182 to 260), RRM3 (aa positions 337 to 411) and RRM4
(aa positions 454 to 529). Dots in black indicate positively selected sites with a
posterior probability score of 0.5 to <0.95 whereas dots in orange have a posterior

probability score of 0.95 to 1.
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5.4 Discussion

Experimental evidence from the previous chapters (Chapters 3 and 4) pointed to
different protein partners of XIST across human and cow, which represent species of
placental mammals with different implantation strategies. The hypothesis explored
here was that positive selection has tailored the amino acid sequence and thus
structure-function relationship of XIST protein partners in each placental mammal
species, providing grounds for a functional shift, which might account for differential
binding observed. This would imply that select proteins might have acquired
mutations in functional domains mediating binding to X/ST, resulting in interactions

with altered affinity, or even loss of the XIST interaction across placental mammals.

5.4 .1. Insufficient phylogenetic signal measured for most genes tested could be
related to a high sequence conservation

Results presented in this chapter argue that multiple alignments for genes selected
contain homologs and show signal that is better than random. The phylogenetic
signal contained in these alignments however is not high enough to allow for
confident inferences of the relationships of placental mammals based on these
genes. Having protein-coding sequences for an alignment be too closely related or
too divergent across species, can make it difficult to quantify the phylogenetic signal
contained in alignments as there will either not be a sufficient number of changes
present or too many changes could cloud any underlying relationship(s) (Jeffares et
al., 2015). Genes that are highly similar may imply constraint to remain unchanged.
The fact that the gene tree does not match the species trees can result in distortions
of true phylogenetic relationships. Given phylogenetic relationships for species
selected are known, based on the current placental mammal phylogeny, this enables
the use of this information for our selective pressure variation analyses (forcing a
species phylogeny). A possible reason for discordance could be hidden paralogy.
However, each gene was checked against the OMA database, ensuring single gene

ortholog genes were included in the analysis.
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5.4.2. Positive selection detected in RNA-binding domains of mouse Ciz1 and
human PTBP1

Overall, examining lineage-specific models of evolution that fit the data, evidence of
positive selection could be substantiated for PTBP1 (human), Ciz1 (mouse), RBM15
and MATR3 (both in cow) and SPEN, PTBP1 (both in pig). Furthermore, no evidence
of positive selection was detected for WTAP, LBR, hnRNPK or hnRNPU in any of the
four lineages examined, implying amino acid residues are evolving neutrally or are

under purifying selection in these species.

More specifically, there was support for positive selection acting on the Ciz1 gene
solely in the mouse lineage (Table 5.10). Four out of 25 amino acid residues
predicted to be under positive selection are within the zinc-finger domain of mouse
Ciz1 (Figure 5.5). Zinc-finger domains have been shown to have RNA-binding
potential (Klug, 1999, Brown, 2005, Hall, 2005), implicating this Ciz1 domain in XIST
recognition and binding. The lack of experimental evidence for a mouse Ciz1
structure makes it difficult to infer whether amino acid residues identified here would
be linked to a functional shift. Based on work presented here (Figures 3.11, 4.7, &
4.9) and that of others (Ridings-Figueroa et al., 2017, Sunwoo et al., 2017, Yue et
al., 2017, Pandya-Jones et al., 2020, Sofi et al., 2020), ClZ1 has been demonstrated
to be able to bind XIST in human, cow and mouse. Additionally, the role of this
protein in XCl has been shown to be shared between human and mouse (Section
1.6.2). Therefore, future work could dissect whether the effect of positive selection
observed points to an interaction with increased or decreased affinity in mouse.
Despite the lack of available literature on the capacity of pig ClZ1 protein to interact
with XIST to date, it would be interesting to speculate such an interaction could take
place. This is based on the observed 80% sequence identity between pig and human
ClZ1 (Table 2.4) and the expression of both pig CIZ1 protein and pig XIST at the

same time in pig endometrium (Figures 2.9 & 2.11).

For the SPEN gene, there was evidence of positive selection solely in the pig lineage
(Table 5.10). However, positively selected amino acid sites identified do not fall
within described functional domains on the pig SPEN protein (or the human ortholog)

(Figure 5.6). However, from work presented here (Figures 2.9 & 2.11) and
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proteomics and transcriptomics data available in the TISSUES database (Palasca et
al., 2018), pig SPEN mRNA and protein, respectively, are expressed in the pig (Sus
scrofa). Whether the pig SPEN protein is capable of interacting with pig XIST has not
yet been elucidated. In line with these findings, a previous study which performed
selective pressure variation analyses across SPEN'’s functional domains using
CodeML on 10 species also reported a lack of positive selection, with no evidence of

eutherian lineage-specific evolution (Carter et al., 2020).

With regards to the RBM15 gene, positive selection was detected solely in the cow
lineage (Table 5.10). One of three amino acid residues found to be under positive
selection was part of the SPOC domain in cow RBM15 (Figure 5.7). Proteins with
SPOC domains typically act as transcriptional regulators of gene expression during
development (Kuang et al., 2000). The SPOC domain is thought to mediate protein-
protein interactions (Section 1.6.2). The lack of experimental evidence for cow or
human RBM15 structure makes it difficult to assess whether this particular residue
might be linked to a functional shift. RBM15 has been demonstrated to interact with
human (Patil et al., 2016) and mouse Xist (Moindrot et al., 2015) but there are no
studies on cow or pig RBM15. Despite establishing that cow RBM15 is coordinately
expressed with cow XIST in the endometrium (Figures 2.9 & 2.11), pulldown
experiments were unable to confirm this interaction in bovine stromal cells (Figure
3.18 & Table 4.4).

Likewise, evidence of positive selection for the MATR3 gene was only predicted in
the cow lineage (Table 5.10). Nevertheless, none of the amino acids identified as
positively selected were located within a functional domain region when mapped on
the cow or human MATRS protein sequence (Figure 5.8). MATR3 was recently
shown to interact with human (Graindorge et al., 2019) and mouse Xist repeat A
(Chu et al., 2015b, Pandya-Jones et al., 2020), and play a role in ensuring proper
mouse Xist localisation to the Xi (Pandya-Jones et al., 2020). MATR3 was also one
of the proteins that co-immunoprecipitated with SPEN following RIP in ISHIKAWA
cells (Figure 3.16). According to proteomics and transcriptomics data available in
the TISSUES database (Palasca et al., 2018), there is evidence for the presence of
MATRS in cow and pig tissues. Nonetheless, there are no reports so far showing an
association of XIST with MATRS3 outside of human and mouse. Pulldown of cow
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XIST repeat A failed to enrich for MATR3 to an average log2FC>1 and at a
statistically significant level (MATR3 average log2FC = 0.71).

When assessing for selective pressure variation on the PTBP1 gene, positive
selection was detected in the human and pig lineages (Table 5.9). All four amino
acid sites found to contribute to positive selection overlapped the RRM3 domain in
human PTBP1 (Figure 5.9A). Conversely, none of the sites predicted in the pig
lineage were located on functional domains when these were mapped on the pig or
human PTBP1 protein (Figure 5.9B). Due to the absence of a fully resolved human
PTBP1 protein structure, an assessment of whether the predicted set of residues
could affect the RNA binding activity of human PTBP1 was not undertaken. Whilst
PTBP1 was not experimentally tested for its ability to interact with human or pig XIST
as part of this work, others have shown that PTBP1 binds XI/ST in both human (Lu et
al., 2020a, Pandya-Jones et al., 2020) and mouse (Smola et al., 2016, Vuong et al.,
2016). The biological relevance of PTBP1 binding to human XIST has not been
elucidated yet, but Ptbp1 has been demonstrated to regulate splicing of mouse Xist
during development (Stork et al., 2019) and also contribute to Xist localisation to the
Xi (Pandya-Jones et al., 2020). There is no evidence as of yet for PTBP1 binding to
cow or pig XIST.

Lastly, the lack of positive selection seen here for the LBR, WTAP, hnRNPK and
hnRNPU genes across human, mouse, cow and pig lineages does not definitively
address the potential of these proteins to associate with XIST. A lack of positive
selection seen for WTAP was consistent with a previous study where authors used
the same codon-based models of evolution as here (CodeML), across primate,
rodent and teleost lineages and found no sites in WTAP to be under positive
selection (Wu et al., 2016). Taken together, data presented in this chapter argue
against positive selection as a reason accounting for the differential binding of XIST

observed for these proteins in human and cow (Chapters 3 & 4).

In Chapter 2, multiple sequence alignments of XIST protein partners across human,
mouse, cow and pig were performed, which showed a high sequence similarity. The
results from this chapter confirm and extend this high sequence similarity to other

eutherian mammals, evident from manually inspecting the alignments or the quartet
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puzzling data (Fig. 5.1). Additional evidence that XIST protein partners have evolved
slowly across eutherian mammals can also be observed from a general lack of
positive selection seen, with purifying selection along the majority of the proteins’
functional domains. This could imply that the proteins are mostly under purifying
selection (with the reported cases of positive selection as the exceptions) or that
there is co-evolution of both proteins and XIST’s sequence. In the latter case, rapid
divergence of the XIST sequence would not necessarily result in a loss of an
interaction with its partners as it could be compensated by substitutions in the protein
partner sequence. This seems as a more attractive model whereby XIST repeat
regions can evolve, expanding in size allowing for the recruitment of additional
proteins, improving the overall X-linked gene silencing efficiency compared to the
proto-XIST transcript (Brockdorff, 2018).

5.4.3. Assumptions of selective pressure variation analyses by CodeML

It is worth noting at this point that there are a number of assumptions that dN/dS
estimations make. The accuracy of selective pressure variation prediction relies on
these assumptions, which if violated, could influence the outcome of these results
and hence our hypothesis. Pitfalls in CodeML analyses which can lead to false
positives or false negatives can be broken down into two categories: i) assumptions
on quality of input and ii) interpretation caveats. For instance, the software selected
for multiple sequence alignment could be a determining factor of the number of
positive selection false-positive occurrences (Blackburne and Whelan, 2012, Jordan
and Goldman, 2012). Multiple sequence alignments and subsequent phylogenetic
trees constructed could be of poor quality. Indeed, a previous study compared the
performance of multiple sequence alignment tools in detecting positive selection,
showing that some tools are better than others (Fletcher and Yang, 2010),
highlighting CodeML analyses are susceptible to errors if alignments are poor.
Multiple sequence alignments can further be affected by a lack of positional
homology (hidden paralogy), which would compound selective pressure variation
analyses. A phylogenetic tree could also be misleading when synonymous
substitutions within a codon occur very frequently such as a when sequences
diverge (leading to synonymous substitution saturation), which could bias dN/dS

calculations making the dS difficult to measure with any degree of certainty (Seo and
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Kishino, 2008, Wachter and Hill, 2016). Accurately estimating dS values can be
confounded by differences in underlying mutational processes and the frequency
with which each mutation occurs (Van den Eynden and Larsson, 2017). It has been
demonstrated that synonymous mutations (or silent substitutions) are not neutral and
can be selected for (Hurst and Pal, 2001, Plotkin and Kudla, 2011). For instance,
certain genes that are highly expressed (Jeffares et al., 2015) could display selection

on silent sites at splice sites (Hurst and Pal, 2001, Plotkin and Kudla, 2011).

There are also pitfalls when it comes to distinguishing between modes of evolution
acting on genes. For genes where purifying selection was not detected (0.9<w<1.1),
this does not necessarily imply the gene is neutrally evolving as this is unlikely,
although can rarely happen. It could simply mean that there are changes in amino
acid sites constantly being trialled for fitness, where some are retained, others
removed and others are not ‘visible’ to selection if they are neither beneficial or
deleterious. Essentially, a dN/dS score of 0.9-1.1 does not allow for rejection of the
hypothesis for neutrality. The upper cut-off was set to 1.1 instead of 1 as a more
stringent filter, to ensure sites evolving under neutrality are avoided. Another
possible scenario that could be occurring but would be missed by the approaches
used here would be if positive selection was taking place in a few sites across
several genes (polygenic adaptation) which could be governing binding specificity
displayed by proteins assayed here (Pritchard et al., 2010). For instance, polygenic
adaptation could explain a shift in protein binding affinity or structure to facilitate
several protein partners interacting with XIST at the same time. There could also be
several sites that might be important for binding of both XIST and other RNA
interactors of the proteins assayed here (XIST is not the only target RNA of the
proteins examined and these proteins have roles outside of XClI).

Ultimately, obtaining an w ratio higher than 1.1 may still not be definite proof in
favour of a meaningful change in a protein’s function, regardless of posterior
probability confidence values obtained for any site. The w ratio could be skewed if
there was a population increase (usually seen in species with high population sizes)
(Fay et al., 2002, Fay, 2011, Booker et al., 2017)(also Section 1.11). Additionally,
relaxation of purifying selection, which could translate into a local build-up of non-
synonymous mutations being tolerated, can be mistaken for positive selection



291

(Bjornerfeldt et al., 2006, Shen et al., 2009, Calderoni et al., 2016). This could derive
from the absence of a force imposing constraint or increased genetic drift mentioned
earlier from a small Ne (Wertheim et al., 2015). Several amino acid replacements
may seem as nearly neutral, but could additively have a small effect on protein
function (Daub et al., 2013). An w ratio higher than 1.1 could be due to alternative
codon usage at a particular site, and previous studies have shown that codon usage
could be modified to influence expression levels, splicing or mRNA stability
(Chamary et al., 2006). All in all, it is important to remember that these are
computational predictions. In the absence of experimental verification their biological

relevance is not proven (Hughes, 2007).
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6. Main discussion

Ensuring balanced gene expression from different sets of sex chromosomes
between sexes, is vital for the progression of normal embryogenesis. Gene dosage
compensation occurs via XCl in placental mammals. The XIST IncRNA orchestrates
XCI by recruiting a multitude of proteins and XIST-RNP complexes to achieve
chromosomal-wide gene silencing and 3-D compaction of one of the two X
chromosomes in females. Perturbations of the XIST gene or its transcriptional
regulators has been shown to result in aberrant developmental growth and
embryonic lethality as early as day 10 post-coitum in mice (Takagi and Abe, 1990,
Marahrens et al., 1997). Equally, depleting or knocking out key XIST partners can
cause aberrant X-linked gene reactivation (Section 1.7.4).

Most IncRNAs display rapid evolution across species, and therefore XIST is an
atypical IncRNA as it displays modest conservation across species (Table 2.3). The
conservation of the XIST sequence may reflect functional constraints to retain
protein binding sites and interactors, enabling XIST to faithfully elicit XCI across
species. However, placental mammals display different early pregnancy events such
as timing of embryonic genome activation, XIST expression, XCI timing, degree of
implantation, and placental morphologies. Such differences could also have provided
opportunities and/or pressures for XIST to evolve different interacting protein-
partners across placental mammals, in a model where the sequence of XIST would

presumably vary between species.

Our knowledge about the identity of XIST's protein partners as well as their precise
binding locations on the XIST sequence derives from studies of the mouse and
human. Given the lack in our knowledge about which proteins interact with XIST
outside of human and mouse, this thesis aimed to (i) investigate IncRNA-protein
partner co-evolution using XIST as a model, and (ii) to address whether protein
partners of XIST in endometrial cells are shared across two placental mammal
species with different timing of EGA, XIST expression, XCI timing, implantation and
placentation in human and cow. The rationale for focusing on the endometrium was
that XCl is a female-specific process and differences in protein partners found

across placental mammals could offer insight into gestation evolution.
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6.1. Strong conservation and co-ordinate presence of XIST protein partners across
human, mouse, cow and pig in uterine tissue/cells

The first aim of this thesis was to determine the conservation of X/ST and its putative
protein partners, and assess whether they are present in reproductive tissues from
placental mammals with different implantation strategies.

Using Clustal-w alignments, full-length XIST was shown to be >61% similar across
human, mouse, cow and pig, and included short regions of higher conservation
(Table 2.4). These short regions corresponded to previously documented repeats A,
B and D on the XIST sequence. Repeats in the 5’ end of XIST are known to be
conserved (Brockdorff et al., 1992, Brown et al., 1992). These repeats showed
higher levels of sequence conservation than full-length XIST in human, mouse cow
and pig (78-90%, 62-91%, 54-86% similar, respectively), whilst repeat E was the
least conserved across these species (~50% similar). This is consistent with a trend
of IncRNA conservation in short stretches rather than across their whole sequence
(Section 1.3), which could represent conserved binding sites for maintenance of
critical RNA-protein interactions. Repeats A and E were more similar across human,
cow and pig compared to mouse, which could suggest that human XIST protein
interactors are more likely to be shared across cow and pig, than interactors of other

regions (e.g. repeats B/C).

Estimating sequence conservation of protein partner orthologs of mouse Xist (i.e.
Spen, Ciz1, Hnrnpk, Rom15, Wtap, Lbr and Hnrnpu) using amino acid sequences,
demonstrated a high percentage of amino acid conservation (>70%) across human,
mouse, cow and pig. All of the above proteins except Spen (where no suitable
antibody was found) could be detected in uterine tissue/cells by western blotting,
making this the first report with uterine-specific expression data for putative XIST
protein partners across human, mouse, cow and pig. This dataset could constitute a
starting point for researchers interested in studying these proteins (and the
processes they are involved in) outside of established model systems. The same
tissues/cells used for RT-gPCR of the XIST RNA and mRNA of its protein partners
were also used for western blotting, confirming a co-ordinate presence of XIST and

of its putative protein partners in the same tissues/cells at the same time. This
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observation coupled with a high sequence conservation spanning functional
domains, suggests these proteins may be capable of biochemically interacting with
XIST from other species besides the mouse. More specifically, XIST repeat A was
~85% similar between human and cow and the amino acid similarity of proteins
previously shown to bind mouse Xist repeat A, Spen and Rom15, was 88% and
99%, respectively (Table 2.5). According to a high-throughput RBP screen, if two
proteins share more than 70% similarity in their RNA-binding domain, they will likely
also share similar binding sites on an RNA (Ray et al., 2013). Therefore, this would
predict SPEN and RBM15 as likely candidate interactors of bovine X/ST.
Conversely, a 54% similarity of XIST repeat E between human and cow despite an
~80% similarity in the ClZ1 amino acid sequence might intuitively not predict a likely
interaction of C1Z1 with XIST in cow.

6.2. CIZ1 and hnRNPU associate with XIST in human and cow

The protein interactome of mouse Xist was originally determined in pluripotent
embryonic cells where mouse Xist expression was induced, controlling the onset of
XCI (Section 1.6.2). Thus, these experiments were designed to identify protein
partners of Xist in the early stages of XCl. More recent studies have examined the
protein partners of human XIST in differentiated cells, corresponding to the later
stages of XCI. Protein partners of human XIST could vary up to ~40% across cell
types but also across stages of XCl (Yu et al., 2021), according to a recent study
employing pulldowns of human XIST in differentiated cell lines and assessing for
overlap of protein interactors. Additionally, only one other recent study has
elucidated the interactome of different human XI/ST repeats A, C and F but not E, in
HEK293T cells (Graindorge et al., 2019), indicating a complete picture of XIST
interactors in differentiated cells is lacking.

Chapters 3 and 4 addressed the protein interactome of human and bovine XIST in
uterine-derived cells. Furthermore, Chapters 3 and 4 examined the roles of bovine
XIST repeat A and E in mediating protein binding, expanding the collection of
placental mammal XIST interactors and including cell types that are relevant to
placental mammal reproduction. Additionally, the potential of bovine XIST to interact

with human proteins was assessed in a cross-species pulldown experiment in
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Chapter 4. Whilst the RIP approach taken in Chapter 3 has the potential to confirm
specific protein partners of XIST, it is not as sensitive as the RNA pulldown approach
taken in Chapter 4 (in vitro transcription pulldown). The latter pulldown approach will
miss protein partners that are related to RNA modifications or structural motifs
present when the whole sequence is assembled in vivo due to processing. Another
limitation of both approaches is the lack of UV crosslinking prior to cell lysis,
increasing the chances of indirect interactions being detected. The RIP approach
allows the characterisation of RNA-protein interactions with relatively low sample
input, which here would allow for the use of primary bovine stromal cells enabling the
characterisation of bovine XIST protein partners outside of an immortalised cell line.
Moreover, in vitro transcription pulldowns enable the assessment of protein binding
to specific parts of an RNA (instead of the full-length transcript), to provide specific
information on where the protein binds a useful feature for bridging predictions about
local region conservation and RNA-protein co-evolution. Hence, employing both
methods serves to orthogonally validate one another and allows filtering of a

consensus list of interactors.

To experimentally test whether interactions occur between XIST and its putative
protein partners (previously shown to be co-ordinately expressed in the same tissue
Sections 2.2 and 2.3), RIP was performed in a human endometrial cell line
(ISHIKAWA) and primary bovine stromal cells of the endometrium. Interactions of
Clz1, WTAP, hnRNPK and SPEN were demonstrated with human XIST (Figures
3.10-3.15), albeit none of these proteins could be confirmed to bind bovine XIST in
bovine stromal cells (Figures 3.17-3.20). It is important to bear in mind that success
in RIP is particularly dependent on good quality antibodies that can recover their
target protein with a high affinity in pulldowns, which is different to an antibody being
able to detect a protein in western blot. Antibodies used for pulldown of bovine
SPEN, RBM15 and WTAP did not display high levels of protein enrichment in elution
samples, and therefore, an interaction between these proteins and bovine XIST
could not be formally addressed (Figures 3.17-3.19). Conversely, the antibody for
hnRNPK was suitable for pulldowns in bovine cells but hnRNPK did not demonstrate
an interaction with bovine XIST via RIP (Figure 3.20).
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To circumvent difficulty in protein enrichment for putative XIST partners in cow due
to unsuitable antibodies, the repeat regions of the XIST RNA, where protein binding
was predicted to occur based on studies in mice, were in vitro transcribed and used
in pulldowns. In vitro transcribed XIST repeats were mixed with uterine-derived
lysates from human or cow and interactions were assessed via pulldowns. Using in
vitro transcribed XIST repeat E, an interaction between ClZ1 and XIST repeat E was
demonstrated in three independent biological replicates via western blotting in both
human and cow (Figures 4.8 and 4.9). This is consistent with the high similarity of
the amino acid sequence of the CIZ1 protein across human and cow (80%; Table
2.4), despite a 5% (14/285 aa) amino acid difference in the zinc finger domain of
ClZ1 (Figure 2.7), which likely has RNA-binding capacity as shown by previous
studies of this domain in other proteins (Klug, 1999, Brown, 2005, Hall, 2005).

Using in vitro transcription pulldowns coupled to TMT-MS, protein partners of bovine
XIST repeat A were identified. Among the high-confidence candidate interactors
(statistically significant, p-value <0.05 and log2FC>1) were hnRNPU, hnRNPA2B1,
hnRNPAO and TOP1 proteins, which were previously shown to interact with XIST
repeat A from pulldowns in mouse and human (Section 4.3.7 and Figure 6).
hnRNPU displayed ~98% similarity in its amino acid sequence across human,
mouse, cow and pig (Table 2.4). Putative protein partner hnRNPU was previously
shown to exhibit broad binding across the whole length of mouse Xist, with multiple
eCLIP peaks spanning exon 1 (repeats B, C, D and F) and exon 6 (outside of repeat
E) (Lu et al., 2020a). Repeats B, C and F display >62% similarity across species
(~54% for repeat D), therefore it is reasonable to expect hLnRNPU-XIST binding in

other placental mammals besides mouse.

SPEN, RBM15 and WTAP proteins could not be robustly assessed for an interaction
with bovine XIST using RIP due to a poor antibody performance in pulldowns. In
addition, these proteins were not found to be among statistically significant
candidates with a log2FC>1 following pulldown of XIST repeat A in bovine stromal
cells. This was surprising given a high (>88%) amino acid sequence conservation of
these proteins between human and cow (Table 2.4) which also overlaps their
functional domains (Figures 2.1-2.3) and the high level of XIST repeat A
conservation (Table 2.3). On the other hand, these differences could account for
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differential binding observed. Notably, even though RBM15 was not included in the
high-confidence list of interactors, it was present in the dataset with an average
log2FC score of 0.8 (not statistically significant). In summary, SPEN, RPM15, and
WTAP proteins may be specific interactors of human XIST in the system used but

were missed due to technical limitations of the assays used (Figure 6).

The credibility of the high-confidence list of proteins identified from TMT-MS as
interacting with XIST repeat A from cow was reinforced by an overlap with a few
candidates also found by other studies of human and mouse Xist (such as hnRNPU,
hnRNPA2B1, hnRNPAO and TOP1). The consensus bovine XIST repeat A
interactome from three replicates (~40 proteins) is probably an underestimate given
what has been observed from studies of human and mouse. Possible reasons
contributing to replicate variability and thus a lack of more proteins passing the p-
value and log2FC cut-offs, could be related to lysate preparation, amount of input
material and pulldown efficiencies. More specifically, lysis conditions in the human
cell line (ISHIKAWA) permitted the generation of a nuclear-enriched lysate whereas
in bovine cells, only whole cell lysates could be generated (Figure 4.6). A higher
amount of whole cell lysate could thus be required to achieve a sufficiently high
concentration of nuclear proteins. Binding affinities with which protein interact with
XIST could vary in the different species, hence, incubation buffer stringency could

influence which partners are pulled down.
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Figure 6.1. Summary schematic from pulldowns of human and bovine XIST.

The left column depicts representative bovine XIST partners out of 40 proteins
identified from TMT-MS following RNA pulldowns with in vitro transcribed bovine
XIST repeat A in primary stromal cells from bovine endometrium. RNA pulldowns
with bovine XIST repeat E also highlighted ClZ1 as an interactor. The middle column
highlights a few of the 33 potentially shared protein partners between human and
cow, identified from TMT-MS following RNA pulldowns with in vitro transcribed
bovine XIST repeat A in a human endometrial cell line (ISHIKAWA). The column on
the right shows protein partners found to interact with human XI/ST from RIP and
RNA pulldowns with in vitro transcribed human XIST repeat A and E in ISHIKAWA

cells. Created with BioRender.com.
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6.3. Bovine XIST pulldowns in human lysates highlight novel and conserved XIST
protein partners

The evolution of the XIST RNA across placental mammals was coincident with the
gain, expansion and exaptation as well as the loss of repetitive elements of various
origin (i.e. retroviral or TE elements) across its sequence (Yen et al., 2007,
Elisaphenko et al., 2008, Carlevaro-Fita et al., 2019). Some of these repetitive
elements harbour binding sites for XIST protein interactors with critical roles for the
onset and maintenance of XCl, as seen from studies of mouse and human (Section
1.7.4). Additionally, repetitive regions in XIST differ across placental mammals both
in length of a repeat monomer and in the number of times a monomer repeats in
tandem (Section 1.5). To establish whether XIST sequences from one species can
substitute for XIST in a different species (as a proxy for divergence) and thus interact
with the same set of proteins, pulldowns were performed with bovine XIST repeats A
and E in a human endometrial cell line (ISHIKAWA). Using XIST from one species to
pulldown interaction partners in a different species could provide several hints on
how XIST binding partners have evolved differently, according to the context of each
species. A cross-species XIST protein interaction could demonstrate that in both
species the interaction depends on features that have been preserved on both the
XIST sequence and the protein sequence or that simply the region harbouring the
interaction interface is evolving slowly. Proteins that interact with XIST in individual
species, but not in a cross-species fashion, could indicate that XIST has evolved to
require a cofactor in some species but not in others, given the high protein aa
conservation observed spanned functional domains. Both of these scenarios would
reveal placental-mammal conserved XIST binding partners. Conversely, cross-
species pulldowns where XIST from one species does not interact with any of the
same proteins as XIST from another species, would indicate species-specific XIST
binding partners. Hence, this approach enables in vitro testing of how different XIST
interactors have evolved across species and can be customised to specific repeat
regions, elucidating species-specific binding preferences of XIST’s protein partners

and/or species-specific XIST RNA sequence divergence.

An interaction between bovine XIST repeat E and human CIZ1 was not seen (Figure
4.18). This was despite an overall 80% similarity of the CIZ1 amino acid sequence

(Table 2.4), with ~94% similarity (14/248 aa difference) in the zinc finger domain of
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ClZ1 (responsible for RNA-binding) between human and cow (Table 2.7). A lack of
an interaction could be observed due to low abundance of either the XIST fragment
or CIZ1, the interaction being transient or the interaction being weak. XIST repeat E
was introduced at an amount of 10 ug, which would be considered an
overexpression, compared to its native abundance in the ISHIKAWA cell line. The
expression of ClZ1 was not altered and therefore was considered within
physiological levels, given nuclear-enriched lysates were used and the fact that ClZ1
predominantly localises to the nucleus. It was previously demonstrated that mouse
Ciz1 tethers Xist to the Xi and that multiple Ciz1 proteins are recruited to enhance
this tethering, via the formation of a mesh-like structure (Sofi et al., 2020). This is
consistent with a concentrated presence of Ciz1 on Xist (compared to other regions
in the nucleus) as determined by super-resolution microscopy. Given Xist remains
attached to the Xi from the moment it is expressed, this argues against a transient
interaction (Clemson et al., 1996). The strength of an interaction (avidity) could be a
result of the binding affinity, valency of the proteins (how many binding sites are
available on the RNA) and potential conformational changes in the tertiary structure
of either protein that could help or limit interactions between the two proteins. A
relatively high affinity might not be necessary for ClZ1 binding in vivo, given at high
in vitro concentrations, mouse ClZ1 could bind repeat A, antisense repeat E and
Gapdh, in addition to sense repeat E, as shown by electrophoretic mobility shift
assays (Sofi et al., 2020). XIST Repeat E in cow is smaller in size compared to
human (Yen et al., 2007)(Figure 1.1) and the sequence similarity between human
and cow was estimated to be ~54.5% (Table 2.3), which could suggest a loss of
binding sites in cow or a gain in humans. An alternative explanation could be that
XIST repeat E in cow contains a denser cluster of ClZ1 binding sites than its human
equivalent. Such a scenario cannot be ruled out in the absence of data with well-
defined CIZ1 binding motifs. This hypothesis could also probably be tested by
bioinformatically investigating repetitive regions spanning bovine XIST repeat E and
comparing them with those from mouse and human XIST repeat E. One explanation
is that a lack of cross-species interaction could imply that human CIZ1 requires co-
operative binding with other, unknown factors, that are not necessary or present in

Cow.
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TMT-MS following pulldowns of bovine XIST repeat A in human lysates identified 33
high-confidence protein partners (statistically significant, p-value <0.05 and
log2FC>1). Among them were proteins previously described in other proteomics-
coupled Xist pulldown approaches in both mouse and human, such as YY1,
hnRNPC, hnRNPCL1, MATRS3 and various splicing factors (e.g. SRSF and SNRP
proteins)(Section 4.3.8). In addition, proteins that had not been seen interacting with
XIST before were found, such as RBM5, RALYL, POLR1B, ZNF43, WDR89, and
ZCCHC10. None of the 33 proteins in the high-confidence set were common with the
proteins found when bovine XIST repeat A was incubated in cow lysate. Relaxing the
threshold stringency to include proteins with no statistical significance (but with a
log2FC>1), highlighted 41 proteins found across all three replicates from both cow
and human datasets (Table 4.5). 24 of the 41 (58.5%) overlapping proteins had
previously been identified by at least another study in human or mouse (indicated in
Table 4.5), including hnRNPU, HNRNPA2B1, HNRNPAO, SRSF1, PNN, RNPS1,
ACIN1 and ZC3H18 (Table 4.5). In agreement with pulldowns of bovine XIST repeat
A in cow lysates, SPEN, RBM15 or WTAP were not among the list of 33 high-
confidence interactors of the cross-species pulldowns with XIST repeat A from cow
in human lysates. Surprisingly, RBM15 and SPEN were detected in the dataset (not
statistically significant or log2FC>1) with at least 2 unique peptides whereas WTAP

was not detected at all in the human lysate dataset.

Proteins that were found to bind bovine XIST repeat A in both cow and human
lysates are likely to display aa sequence conservation across placental mammals,
specifically in their RNA-binding domains, as seen for hnRNPU (Figure 2.5).
Proteins observed bound to bovine XIST repeat A in human lysates but not to bovine
stromal lysates could be explained by technical limitations. This observation could be
the result of lysate starting material, i.e. the assumption being a higher amount of
protein would be required to capture the interaction. Lysate purity was different
across the two, with human lysates representing a more nuclear-enriched fraction
compared to whole-cell bovine lysates (Figure 4.6). Additionally, the stringency of
the incubation buffer could influence pulldown efficiency, resulting in only observing
high affinity interactions. Finally, differences between protein partners of bovine XIST
repeat A found in cow but not in human lysates could be related to the divergence of

cow and human, whereby novel proteins could have arisen in the cow to take up
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XCl-related roles or that the same protein has acquired a new function in one
species compared to the other (functional shift). As discussed earlier (Section 1.7)
these differences could pertain to i) different implantation timing, ii) embryonic
genome activation, iii) timing of Xist expression and onset of XClI or iv) placental
morphology. A summary of some of the protein partners identified from the different
pulldown approaches employed across chapters is depicted in Figure 6.

6.3. Positive selection does not account for variation in XIST protein partners across
placental mammals

We wished to test whether specific variation in protein interactors identified for
human and mouse XIST have evolved due to positive selective pressure in e.g. cow
or pig. The rationale was that if signatures of positive selection (indicative of protein
functional shift) were found overlapping X/ST-binding regions in a protein from cow,
this could explain why such an interaction would not be seen in human compared to
cow (and vice versa). To this end we carried out an analysis of selective pressure
variation on a subset of differentially enriched proteins across human and cow
pulldowns. These analyses enable the prediction of amino acid sites which could be
evolving under positive selection across lineages. Each predicted site comes with a
posterior probability (PP) which can be used as a confidence filter for deciding which
sites to experimentally validate at a later point. For this purpose, the PP cut-offs used
here were 0.95 and 0.99.

Signatures of positive selection in RNA-binding domains (regions with a strong
potential for a functional shift) were identified in mouse ClZ1 and human PTBP1. A
single residue was found to be under positive selection in mouse CIZ1 (704S) with
PP=0.957 (Figure 5.5) but not in other lineages. Four sites were found to be
evolving under positive selection in human PTBP1 (351P, 378Q, 379S, 385G), out of
which 351P had a posterior probability of 0.99 (the rest were below 0.9) (Figure 5.9).
Nevertheless, the potential of these residues to alter the structure sufficiently to
cause a shift in RNA-binding could not be assessed due to the lack of resolved
protein structure models. A functional shift could denote a change in the affinity of

the interaction of a putative protein partner with XIST (tighter or looser interaction) or
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could result in the loss of the interaction. One line of evidence against a loss of an
XIST-CIZ1 interaction across mouse, human or cow is the demonstrable interaction
of ClZ1 with XIST in mouse (Section 1.6.2), human (Figure 3.10) and cow (Figure
4.9). PTBP1 has previously been shown to interact with XIST repeat E in mouse and
human by other studies (Section 1.6.2). Although PTBP1 was not identified as a
high-confidence interactor of bovine XIST repeat A, it did display a log2FC average
of 0.84 and 1.5 in the cow and human datasets, respectively (not statistically
significant in either dataset). This may suggest PTBP1 can differentiate between
sense and antisense bovine XIST repeat A transcripts in vitro, emphasizing its
retained XIST RNA-binding capacity. Besides a role in splicing of mouse Xist (Stork
et al., 2019), PTBP1 has also been shown to be involved in human XIST localisation
to the Xi (Pandya-Jones et al., 2020), supporting a biological relevance for this

interaction.

Additional sites predicted to be evolving under positive selection were further
identified for the RBM15 gene in cow, where one (956F) out of the three sites (956F,
572L, 278G) was found to overlap the SPOC domain (the other two were not
spanning any functional domains). The SPOC domain in RBM15 is a homolog of the
SPOC domain in the SPEN protein, conserved from the spen gene in Drosophila
melanogaster (Ma et al., 2007). SPEN’s SPOC domain has been shown to facilitate
protein-protein interactions (Ariyoshi and Schwabe, 2003). RBM15 was
demonstrated to recruit the m6A methylation machinery, METTL3, to XIST via
interactions with the WTAP protein (Patil et al., 2016). Although not formally
addressed, it is likely the SPOC domain of RBM15 is responsible for mediating these
protein-protein interactions, as suggested by the function of this domain in the SPEN
protein. Lastly, sites predicted to be evolving under positive selection were predicted
for the SPEN gene in pig (1173M, 2711L, 2712Q, 2714Q, 2715Q), none of which
were found to overlap any known functional domains (Figure 5.6). Equally, no sites
predicted to be under positive selection in MATRS in pig (842G, 844D, 845Y) were
found to overlap functional domains (Figure 5.8).

No sites were predicted to be under positive selection for LBR, WTAP, hnRNPK and
hnRNPU genes across human, mouse, cow and pig lineages, suggesting these
genes are under purifying selection. The lack of predicted sites under positive
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selection observed for WTAP is consistent with previous findings of analyses using
codon-based models of evolution across primate, rodent and teleost lineages (Wu et
al., 2016). Based on selective pressure variation analyses it is unlikely a functional
shift brought about by positive selection can account for differences in XIST protein

partners observed from pulldowns in human and cow (Chapters 3 & 4).

Notably, with increasing technological advancements, genomic data for a larger
number of species will become available. Incorporating a more diverse and larger
number of species in selective pressure variation analyses can increase the
accuracy and power of such studies as simulations have shown in the past
(Anisimova et al., 2002). Expanding the collection of species may also allow for
different selection signatures to be identified for different taxa, which may translate to
different IncRNA-protein evolutionary relationships, providing novel hypotheses to be

tested via pulldown assays.

Furthermore, performing phylogenetic analyses on XIST across placental mammals
has the potential to contribute to the identification of IncRNA-protein relationships.
Performing selective pressure variation analyses on XIST has not been explored
much given the lack of species for which the XIST sequences is known. The
inclusion of more mammalian species in such phylogenetic analyses would permit
more precise mapping of XIST repetitive regions, i.e. tracking which repeats have
been conserved, expanded, shrunk or selected against in different placental
mammals. Given repetitive regions are known to harbour secondary structure or
binding sites, this, in turn could reveal potential binding partner conservation, gain or
loss for XIST partners. One hypothesis that has been put forward is that expanding
the number of repeat-A monomers on XIST could contribute to more SPEN proteins
binding (Brockdorff, 2018). In theory, this could translate to more efficient XCl gene
silencing, given SPEN recruits protein complexes to halt gene transcription on X-
linked genes. Another example of how a repeat expansion could lead to more
effective XCl is that of the E-repeat (Brockdorff, 2018). The E-repeat harbours
binding sites for proteins that associate with the nuclear matrix (such as ClZ1) and
this association has been shown to be important for proper XIST localisation.
Therefore, an increasing number of ClZ1 binding sites on XIST could potentially
contribute to more stable binding of XIST by ClZ1, enabling it to spend more time
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anchored to the nuclear lamina, instead of diffusing in the nucleus. In turn this would
ensure proper XIST localisation to the Xi as well as physical separation from the

active X chromosome.

Altogether, this work expands on the knowledge around XIST and its protein partner
interactions in eutherian mammals as well as their co-evolution since the inception of
the project. More specifically, this project is the first report that describes the
expression of a collection of XIST's protein partners in the endometrium of four
placental mammals, including cow and pig. Therefore, data presented here can
serve as the foundation for future researchers to investigate the roles of these
proteins in XCI in a different context. Through robust biochemical pulldown
approaches and mass spectrometry, this thesis reports over 70 protein partners of
XIST across repeats A and E between human and cow uterine-derived cells.
Besides confirming interactions with previously characterised protein partners of
XIST, novel interactors are also described. This expands the repertoire of XIST’s
partners which can potentially reveal different biological processes that XIST is
involved in post-differentiation. To my knowledge, this is also the first report where
protein partners of bovine XIST are characterised and perhaps more importantly, this
is the first instance where cross-species pulldowns are performed in cow using
human XIST RNA. This approach allowed the characterisation of IncRNA-protein
interactions outside of their native environment, potentially informing us which
proteins may require cofactors for binding. Results here hint at IncRNA-protein
partner co-evolution and biochemical assays highlight CIZ1 and hnRNPU as XIST
interactors which have been retained in the eutherian lineage (human, mouse and
cow in this report). Previous studies have examined whether there is any evidence of
selection in two of XIST’s protein partners (i.e. SPEN and WTAP). In this project,
selective pressure variation analyses included SPEN, LBR, WTAP, RBM15, CIZ1,
PTPBP1, hnRNPK, hnRNPU, expanding the number of partners for which we have
data available for their evolutionary trajectory.

6.4. Conclusions and future perspectives
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Data presented in this thesis supports the hypothesis that XIST is a IncRNA with
conserved repetitive regions, and exhibits a dynamic protein interactome with a
multitude of proteins binding across different parts of the XIST RNA. XIST RNA-
protein partners were found to vary across species. Data obtained from RIP and in
vitro transcription pulldown experiments in human and cow endometrial-derived
cells, highlighted the protein interactome of XIST at the late stages of XCl. Some of
the proteins identified in both cow and human datasets have well-characterised roles
in XCI from mouse and human studies. Whilst a great degree of overlap was not
seen in protein partners of XIST between human and cow, this could be a direct
result of inconsistencies observed with replicates, lysate preparation and stringency
of washing conditions. Future experiments should aim to generate more replicates
where a higher amount of nuclear-enriched starting lysate is utilised in pulldown
assays to ensure more proteins are detected as well as generate a consensus

across replicates (which will improve statistical power).

An important question this thesis aimed to address was how a IncRNA rapidly
evolving across species can maintain protein partners with a crucial biological
function, paramount for embryonic development. XIST was used as a model to
investigate the co-evolution of functional IncRNA-protein interactions, given it exists
across many species and performs the same function across these species. The
combination of pulldown approaches and selective pressure variation analyses
across the mouse, human, cow and pig lineages revealed a few sites that could be
under positive selection in mouse ClZ1, human PTBP1, cow RBM15 and pig SPEN
and MATR3. hnRNPK, hnRNPU, and LBR proteins were found to be under purifying
selection. Future work to model these changes in a 3-D protein structure, could link
between structure to function and address whether these residues are responsible
for a functional shift. Future work could also focus on examining whether there are
differences in structures that the XIST RNA adopts across species and whether
structures are also maintained, as these could also have implications in INcCRNA-
protein partner co-evolution. This could be carried out either computationally via
predicting structures with a software such as CROSS (Delli Ponti et al., 2017) or
experimentally as has been done for mouse Xist via SHAPE (Smola et al., 2016),
Psoralen Analysis of RNA Interactions and Structures (PARIS)(Lu et al., 2016) or
DMS-seq (Fang et al., 2015).
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Exploring whether the role of XClI could have played a role in the divergent evolution
of pregnancy is a novel concept, with a clear gap in the literature. As a first step to
address this question one would need to first establish whether an XCl-related
influence on pregnancy would be causative or correlative and whether XCI could
influence pregnancy or vice versa. For instance, following experiments to verify the
role of bovine XIST protein partners in XClI, the necessity of those proteins for proper
embryo development (developmental competency) could be shown via protein loss-
of-function and implantation assays or abnormal blastocyst morphological
phenotypes.

Data generated in Chapter 4 could be expanded in two ways, one of which would be
to expand the investigation to document protein partners of other regions of XIST
such as repeats B, C and D. No studies so far across placental mammals have
examined the role of XIST repeat D in XCI. Moreover, some of the proteins found in
the cow and human datasets have not been investigated for whether they have both
a necessary and sufficient role in an aspect of XCl such as X-linked silencing or
XIST localisation, despite their consistent characterisation as XIST-interacting. Prior
to that, validation of those candidates as true interactors of XIST could be carried out
via UV-RIP in bovine stromal cells using tagged versions of the proteins or their
RNA-binding domains. Therefore, data presented here can serve as the foundation
for future researchers to investigate the roles of these proteins firstly in XClI, and

secondly in gestation evolution across placental mammals.

XIST is a IncRNA that is indispensable for proper embryogenesis across placental
mammals as it orchestrates XCI. This thesis reports over 70 protein partners of XIST
across repeats A and E between human and cow uterine-derived cells. To my
knowledge, this is the first report where protein partners of bovine XIST are
characterised and the first instance where XIST protein partners are presented in a
uterine-derived cells and tissues. A combination of RNA and protein pulldown
approaches employed found CIZ1 and hnRNPU to be interacting with XIST in human
and cow pointing to potentially conserved protein partners of XIST across placental
mammals. Selective pressure variation analyses undertaken for nine putative protein

partners of XIST determined that differential binding observed across human and
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bovine XIST is not attributed to a functional loss of XIST RNA-binding in the proteins
as a result of positive selection. More work can be focused on exploring the
relationship between positively selected site predictions and their effect on protein
structure models, perhaps examining binding kinetics. Finally, cross-species
pulldowns of bovine XIST in a human endometrial cell line identified several proteins

which could be co-evolving to maintain an interaction between human and bovine

XIST.
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Appendix I. RT-PCR of CIZ1 RIP from whole cell and nuclear extract of
ISHIKAWA cells. IgG is a non-specific control in RIP experiments. ACTB serves as
a specific interacting transcript positive control whereas U2 served as a non-specific
transcript negative control. N=1 biological replicate. Numbers given indicate
expected PCR product size (bp). RIP, RNA immunoprecipitation; RT-qPCR, reverse

transcription quantitative PCR; NTC, no template (water) control.
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