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Abstract

Ubiquitination is an essential cellular mechanism where ubiquitin attaches to
proteins to regulate their function or target them for degradation via the
proteasome. The transfer of ubiquitin from E2 ubiquitin conjugating enzymes
to target proteins is regulated by the highly diverse group of E3 ubiquitin
ligases. One prominent family of the E3 ubiquitin ligases are the seven UBR
proteins, four of which have overlapping roles in the N-end rule pathway
where they, canonically, bind either basic (Type |) or bulky hydrophobic
(Type Il) amino acids at the N-terminus of the substrate. However, at least
some of these UBR proteins also have non-canonical roles outwith the N-end
rule pathway, and even non-catalytic roles in stabilising some proteins. Null
genetic mutations in Ubr2 cause increased amounts of cohesin associating
with chromosomes, defects in chromosome synapsis during meiosis, male
infertility and female-specific embryonic lethality. However, it is not clear
whether these phenotypes relate to UBR2’s role in the N-end rule pathway or

its non-canonical roles.

As UBR2 has a role in chromatin-bound cohesin maintenance in mitotic cells,
| investigated whether UBR2 might localise to chromosomes to regulate
chromatin-associated cohesin directly. | overexpressed FLAG-tagged UBR2
in HEK293T cells and imaged the cells throughout the cell cycle. Although |
could not detect localisation of wild-type UBR2 to chromatin at any stage of
the cell cycle, a version of UBR2 with mutations in its ELL domain did localise

to chromosomes during mitosis in 30% of HEK293T cells suggesting that this



mutation increases the affinity of UBR2 to bind to chromosomes and regulate

chromosome-associated substrates.

Next, | wanted to investigate how UBR2 regulates chromosome-associated
substrates. In order to dissect which domains of UBR2 are involved in this
function, | used CRISPR-Cas9 technology to introduce separation-of-function
point mutations into the endogenous Ubr2 locus, and characterised the
effects of these mutations on known UBR2 substrates. Using these cells
along with Ubr2” cells, | was able to use mass spectrometry to identify

potential N-end rule substrates and non-canonical substrates of UBR2.

Finally, | used CRISPR-Cas9 technology to introduce these separation-of-
function mutations into mice in order to determine how the distinct
biochemical roles of UBR2 relate to the Ubr27- null mouse phenotypes.
Surprisingly, | found that the major phenotypes in Ubr27-mice are not
recapitulated by mutations that specifically affect N-end rule substrate
ubiquitination, that non-canonical protein ubiquitination is likely involved in
Ubr2-dependent regulation of cohesin, and that the well-established role for
UBR2 during spermatogenesis does not appear to act through either N-end
rule or non-canonical UBR2-dependent ubiquitination. | propose that the key
physiological role of UBR2 in meiosis and spermatogenesis relies on non-
catalytic roles of UBR2 in binding to, and stabilising, its binding partner

TEX19.1.
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Lay Summary

Proteins are the products of genes in a cell which need to be maintained
throughout the cells life span to ensure normal function. To make sure
protein levels are tightly maintained in a cell, an efficient recycling process
has evolved to label proteins that need to be turned over- this is called
ubiquitination. A small molecule, called ubiquitin, is transferred by a
specialised protein to label proteins and direct it towards a recycling centre
called the proteasome. One of these proteins is called UBR2 which has a
role in the N-end Rule pathway, where UBR2 can bind to proteins that have
certain degradation signals at one end and tag them to ensure they enter the
recycling centre for turnover. UBR2 also has a role outwith the recycling
process where it can stabilise other proteins in the cell such as the defence
gene, TEX19.1. When UBR2 is removed in mice, the problems arise during
sperm development that cause male infertility, and there are defects in the
turnover of protein molecule called cohesin that helps hold chromosomes
together. Previous work determined that the N-end rule pathway role of
UBR2 may not be responsible for male infertility and cohesin turnover. |
hypothesised that the effects on tissues that occur when UBR2 is removed is
due to its role in labelling proteins with degradation signals in internal regions

of proteins known as the non-N-end rule pathway.

To investigate UBR2 and its functions in cells, | placed mutations into
different parts of the UBR2 protein using CRISPR-Cas9 genome editing in
embryonic stem cells and mice. The embryonic stem cells allowed me to

identify potential substrates recognized by the different domains of UBR2.

Vii



The mice models showed me that interrupting the transfer of the ubiquitin tag
to UBR2 affects the recycling of cohesin on chromosomes but not the issues
with male fertility. This suggests that alternative non-N-end rule pathway is
important for cohesin turnover. The male infertility that is found when UBR2
is removed may be due to roles of UBR2 outwith the recycling process such

as stabilising binding partners like TEX19.1.
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Chapter 1:
Introduction



1.1 Meiosis and Genomic Stability during Reproduction
There are two ways in which cells can divide and transmit chromosomes to

their progeny. Mitosis is the more common of the two types of cell division
that occurs during cell proliferation involving one round of DNA replication
followed by one round of chromosome segregation. This leads to the
generation of two daughter cells with the same number of chromosomes as
the parental cell. Meiosis is the second type of cell division that is important

for the production of haploid gametes.

1.1.1 The Two Meiotic Divisions

The meiotic cell cycle is characterised as one round of DNA replication
followed by two rounds of chromosomes segregation (Meiosis | and Meiosis
II) leading to the production of haploid gametes (Figure 1.1). Haploid
gametes combine during fertilisation to produce a diploid zygote, which will
continue through development. Chromosome structure and behaviour during
meiosis differ from mitosis and are largely similar between oogenesis and
spermatogenesis. However, there are key differences between the female
and male reproductive systems that lead to certain adaptations in

chromosome behaviour between spermatogenesis and oogenesis.

The timing of meiosis differs between females and males. In females, meiotic
prophase is initiated in germ cells during foetal development and progresses
until the oocytes enter a phase of dictyate arrest. In response to reproductive
hormones, groups of arrested oocytes are then stimulated to grow, mature
and eventually progress through meiotic divisions from puberty until

menopause occurs later in adult life. Whereas in males, meiotic prophase is



initiated continuously in adult life, with no meiotic arrest, resulting in
continuous gamete production from puberty and throughout adult life (Handel

and Eppig, 1997; Morelli and Cohen, 2005).

In mammalian males, the completion of meiosis is monitored under several
layers of regulation such as the pachytene checkpoint, kinase activation,
meiotic sex chromosome inactivation and translational control (Sun and
Handel, 2008; Burgoyne, Mahadevaiah and Turner, 2009; Sun, Palmer and
Handel, 2010; Ichijima et al., 2011; Jordan, Karppinen and Handel, 2012).
Male prophase is accompanied by robust alterations of gene expression
programmes (Schultz, Hamra and Garbers, 2003; Shima et al., 2004; Green
et al., 2018; Grive et al., 2019) and epigenetic status (Maezawa et al., 2020)
but how these are controlled during meiotic prophase is unknown. Whereas
in mammalian females, there are two arrest stages throughout oogenesis,
the longest being dictyate arrest which can last decades in humans, where
age-related degradation of chromosomal components, such as chiasmata,
impairs accurate division that leads to aneuploidy (Hunt and Hassold, 2008;
Jessberger, 2010; Burkhardt et al., 2016). Most meiotic errors are detected
during oogenesis i.e. chromosome missegregation during female meiosis, as
opposed to chromosome missegregation in the male meiotic cells (Hassold
and Hunt, 2001). This may contribute to errors in spermatogenesis that leads
to spermatocyte death in males so is not detected in humans and transmitted
to offspring. However, there are still multiple issues that can arise during

male meiosis that are detected which causes aneuploidy leading to infertility.



Figure 1.1: Schematic of chromosome dynamics during Meiosis | and II.
In meiosis |, homologous chromosomes are segregated in opposite

directions. At anaphase |, homologous chromosomes are segregated toward
opposite poles of the spindle by dissolution of chiasmata. In meiosis Il, sister

chromatids are segregated. Adapted from Ishiguro, 2019.
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1.1.2 Meiosis |
1.1.2.1 Prophase I: Synapsis and Recombination

During meiotic prophase I, sister chromatids are organised into the axial
element (AE) or chromosome axis where the synaptonemal complex (SC) is
assembled and homolog recombination is completed (Zickler and Kleckner,
1999). The meiotic chromosomes undergo dynamic movements to facilitate
homologue pairing and synapsis, driven by recombination and require
telomere attachment to the nuclear membrane (Shibuya and Watanabe,
2014). In this way, the chromosome architecture and dynamics during

meiotic prophase are markedly different from those in mammalian mitosis.

In most, but not all, mammals, meiotic recombination is initiated by selection
and activation of DNA recombination sites that are marked by trimethylation
of histone H3 on lysine4 (H3K4me3); in mammals, the DNA-binding zinc-
finger protein, PRDM9 is expressed in prophase stages, leptotene and
zygotene. (Parvanov, Petkov and Paigen, 2010; Sun et al., 2015; Powers et
al., 2016; Zelazowski and Cole, 2016). PRDM9’s zinc finger domain
determines binding specificity, the SET domain possesses histone tri-methyl
transferase activity whereas the KRAB domain is required for protein-protein
interactions (Imai et al., 2017). After this selection and activation with histone
methyl marks, recombination sites become associated with the chromosome
axis and undergo widespread double-strand break (DSB) formation an
endonuclease that comprises SPO11 and TOPOVIBL subunits (Baudat, Imai
and De Massy, 2013; Borde and de Massy, 2013; Robert et al., 2016) which

is followed by 5 DNA resection to yield 3’ single-stranded tails (Neale, Pan



and Keeney, 2005; Neale and Keeney, 2006). This initiates a homology
search and 3’ tails undergo strand invasion of their intact homolog, leading to
recombination products that resolves into either crossover or non-crossovers

(Allers and Lichten, 2001; Baudat and de Massy, 2007).

During prophase, chromosome synapsis occurs — synapsis is achieved by
the formation of the SC which is the ‘zipper’ that binds the homologous
chromosomes together (Page and Hawley, 2004). The SC is made up of two
parallel axial element/lateral elements (LE) and the central element (CE)
connected by overlapping transverse filaments (TFs) (Page and Hawley,
2004). The lateral element is made up of proteins such as SYCP2 and
SYCP3 that localise to chromosomes in leptotene (Figure 1.2). The LE forms
individual axes by polymerisation along each homolog (Baier, Alsheimer and

Benavente, 2007) and as they align during DSB repair during zygotene.

The LE forms alongside the cohesin cores, establishing the axis required to
support meiotic recombination (Figure 1.2, Llano et al., 2012; Biswas et al.,
2016; Ward et al., 2016). Throughout prophase |, sister chromatids are held
together by the cohesin complex (Figure 1.2), which is a tripartite protein ring
complex where mutations in each subunit leads to meiotic arrest. It is
proposed that the cohesin complex forms a ring structure that encircles sister
chromatids during DNA replication prior to the beginning of Meiosis | but is
also being loaded onto chromatin during leptotene (Ishiguro, 2019). The
structure of cohesin in meiosis is discussed in detail in section 1.2.2. Sororin,

a cohesin stabilizer, is important for meiotic G2-M transition and loss of



sororin results in either meiotic prophase | arrest or spindle defects due to
APC/C-mediated degradation of Cyclin B2 and compromised Cdk1 activity
(Zhou et al., 2021). Therefore, it seems that different cohesin complexes and
cofactors are vital for progression throughout meiosis, each being tightly

regulated and carrying out specific functions.

Following LE assembly, the CE of the SC is formed and compromised of at
least five proteins (SYCE1-3, TEX12 and SIX60S1) and although the full
picture remains unclear, the SC is composed of two distinct layers formed by
TFs, made from SYCP1, that forms a ladder-like structure that holds two
homologs together in a long axis (Costa et al., 2005; Hernandez-Hernandez
et al., 2016; Dunne and Davies, 2019). Based on partial SC structures
investigated in mice mutants of individual CE components, SYCE1, 3 and
SIX60S1 recruitment destabilises the SYCP1 tetrameric lattice and remodels
it whereas SYCE2 and TEX12 are required for SC extension along the LE
(Bolcun-Filas et al., 2007, 2009; Hamer et al., 2008; Schramm et al., 2011;

Gomez-H et al., 2016; Crichton et al., 2023).

Pachytene is the stage of prophase | when chromosomes in the nucleus are
fully synapsed, except for the XY chromosomes in males, and the LE and CE
are fully formed along the length of the SC. CE establishment coincides with
the disappearance of axis-associated HORMAD1/2 that also have a role in
DSB formation and repair (Figure 1.2, Daniel et al., 2011; Wojtasz et al.,
2012). The mismatch repair heterodimer MLH1/MLH3 localises and carries

out crossover repair during pachytene (Falque et al., 2007; Rogacheva et al.,



2014). In mitosis, recombinant repair events act between sister chromatids
which are held together by cohesin rings following replication. However, this
is different in meiosis, as meiocytes have to guarantee recombination
between homologs. This is described as a barrier to sister chromatid repair
(BSCR) or interhomolog bias leading to further complexity of crossover
regulation (Lao and Hunter, 2010). How BSCR occurs in mammals is still not
fully understood but similar to other model organisms, the SC and associated
proteins (SYCP3, HORMAD1/2) appear to have a critical role (Li, Bolcun-
Filas and Schimenti, 2011; Shin, McGuire and Rajkovic, 2013; Kobayashi et
al., 2017; Rinaldi et al., 2017). Homologous chromosomes synapsis and DSB
repair is also ensured by recombination-proteins such as DMC1, RAD51,

RPA and MSH4/5 (Figure 1.2).

Diplotene is the final stage of prophase | when chromosomes desynapse in
preparation for the first meiotic division where the homologous chromosomes
are held together by their recombination points. The SC dissociates and
crossovers mature into chiasmata, to mark the onset of prometaphase |. At
this time, HORMAD proteins once again mark the desynapsed axes (Daniel
et al., 2011; Wojtasz et al., 2012). Chiasmata are physical connections
between DNA at crossover points that maintain bivalent structure without
protein scaffolds such as the SC or cohesin complexes (Nasmyth, 2001).
Chiasmata have an essential role in positioning homologous chromosomes
so that they are captured by microtubules from opposite poles during

metaphase | (Sakuno et al., 2011).



The DNA recombination process is required as a quality control of meiosis |
where the primary goal is to ensure crossover formation and prevention of
deleterious and disease-causing chromosomal loss. In men, 10% of patients
with non-obstructive azoospermia show a higher rate of recombination failure
(Gonsalves et al., 2004), while up to 45% of men whose partner suffer from
recurrent pregnancy loss, and who have normal sperm density, motility, and
morphology have increased sperm aneuploidy (Ramasamy et al., 2015).

These findings could explain many cases of “idiopathic infertility”.

SC is essential for meiotic recombination and crossover formation. Significant
disruption to the formation of the SC leads to meiotic failure, infertility and
embryonic death through aneuploidy (de Vries et al., 2005; Kouznetsova,
Benavente and Pastink, 2011; Yuan et al., 2002). Defective SC formation in
humans has been associated with 15% of infertile couples, 5% having
recurrent miscarriages as well as non-lethal aneuploidies such as Down

syndrome (Matzuk and Lamb, 2002; Bolor et al., 2009).



Figure 1.2: The four stages of Prophase | and the chromosome axis in
meiosis. A schematic to illustrate both meiotic prophase | chromosome
dynamics and the spatiotemporal coordination of the chromosomal axis and
synaptonemal complex assembly with the recombination machinery. Male
and female meiosis are illustrated by a schematic spermatocyte and oocyte
with three pairs of homologous chromosomes, including the sex chromosome
pair. Pairs of sister chromatids are aligned and held together by cohesin
cores, and DSBs form in leptotene. Each pair of homologous chromosomes
begins to line up as a result of the homology search in zygotene, and once
the full lengths of the homologs are aligned and synapsed, the cell
progresses into pachytene where DNA recombination and crossing over
occur. Then the synaptonemal complex begins to break down for desynapsis
except for the crossover points in diplotene. Proteins that assemble into
cytologically visible complexes termed recombination nodules (RNs).
Spermatocytes progress to metaphase | and complete meiotic divisions
without interruption, whereas oocytes arrest at the dictyate stage until meiotic
resumption months or years later, with another arrest at metaphase | just

before ovulation. Taken from Bolcun-Filas and Handel, 2018.
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1.1.2.2 Sex Chromosomes in Prophase |

Heterogametic sex chromosomes pose specific challenges in meiosis. In
mammalian oocytes, the two X chromosomes experience no impediment to
their pairing or recombination and behave like autosomal chromosomes.
Whereas, in male mammalian germ cells X and Y chromosomes are quite

different in length and sequence which affects their behaviour.

Sex chromosomes form a unique chromatin domain in spermatocytes called
the “sex” or “XY” body in a large variety of mammals (Solari, 1974; Handel,
2004). The XY body is a domain of repressed chromatin associated with
unique and incompletely understood array of proteins involved in DNA
damage repair, chromatin modifications and protein translation (Hu, Sun and
Handel, 2018). The XY body is a domain of unpaired chromatin that is
different from the synapsed autosomal chromosomes within the
spermatocyte nucleus. It is transcriptionally inactivated by a process known
as meiotic sex chromosome inactivation (MSCI) which is a special case of a
more general phenomenon: meiotic silencing of unsynapsed chromatin

(MSUC) (Schimenti, 2005).

MSUC is a surveillance mechanism for chromosome asynapsis after
homologous autosomes have completed synapsis in pachytene. In normal
male meiosis, MSUC of unsynapsed X and Y chromosomes where only a
small region of homologous sequence pairs and synapses called the
pseuodoautosomal region (Ellis and Goodfellow, 1989). At the onset of mid-

pachytene, the initiation of MSCI leads to sex chromosomes separating away
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from recombining and transcriptionally active autosomes and are transformed

into the XY body (Turner, 2015).

MSUC and MSCI are directed by DNA damage response pathways that
mediate the phosphorylation of histone H2AX at serine 139 (YyH2AX) (Ichijima
et al., 2011; Ichijima, Sin and Namekawa, 2012). Unsynapsed chromosome
axes (XY chromosomes in MSCI) are recognised by ATR, a serine/threonine-
protein kinase, and TOPBP1, an ATR activator (Perera et al., 2004; Royo et
al., 2013; Ellnati et al., 2017). ATR phosphorylates H2AX which draws
MDC1, a yH2AX binding partner, leading to the spread of yH2AX into a
chromosome-wide domain (XY chromatin in MSCI) which then continues the
loop until there is chromosome-wide silencing including the XY chromosomes
(Ichijima et al., 2011). When present as autosomal transgenes, Y-linked
transcription factor Zfy genes evade MSCI and are expressed ectopically
during pachytene triggering germ cell apoptosis during stage IV of the
spermatogenic cycle (Royo et al., 2010). Extensive germ cell apoptosis at
this tubule stage is seen in other models where MSCI, and in particular Y
chromosome silencing is impaired (e.g. XYY males, H2afx"-, Hormad2+)
(Fernandez-Capetillo et al., 2003; Royo et al., 2010; Wojtasz et al., 2012).
Defective MSCI leads to meiotic failures which triggers efficient elimination of
developing gametes carrying univalent chromosomes in male meiosis to

prevent transmission to the next generation.
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1.1.2.3 Completion of Meiosis |

Following completion of prophase I, the first meiotic division begins where the
homologous chromosomes are segregated. The end result of prophase | is
the physical connection between homologous chromosomes by chiasmata
which aid in subsequent chromosomal capture by microtubules from
opposing cellular poles during metaphase | (Sakuno et al., 2011). The
homologous chromosomes then separate from one another during anaphase
I, segregating to opposite poles of the spindle following chiasma dissolution
(Buonomo et al., 2000; Kudo et al., 2006). All of this leads to the reduction of
the number of chromosomes by half in the daughter cells at the end of

meiosis | (Watanabe, 2012).

To achieve this, major processes are specifically modified in meiosis in
comparison with mitosis. The first difference of meiosis from mitosis is the
behaviour of kinetochores to achieve bipolar attachment. Kinetochores are
large proteinaceous structures that form at the centromere of each sister
chromatid and act, alongside other regulatory functions, as attachment points
for the spindle microtubules (Joglekar and Kukreja, 2017; Thomas, Renijith
and Manna, 2017). In mitosis, sister kinetochores attach in a bipolar
orientation to the opposite poles. Whereas in meiosis |, sister kinetochores
attach to the same pole (monopolar kinetochore orientation) and homologous
kinetochores attach to opposite poles. This allows for segregation of the

sisters within each homolog pair towards the same direction and are co-

13



segregated into the same daughter cell (Sakuno, Tada and Watanabe, 2009;

MacLennan et al., 2015).

Chromosomes align on the spindle fibres in metaphase |. Chromosome
segregation in spermatogenesis similar to mitosis where centrosomes
located at the opposite ends (spindle pole) organise microtubules into
spindles which interact with the chromosomes via their kinetochores. The
movement of chromosomes is due to the polymerisation and
depolymerisation of microtubules as well as microtubule motors such as
CENP-E and dynein, which allow for the movement of chromosomes on
microtubules (Klaasen and Kops, 2022) and centromeric cohesion holds

each pair of sisters together.

Chiasmata act to provide tension against the spindle forces until
chromosomes fully align, reducing the incidence of premature separation that
could lead to aneuploidy (Sacristan and Kops, 2015). The spindle assembly
checkpoint (SAC) is a crucial mechanism that ensures correct segregation of
the chromosomes by monitoring any lack of microtubule attachment to
kinetochores and a lack of tension to block or delay anaphase through
inhibition of the anaphase-promoting complex/cyclosome (APC/C) (Lara-
Gonzalez, Westhorpe and Taylor, 2012). Once chromosomes are aligned on
the metaphase plate correctly, anaphase | commences: arm cohesin is

removed and homologous chromosomes are pulled to opposite sides.

Ooocytes are one of the few cell types where the poles are not organized by

centrosome, instead multiple acentriolar microtubule-organizing centres are
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required for normal cell division and production of euploid cells (Szollosi,
Calarco and Donahue, 1972; Baumann et al., 2017). The meiotic spindle is
asymmetrically positioned by activity of actin filaments to carry out the
unequal divisions and polar body extrusion that maintain maternal resources

in the cytoplasm (Mogessie, Scheffler and Schuh, 2018).

Proteolytic removal of cohesin along chromosome arms trigger separation of
homologous chromosomes towards opposite poles during metaphase |-
anaphase | transition. Removal of cohesin during meiosis is further discussed
in section 1.2.3 but for now, the cysteine protease, Separase, cleaves the
kleisin (REC8) subunit in meiosis (Buonomo et al., 2000; Kitajima et al.,
2003; Kudo et al., 2006). At the onset of anapahase |, REC8-cohesin is
cleaved by separase along chromosome arms but is maintained at the
centromere until meiosis I, allowing chiasmata resolution and release of
homologous chromosomes (Figure 1.1). REC8 in the centromere is protected
from cleavage to ensure sister chromatid separation in meiosis Il, a period
when bipolar attachment is established by the preserved centromeric
cohesion. Shugoshin (Sgo)/Mei-S332 family protect centromeric cohesion
during meiosis | each of which forms a complex with protein phosphatase 2A
(PP2A) that contains the B56 subunit (Kitajima et al., 2006). Shugoshin,
SGO2, forms a complex with PP2A and SGO2-PP2A localizes to the
centromeres to protect centromeric REC8 cohesin by counteracting
phosphorylation and separase-mediated cleavage during anaphase | (Lee et

al., 2008; Llano et al., 2008).
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Cohesin and subsequent chromosome cohesion are extremely important in
meiosis, especially in oogenesis which is not a continuous process and
begins during embryonic development of the ovary, undergoing dictate arrest
at the end of prophase | (MacLennan et al., 2015). Loss of cohesin has been
linked to reduced cohesion of chromatids leading to aneuploidy (Liu and

Keefe, 2008).

1.1.2.4 Meiosis Il: Segregation of Sister Chromatids

After the first meiotic division is complete, oocytes and spermatocytes
progress into MIl. Sister chromatids are held together by centromeric cohesin
complexes and the kinetochores are bi-orientated on spindle fibres, much like
in mitosis. Spermatocytes progress through cell division, but oocytes arrest
again at Metaphase Il until fertilisation with mature sperm, upon which
centromeric cohesion is cleaved by separase which results in segregation of
sister chromatids into each gamete (MacLennan et al., 2015). Oocytes
require asymmetric positioning of the spindle which is achieved by actin
anchoring against the egg’s surface (Mogessie, Scheffler and Schuh, 2018).
As cell division occurs, the second polar body is extruded and one sister
chromatid from each pair remains in the oocyte which then fuses with the

haploid sperm nucleus to produce a diploid single-cell zygote.
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1.2 Cohesin regulation during cell division.

Cohesin is the protein complex that is required for sister chromatid cohesion
to be established which is essential for genomic stability during DNA
synthesis and ensures accurate chromosome segregation in both mitosis and

meiosis (Nasmyth and Haering, 2009).

Cohesins are a group of protein complexes that associate with chromosome
axes during S phase and the mitotic/meiotic cycles as well as having
regulatory roles during interphase. They generate intramolecular loops of
chromatin and hold sister chromatid together until chromosome division in
mitotic anaphase or meiotic anaphase Il. The complex is made up of three
subunits that make up a tripartite ring (Figure 1.3): two members of the SMCs
(structural maintenance of chromosomes) protein family, SMC1a and SMC3

and the kleisin protein RAD21/SCC1.

SMC proteins form the core of the cohesin complex. There are 6 mammalian
SMC proteins that form the basis of three major known complexes: cohesin
(SMC1/SMC3), condensin (SMC2/4) and the SMC5/6 complex (Skibbens,
2019). These are highly conserved 110-170kDa proteins which consist of a
globular ATPase that encompasses both N- and C-terminal domains, anti-
parallel coiled-coil domain and a globular hinge domain that interacts with the
hinge domain of other SMC proteins (Haering et al., 2002). The ATPase
domain mediates the interaction between cohesin and its host DNA molecule
to entrap two strands of DNA between the kleisin and SMC ATPase heads

(Hirano, 2002; Camdere, Carlborg and Koshland, 2018; Chapard et al.,
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2019). There are no implications for roles of the ATPase in sister chromatid
cohesion but it is implicated in the cohesin complexes interaction with
chromatin motor proteins, for cohesin translocation in the loop extrusion
model of chromatin organisation (Nuebler et al., 2018). The canonical mitotic
cohesin complex is made up of SMC3 and SMC1a. SMC3 is present in all
cohesin complexes, but SMC1( is mainly expressed and can form

complexes during meiosis (Anderson et al., 1999).

Kleisin proteins are highly evolutionary conserved family, and the major
mammalian cohesin kleisin is RAD21, which is homologous to the S.
cerevisiae kleisin Scc1 (McKay et al., 1996). There are meiosis-specific
cohesin kleisins REC8 and RAD21L which form a variety of different cohesin
complexes in a meiotic context (Anderson et al., 1999). The N- and C-
terminal domains that interact with either SMC protein are the only conserved
domains between all kleisins. The major function of the kleisins is to close the
cohesin ring and hold the complex together which leads to the cohesion of
DNA molecules together and leads to the recruitment of the Stromal antigens

(SA) protein of the complex (Gligoris et al., 2014).

Accessory proteins such as SA1/STAG1 or SA2/STAG2 (Stromal antigens 1
and 2) and other interactors bind and regulate the complex’s behaviour
(Nasmyth and Haering, 2009). SA1 or SA2 bind to the kleisin subunit (Zhang
et al., 2013). SA1/2 are the most implicated of all cohesin complex
components in oncogenic mutations associated with chromosome cohesion

(Smith et al., 2016). SA1 is required for telomeric stability and depletion of
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the protein results in aneuploidy during mitotic cell cycle (Canudas et al.,
2007). SA2 is required for maintenance of centromeric sister chromatid
cohesion as well as chromatin structure and replication fork integrity during
S-phase (Canudas and Smith, 2009; Mondal et al., 2019). SA2 is also
important in S/G2 phase for cohesin-mediated DNA damage repair, but both
SA1 and SA2 are necessary for the S phase DNA damage checkpoint (Kong
et al., 2014). Meiotic SA3, or STAGS3 (stromal antigen 3), is expressed in
meiotic cells and localised along the chromosome axes during meiosis
(Prieto et al., 2001) and is required for the formation of the axis and synapsis
of meiotic homologs during prophase | (Winters, McNicoll and Jessberger,
2014). Alongside SA3, both SA1 and SA2-cohesin complexes are found
along the chromosome axis during meiosis (Prieto et al., 2002) indicating the

highly varied roles for different cohesin setups.

The interaction between chromatin and cohesin is thought to be topological.
However, the cohesin ring structure appears to interact with DNA through
non-specific sequences in the chromatin (Haering et al., 2002). The ring
model and the handcuff model are two major models for how this interaction
takes place. The ring model utilises one cohesin ring to hold two DNA
strands in close conformation such as cis-acting DNA strands in chromatin
structural regulation or pairs of sister chromatids during cell division. The
handcuff model suggests that each DNA strand is held by a single cohesin
ring that interact together in a dimeric complex to bring the strands together.
This dimer may be mediated through anti-parallel interaction of two RAD21

kleisin subunits which requires direct interaction with SA1 or SA2 (Zhang et
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al., 2008, 2013). This handcuff model would be advantageous in adaptability
of cohesin-regulated interactions of regions such as loop formation without

unloading and reassembly of the cohesin complex.

Other accessory proteins, PDS5A/PDS5B (Losada, Yokochi and Hirano,
2005; Shintomi and Hirano, 2009) , WAPL (Gandhi, Gillespie and Hirano,
2006; Kueng et al., 2006) and cohesin maintenance factor, Sororin (Schmitz
et al., 2007; Nishiyama et al., 2010, 2013) are weakly associated with the
cohesin complex and regulate interactions between cohesin and chromatin.
Sororin is recruited by the AcSMC3 subunit and binds to PDS5B which
stabilises sister chromatid cohesion by counteracting the WAPL-PDS5B

interaction (Nishiyama et al., 2010).

The cohesin complex has a major role in chromatin organisation during
interphase alongside CCCTC-binding factor (CTCF) in the formation and
maintenance of loops and TADs (topologically associated domains) (Hansen
et al., 2017). Cohesin is associated with interphase chromosomes (Wendt et
al., 2008), implying CTCF acts to organise cohesin’s ability to restructure
chromatin, but the loading and regulation of cohesin itself involves other
mechanisms. This is regulated by the binding of WAPL that has been
associated with chromatin loop size and regulation of cohesin’s ability in loop
extrusion (Wutz et al., 2017). This is important for chromatin
compartmentalisation and long-range transcriptional regulation (Schwarzer et
al., 2017; Wutz et al., 2017). Acetylation of the cohesin subunit SMC3 has a

role in maintaining the length of loops and TADs during the mitotic cell cycle
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which requires the ATPase inhibitor PDS5 (Bastié et al., 2022; van Ruiten et

al., 2022).

Figure 1.3: The cohesin complex. Cohesin has four core subunits, SMC1a
and SMC3 which each have an ATPase head and interact through their
globular hinge domain alongside the kleisin family protein RAD21 and SA1 or
SAZ2. In meiosis there are two meiotic kleisin subunits, REC8 and RAD21L,
and SMC1B and SAS3 substitutes SMC1a and SA1/2. Cohesin is loaded on
onto chromosomes during G1 phase with the help of the NIPBL-MAU2
complex. PDS5A/PDS5B, WAPL and Sororin are associated with the cohesin
complex and regulate the dynamic interaction between cohesin and

chromatin.
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1.2.1 Cohesin in mitosis

The mammalian mitotic cell cycle is made up of four stages: G1, S, G2 and M
phase. G1 is the first growth phase and followed by the S phase where DNA
replication occurs. The cell enters a second growth phase (G2) and then
enter mitosis (M phase) leading to the cell division into two daughter cells.
Following DNA replication in S-phase, pairs of sister chromatids need to be
held together throughout G2 and early mitosis through a mechanism called
sister chromatid cohesion. This enables accurate chromosome segregation
in anaphase and the physical connection must be maintained until the mitotic
division. The binding and holding of sister chromatids together is partly
mediated by the cohesin complex. The cell cycle and dynamics of the

cohesin complex through the stages are summarised in Figure 1.4.

The heterodimeric chaperone complex NIPBL-MAU?2 interact with each other
through their conserved N-terminal domains to form a complex which then
aids in cohesin loading onto chromosomes during G1 phase (Ciosk et al.,
2000; Seitan et al., 2006; Watrin et al., 2006; Bermudez et al., 2012). The
complex assembles fully before chromatin association (Losada, 2014) and is
loaded onto DNA through an entry gate between the two SMC subunits
(Collier and Nasmyth, 2022). Throughout G1, the cohesin complex is
dynamically loaded and unloaded, as WAPL associates with the kleisin
subunit and catalyses dissociation of the kleisin with SMC3, opening an ‘exit’

gate (Tedeschi et al., 2013).
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Eco1 homologues, ESCO1 and ESCO2, can acetylate the SMC3 subunit of
cohesin at the two lysine residues towards the proteins N-terminus (K105
and K106 in human SMC3), which acts for the establishment of cohesion and
regulation of cohesin dynamics on the chromatin (Zhang et al., 2008;
Minamino et al., 2015; Alomer et al., 2017). ESCO1 and ESCO2 have distinct
patterns of expression throughout the cell cycle. ESCO1 is present at
constant levels throughout the cell cycle, ESCO2 is a substrate of the APC/C,
an E3 ubiquitin ligase that is activated at the metaphase-anaphase transition
(Hou and Zou, 2005; Lafont, Song and Rankin, 2010; Song et al., 2012). So
ESCOZ2 levels are low in G1 and only increase as APC/C activity drops
during S phase. The majority of SMC3 acetylation is due to the activity of
ESCO1, while cohesin establishment during S phase requires ESCO2

(Alomer et al., 2017).

The acetylation of SMC3 recruits sororin, which is antagonistic of WAPL
activity, to maintain the cohesin complex by inhibiting the opening of the ‘exit’
gate (Nishiyama et al., 2010). PDS5A or PDS5B have been associated both
with cohesin removal (Nishiyama et al., 2010; Wutz et al., 2017) and cohesin
establishment by the promotion of SMC3 acetylation by acetyltransferase
ESCO1 or ESCO2 (Carretero et al., 2013; Hons et al., 2016). This indicates
an essential cohesin regulatory function of PDS5 proteins as well as acting

as WAPL cofactors.

Cohesin dissociation in mitosis occurs during prophase and anaphase and

begins on chromosomes arms as sororin is phosphorylated by Aurora B and
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CDK1 kinases (Nishiyama et al., 2013; Borton et al., 2016). WAPL can then
open the ‘exit’ gate between SMC3 and the kleisin subunit. Centromeric
cohesin is protected from dissociation by the centromeric localisation of
Shugoshin 1 (SGO1) and Protein Phosphatase 2A (PP2A) that
dephosphorylates sororin and maintains WAPL antagonism established
earlier in the cell cycle (Figure 1.4). SGO1 and WAPL directly compete for
binding sites on the SA1 or SA2 subunit that enhances cohesin protection at

the centromere (Hara et al., 2014).

Centromeric cohesion must be maintained until the spindle fibres attach to
the kinetochores at the centromeres, ensuring accurate chromosomes
segregation and cell division. This cohesion is important for pairwise
alignment of the chromosomes on the mitotic spindle to ensure bipolar
attachment of the chromosomes leading to the generation of tension across
the centromeres. The SAC is a quality control mechanism that maintains
genome stability by preventing anaphase until all the chromosomes are
stably attached to the spindle (Nezi and Musacchio, 2009). Once the SAC
has been satisfied, anaphase begins where SGO1 and PP2A dissociate from
the centromere (Figure 1.4) and physical forces are put onto bioriented sister
chromatid kinetochores as they pull away during spindle depolymerisation
(Nerusheva et al., 2014). SGO1 and PP2A inhibit the enzyme separase
(Holland et al., 2007; Clift, Bizzari and Marston, 2009; Sun et al., 2009;
Lianga et al., 2018) and once SGO1-PP2A dissociation, separase cleaves

the kleisin, RAD21 (Uhlmann, Lottspeich and Nasmyth, 1999).
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APC/C also regulates separase-mediated kleisin cleavage. Separase is
bound to the chaperone protein called securin, to inhibit its enzymatic activity
until the SAC is satisfied (Holland et al., 2007; Luo and Tong, 2018). APC/C
can then phosphorylate securin (Toda et al., 2012) to allow separase activity
and cohesin dissociates from the DNA and chromosomes can divide.
Cohesin is recycled and SMC3 is deacetylated by histone deacetylase,
HDACS (Deardorff, Bando, et al., 2012). The cohesin subunits can then form
new cohesin complexes in the G1 phase in the next cell cycle (Dasgupta et

al., 2016).

Figure 1.4: Cohesin Dynamics in the Mitotic Cell Cycle. Cohesin is
loaded onto chromatin in early G1 phase which is assisted by the NIPBL-
MAUZ2 heterodimer. Cohesin subunits, SMC1A and SMC3, form a hinge
region between them where DNA is thought to gain entry and exits cohesin
between SMC3 and the kleisin subunit by WAPL activity. In S-phase, SMC3
is acetylated by cohesin acetyltransferases, ESCO1 and ESCO2, leading to
sororin recruitment which inhibits WAPL activity to maintain chromosome
cohesion. Upon entry to mitosis, cohesin dissociates during prophase and
anaphase due to sororin phosphorylation, WAPL activity and seperase
activity. Cohesin is recycled into G1 of the daughter cells and the cycle

begins again. Taken from Losada, 2014.
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1.2.2 Cohesin in meiosis.

As previously explained in section 1.1, the cohesin complex is crucial in
meiosis for sister chromatid cohesion and the formation of the AEs of the
chromosomes and for the SC assembly during prophase . Interestingly, the
cohesin complex in meiosis is structurally different to that in mitosis. In
mammalian germ cells, there are two meiosis-specific kleisin subunits, REC8
(Parisi et al., 1999) and RAD21L (Gutiérrez-Caballero et al., 2011; Ishiguro et
al., 2011) in addition to the mitotic kleisin subunit, RAD21 (Parra et al., 2004).
REC8 and RAD21L containing cohesin complexes are spatially distinct along
the chromosome axis of spermatocytes and oocytes (Rong et al., 2016) and
are required for distinct roles in SC formation and chromosome synapsis
(Herran et al., 2011; Ishiguro et al., 2011; Fukuda et al., 2014; Ward et al.,
2016). REC8-cohesin is the main complex required for sister chromatid
cohesion in metaphase | and centromeric cohesion, whereas RAD21L-
cohesin is required for normal clustering of pericentromeric heterochromatin
(Ward et al., 2016). Both REC8- and RAD21L-cohesin complexes, are
required for chromosome axis formation (Llano et al., 2012; Ishiguro et al.,

2014).

RECB8-cohesin localise along chromosomes before meiotic DNA replication
and persist throughout meiosis, at least at the centromeres, until metaphase
Il whereas RAD21L-cohesin appears on the chromosomes after DNA
replication and dissociates after late pachytene in meiotic prophase | (Lee

and Hirano, 2011; Ishiguro et al., 2014). Cohesin removal triggers separation
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of homologous chromosomes toward opposite poles during metaphase |-
anaphase | transition and is mediated by WAPL similar to the mechanism in
mitosis (Briefo-Enriquez et al., 2016) and REC8-cohesin is cleaved by
separase (Kudo et al., 2006, 2009). REC8 phosphorylation increases
susceptibility to cleavage and in mice, phosphorylation by Polo-like kinase 1
makes REC8 susceptible to separase cleavage in vitro (Kudo et al., 2009).
RECS8-cohesin is cleaved along the chromosome arms by separase but is
maintained at the centromere throughout anaphase | until meiosis Il to allow
chiasmata resolution and the release of homologous chromosomes

(Buonomo et al., 2000; Kitajima et al., 2003; Kudo et al., 2006).

Centromeric cohesion has to be preserved until meiosis Il where centromeric
RECS8-cohesin is cleaved by separase leading to the segregation of sister
chromatids into each gamete (Wassmann, 2013, 2022). Shugoshin-like
protein, SGO2, forms a complex with PP2A phosphatase and SGO2-PP2A
localises to the centromere to protect REC8-cohesin from separase cleavage
during anaphase | (Lee et al., 2008; Llano et al., 2008). Notably, it remains

unclear whether RAD21L is also cleaved by separase.

RAD21 is found in mitotic cells in testis before disappearing in early leptotene
and is detectable again in late pachytene parallel with RAD21L dissociation
(Parra et al., 2004; Ishiguro et al., 2011; Lee and Hirano, 2011). From
diplotene onwards, RAD21 dissociates from AEs and is localised around
centromeres at metaphase | in spermatocytes (Parra et al., 2004; Xu et al.,

2004; Ishiguro et al., 2011). It still remains to be clarified what is the role of
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mitotic RAD21 kleisin during meiosis as well as the mechanism of loading

RAD21-cohesin onto chromosomes at pachytene.

Also during meiosis, the SMC1a subunit is largely replaced by SMC1f3
(Revenkova et al., 2001) and SA1/SAZ2 is replaced by SA3/STAGS3 (Prieto et
al., 2001). Although it has been shown that a small proportion of meiotic
cohesin contains SA2 and/or SMC1a in spermatocytes (Prieto et al., 2002;
Revenkova et al., 2004), it remains unclear what is their precise role during
meiosis. Transfection studies in somatic cells suggest that SA3 interacts with
RECS to import it into the nuclei (Wolf et al., 2018) suggesting a specific role
of the SA3 subunit in the assembly of meiotic cohesin. In SA3 KOs, AE
formation is impaired resulting in short axes indicating that SA3, not SA1/2, is
essential for AE formation and DSB repair (Fukuda et al., 2014; Hopkins et

al., 2014; Winters, McNicoll and Jessberger, 2014; Ward et al., 2016).

SMC1a can substitute SMC1B-containing cohesins in SC axial length
regulation and homologue synapsis but SMC1 is specifically required for
telomere integrity in the AE (Revenkova et al., 2004; Hodges et al., 2005;
Biswas, Stevense and Jessberger, 2018). These proteins may have
redundant roles in cohesion at chromosome arms, at the centromeric region
SMC1 plays an essential role during meiosis (Biswas et al., 2013; Biswas,
Stevense and Jessberger, 2018). So in addition to mitotic cohesin
complexes, different combinations of meiotic cohesin subunits lead to distinct
cohesin complexes with different spatiotemporal localisation patterns in

mammalian chromosomes during meiosis.
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1.2.3 Cohesinopathies

1.2.3.1 Mitotic effects of mutations in cohesin

Mutations in cohesin subunits or its regulatory pathways result in a group of
pathologies known as cohesinopathies. One of the most characterised
Human cohesinopathies is Cornelia de Lange syndrome which is a rare
genetically heterogeneous disorder that affects multiple organs and system.
It is characterised by intellectual disability and distinctive craniofacial and
limb developmental morphologies (Kline et al., 2018). To date five genes are
associated with the development of CdL syndrome: cohesin chaperone
NIPBL, SMC1a, SMC3, RAD21 and HDACS8 (Krantz et al., 2004; Tonkin et
al., 2004; Deardorff et al., 2007; Deardorff, Bando, et al., 2012; Deardorff,
Wilde, et al., 2012). Mutations in NIPBL, SMC3 and RAD21 lead to the
autosomal dominant form of cdLS whilst SMC1a and HDACS are the X-
linked CdLS with the most common cause of CdLS being mutations in NIPBL

(Kaiser et al., 2014).

Other cohesinopathies include Roberts syndrome (RBS) and Warsaw
Breakage syndrome (WABS). RBS patients have growth and mental
disabilities, limb deformities and craniofacial defects due to autosomal
recessive loss-of-function mutation in essential acetyltransferase ESCO2.
Mutations in ESCO2 leads to a loss of cohesin acetylation, which is localised
to pericentromeres and acetylates the SMC3 subunit (Dupont et al., 2014;
Kawasumi et al., 2017) so promotes the sister chromatid dissociation leading

to potential segregation errors in the cell cycle. This results in widespread
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translational errors, stemming from defects in chromatin architecture and
pericentromeric heterochromatin morphology (Whelan et al., 2012) as well as
widespread mitotic aneuploidies and cell apoptosis (Mfarej and Skibbens,
2020). Esco2 and Esco1 null mice are embryonic lethal and there are no
documented human ESCO1 mutations suggesting that this could be

embryonic lethal (Gordillo et al., 2008; Banerji, Skibbens and lovine, 2017).

There are widely varied roles for cohesin in the mitotic cell, both in interphase
and during mitosis, so molecular consequences of mutations vary from
transcriptional changes due to chromatin remodelling in CdLS to mitotic cell
failure as a result of aneuploidy and apoptosis that is associated with RBS

(Banerji, Skibbens and lovine, 2017).

1.2.3.2 Meiotic effect of mutations in cohesin

In addition to the developmental disorders and association with cohesin
defects discussed above, there is also an association between cohesin
defects during mammalian meiosis and infertility/aneuploidy. In mammalian
spermatocytes, cohesin deficiency leads to infertility and meioitic arrest at
various stages in prophase I. Partial loss of cohesion, telomere deficiencies,
partial asynapsis, and shortened AEs/SCs is present in Smc18”
spermatocytes (Revenkova et al., 2004; Adelfalk et al., 2009). Absence of
RECS leads to spermatocytes arresting at zygotene-like stage where SYCP1
is deposited between sister chromatids and not between homologs
(Bannister et al., 2004; Xu et al., 2004). RAD21L deficient spermatocytes do

not form AEs properly and arrest at a zygotene-like stage (Herran et al.,
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2011) whereas deficiency in both REC8 and RAD21L leads to no AEs and
SCs development contributing to the arrest at a leptotene-type chromosomal

stage (Llano et al., 2012).

Even when SA3 is deficient, there is very short AEs, synapsis failure and loss
of centromeric and telomeric sister chromatid cohesion leading to meiotic
arrest and sterility (Fukuda et al., 2014; Hopkins et al., 2014; Winters,
McNicoll and Jessberger, 2014). Removal of two meioisis specific subunits
such as in Smc1B”’- Rec8’- and Smc1B’- Rad21L"- spermatocytes leads to
different reductions in AE length, synapsis deficiency and telomere
disruptions (Biswas et al., 2016) indicating that cohesion depends on
meiosis-specific cohesins. The different kind and or severity of phenotypes of
mutants in distinct cohesin proteins indicate that specific cohesin complexes
contribute to distinct processes, with partial overlap, during spermatogenesis.
The functional complexity of cohesin in spermatocytes is still not completely

understood.

In mammalian oocytes, meiosis begins in the foetal ovary and then oocytes
enter dictyate, where they undergo long-term cell cycle arrest until puberty for
meiosis to resume (Charalambous, Webster and Schuh, 2023). The time
interval from the establishment to the final resolution of sister chromatid
cohesion is prolonged in female meiosis, which lasts months in mice and
decades in humans. Aneuploidy arises predominantly due to chromosome
missegregation in female meiosis that leads to miscarriage or birth defects

such as Down syndrome (Hassold T and Hunt P, 2001). Clinically recognised
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trisomy’s are largely correlated to advancing maternal age (Nagaoka,
Hassold and Hunt, 2012; Herbert et al., 2015) indicating that premature loss
of sister chromatid cohesion is one of the primary causes of chromosome

missegregation in oocytes due to cohesin loss.

There is an expanding evidence suggesting that cohesin levels are
decreasing in aged human and mouse oocytes (Liu and Keefe, 2008; Chiang
et al., 2010; Lister et al., 2010; Tsutsumi et al., 2014; Sakakibara et al., 2015;
Zielinska et al., 2015). Despite there being no difference in total REC8
protein levels in old and young mouse oocytes, the amount of chromosome-
bound RECS8 is reduced at the centromere and on the arms (Liu and Keefe,
2008; Chiang et al., 2010; Lister et al., 2010) suggesting that REC8-cohesin
has dissociated from chromosomes in aged cells. This leads to aged oocytes
having a high incidence of homologous chromosomes with no chiasma
compared to younger oocytes (Lister et al., 2010). Rad21L" mice also have
maternal age-related infertility (Herran et al., 2011). This is accompanied by a
significant reduction in the proportion of bivalents with a single chiasma,
observed in Smc1B7- oocytes, where terminally associated homologues
without skewed crossover sites are prevalent (Hodges et al., 2005). Live
imaging analysis has also shown that chromosomes segregation errors are
preceded by separation of bivalents into univalent during metaphase | in
aged oocytes (Sakakibara et al., 2015). Dissociation and degradation of
chromosome-bound cohesin over time may account for increased aneuploidy

in aged oocytes. It appears that sister chromatid cohesion in oocytes is
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maintained on the chromosomes without turnover as there is no de novo

loading of cohesin during prolonged arrest (Burkhardt et al., 2016).

There is still a requirement to investigate cohesin and identify its regulators in
meiosis due to impaired regulation of cohesin complexes, particularly in
oocytes, being associated with chromosome missegregation, aneuploidy and
subfertility (Jessberger, 2012; Herbert et al., 2015). The E3 ubiquitin ligase,
UBR?2, is needed for successful meiosis progression as Ubr27- mice are
infertile with chromosomal asynapsis and defects in early meiotic
recombination (Kwon et al., 2003; Crichton et al., 2017). Also,UBR2 is
important for embryonic development as there is female embryonic lethality
present in Ubr2’- mice (Kwon et al., 2003) and has a role in cohesin
regulation due to a significant increase in the level of the AcCSMC3 subunit in
Ubr2”- spleen (Reichmann et al., 2020), a phenotype that has been also
identified in embryonic stem cells (Karen Dobie, Unpublished). It remains

unclear how loss of Ubr2 leads to these phenotypes.
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1.3 The roles of UBR2
Among many other molecular functions, the E3 ubiquitin ligase, UBR2, has

been shown to have a role in genomic stability (Ouyang et al., 2006), regulation
of cohesin complexes in the mice mitotic spleen (Reichmann et al., 2020), male
meiotic progression and embryonic development (Kwon et al., 2003; Crichton
etal., 2017). The E3 RING ubiquitin ligase UBR2 is encoded by the Ubr2 gene
which is conserved between mouse and human genomes. Ubr2 is a 46 exon
gene that encodes a 200kDa protein, which is one of the four UBR E3 ubiquitin
ligase proteins that have been shown to be active in the N-end Rule (Tasaki et
al., 2005). UBR2 has a prominent Type Il N-end rule substrate binding but
there is some Type | ability detected in in vivo genetics studies (Tasaki et al.,
2009, 2012; Rageul et al., 2019).

More recently, UBR2 has been shown to have a role in degradation of N-end
rule targets such as inflammasome NLRP1 in response to Os exposure,
myosin heavy chain in muscle wasting and stress regulator, SDE2 (Xu et al.,
2019; Ferrara et al., 2022; Gao et al., 2022).These have not been identified as
prominent phenotypes in an Ubr2’- context and SDE2 can also be regulated
by another UBR family member, UBR1. As there is lots of potential for
redundancy between UBR proteins it is surprising that there appears to be a
very specific subset of phenotypes in Ubr2’- mice indicating essential
functions of UBR2 in the testis and embryonic development (Kwon et al.,
2003). Ubr2’-embryonic stem cell lines also have a phenotype which matches
the cohesin phenotype found in Ubr2’ mouse spleen, indicating a role for
UBR2 in cohesin regulation in these cells, as well as in retrotransposon

repression (Maclennan et al., 2017; Reichmann et al., 2020; Karen Dobie,
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Unpublished). This similarity between the phenotypes of ESCs and
splenocytes may be due to the spleen having rapid cell division and being a
potential source of naturally occurring multipotent stem cells with possible
pluripotent potential (Faustman and Davis, 2010). This indicates that ESCs in
culture at G2/M may potentially mimic cohesin levels of splenocytes.

UBRZ2 is a member of the UBR protein family that are generally implicated in
protein turnover, whether through the N-end Rule or non-N-end Rule substrate
binding pathways (Tasaki et al., 2009; Vu and Varshavsky, 2020). Alongside
the role in protein turnover, UBR2 also has an unconventional role in protein
stabilisation, as seen with the germline genome defence protein, TEX19.1, in
germ cells (Yang et al., 2010; Reichmann et al., 2020), discussed in section
1.3.2. It remains unclear whether protein turnover, N-end rule or non-N-end
rule, or protein stabilisation is important for UBR2’s specific phenotypes in

Ubr2-/- tissues.

1.3.1 Protein turnover

1.3.1.1 Ubiquitination and Protein Turnover
Cellular pathways such as DNA replication, cell cycle and responses to
various stimuli, such as stress, require turnover of certain proteins (Hicke,
2001; Bedford et al., 2010; Sadowski and Sarcevic, 2010). The major
signalling pathway involved in protein turnover is the ubiquitin-proteasome
system (UPS). Ubiquitination is a post-translational process involving the
attachment of ubiquitin (Ub) molecules to lysine residues on a substrate

protein. Ub is a 9kDa covalently-bound signalling protein with multiple
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functions in the cells, predominantly in protein level regulation and turnover
(Pickart and Eddins, 2004). Ub covalently conjugates to lysine residues of
targeted proteins or onto itself through its own lysines or via its N-terminal
methionine residue (Sadowski et al., 2012). Polyubiquitin chains are built up
by lysine ubiquitination. There are seven lysine residues within the molecule
but the most common ubiquitin chains are built along K48, K33, K29, K11 or
K63 residues (Li and Ye, 2008). Generally, K48 or K63 polyubiquitin chains
are the residues utilised for protein turnover (Tsuchiya et al., 2017; Ohtake et
al., 2018). However, the variety of different polyubiquitin chains carry out
other diverse ubiquitination functions including those in signalling and
endocytosis (Sadowski et al., 2012) whereas monoubiquitination can regulate
processes such as DNA repair, viral budding, and gene expression (Sarcevic
et al., 2002; Haglund, Fiore and Dikic, 2003; Bergink and Jentsch, 2009).
Different combinations of ubiquitin-lysine linkages results in branched chains
that perform certain proteostatic functions such as modulation of the RING
E3 Ring1B ligase activity to induce histone H2A monoubiqutination (Ben-
Saadon et al., 2006). UPS also has a vital function during the quality control
in protein synthesis, and there are functions for ubiquitination outside of
protein degradation, such as protein regulation by interacting with proteins

containing ubiquitin binding domains (Tsuchiya et al., 2017).

Ubiquitin is the first identified member of a structurally similar family of small
ubiquitin-like proteins, such as NEDD8 and SUMO amongst others, which can
be conjugated to target proteins for signalling purposes similar to ubiquitin

itself. These undergo similar but distinct conjugating enzyme cascades to
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perform multiple signalling functions in eukaryotes through promoting targets
to interact with SIM (SUMO-interacting motifs) or other UBL-binding proteins
(Hochstrasser, 2010).

1.3.1.2 The E1-E2-E3 Ubiquitination Cascade

The ubiquitin pathway involves three consecutive enzymatic steps that act in
a cascade which permits the conjugation of Ub and Ub-like molecules to
specific protein substrates. This is called the E1-E2-E3 cascade (Figure 1.5).
The first step requires the ATP-dependent activation of the Ub C-terminus
and the assembly of multi-Ub chains that bind via a thioester bond with an
active site cysteine residue in the E1 component also known as the Ub-
activating enzyme (Schulman and Wade Harper, 2009). The activated Ub
can then be transferred to the ubiquitin-conjugating enzyme (E2) via a
transthiolation reaction to generate the Ub-E2 complex (Olsen and Lima,

2013).

Substrate specificity in this pathway is granted through the interaction of the
target protein with the largest group of ubiquitination enzymes, the E3
ubiquitin ligase. An Ub ligase (E3) can bind both substrate and Ub-E2
complex to mediate Ub transfer from the E2 to the protein substrate. E3 Ub
ligases are separated into three major classes each defined by their
interaction with the E2 enzyme: HECT (Homologous to E6-associated
Protein C-terminus), RING (Really Interesting New Gene) or RBR (RING-

between-RING) (Berndsen and Wolberger, 2014).
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Interactions between E2-E3 are transient due to the requirement of fast
transfer of newly ubiquitin-charged E2 enzymes for the extension of the
substrate ubiquitin chain. E3 ubiquitin ligase interact with multiple E2s which
makes it difficult to predict E2-E3 pairs. It is thought that E2s only bind to the
RING domain after thioesterification and ubiquitin-charging and uncharged
E2s bind to E1s or E3 RING domains (Metzger et al., 2014). E2 ligases
physically bind to the RING domain, the Ub molecule is transferred to the
target protein. This is different to ubiquitin transfer in HECT domains as
ubiquitin does not bind to the RING domain rather straight onto the substrate.
A HECT domain consists of two different lobes, the N-terminal lobe (N-lobe)
and C-terminal lobe (C-lobe), connected by a flexible linker. The N-lobe is
required for E2 binding and the C-lobe contains the catalytic cysteine that
accepts ubiquitin from the E2 to make an E3-ubiquitin complex (Qian et al.,
2020; Shah and Kumar, 2021). So HECT E3s must be physically conjugated

with ubiquitin before transferring to the substrate.

The transfer of Ub is most commonly onto the g-amino group of a lysine in
the target protein resulting in an isopeptide bond. Cell protein regulation
requires both monoubiquitination or multiubiquitination (Sadowski and
Sarcevic, 2010) but a large proportion of ubiquitinated target proteins are
polyubiquitinated. This requires multiple interactions between charged E2
and E3 enzymes to build the ubiquitin chain on the substrate. So E2/E3
interactions must be transient but last long enough to allow ubiquitin-transfer
to occur. E2 enzymes that no longer have Ub bound have lower binding

affinity to HECT or RING domains of an E3 which allows the dissociation of
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the E2/E3 complex after ubiquitin transfer (Metzger et al., 2014; Sluimer and

Distel, 2018).

A polyubiquitinated substrate is recognised by components of the 26S
proteasomal lid complex such as Rpn10, Rpn13 or Sem1 (Paraskevopoulos
et al., 2014; Hamazaki, Hirayama and Murata, 2015; Kragelund et al., 2016).
The target protein is deubiquitylated by the proteasome-asssociated DUB
enzyme so the protein can be degraded within the complex (Bedford et al.,
2010). Ubiquitin molecules and amino acids are then recycled back into the

proteasome.

Figure 1.5 Ubiquitin-proteasome-mediated protein degradation. The
UPS pathway is shown. E1 is Ub-activating enzyme, E2 is Ub-conjugating
enzyme, and E3 is Ub-ligase protein. HECT and RBR-type E3 ligases
perform a two-step ubiquitination, whereas RING E3s perform direct Ub
transfer. Ubiquitin molecules are added to target proteins, resulting in the
protein being targeted for degradation by the 26S proteasome. DUBs can
rescue substrate expression or alter cell signalling by removing Ub moieties.
Black arrows represent the intracellular destiny of ubiquitinated proteins.
DUBs=deubiquitinating enzymes. Ub=ubiquitin. Taken from (LaPlante and

Zhang, 2021)
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1.3.1.3 The N-end Rule Pathway for Protein Degradation

E3 ubiquitin ligases are by far the largest and most diverse group of
enzymes within the E1- E2-E3 cascade, with more than 500 distinct E3s in
any given mammal (Li et al., 2008), and it is these that provide substrate
specificity for the UPS. In contrast, there are only 2 known mammalian E1
ubiquitin activators enzymes, UBA1 and UBAG (Jin et al., 2007; Schulman
and Wade Harper, 2009), which are promiscuous for binding to the
mammalian E2 enzymes, of which there are around 40 known (Stewart et al.,

2016).

One of the earliest discovered E3 substrate binding pathways, the N-end
rule, depends on the N-terminal sequence of the substrate, which acts as a
degron binding site for the E3 ubiquitin ligase to carry out ubiquitination
(Bachmair, Finley and Varshavsky, 1986). This was first discovered in S.
cerevisiae, with identification of the E3 substrate recognition protein UBR1
encoded by the ubr1 gene (Bartel, Winning and Varshavsky, 1990). ubr1 is a
homolog of mammalian genes Ubr1 and Ubr2, which are 47% sequence
conserved, with 68% sequence similarity to each other (Tasaki et al., 2005).
Mammals encode a family of seven UBR proteins, of which UBR1 is the best
characterised to carry out N-end recognition (Tasaki et al., 2005). The N-end
rule pathway, as for most E3s, also requires at least one internal lysine
residue in the target protein to act as the site for initial ubiquitin attachment

by the associated E2 enzyme.
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Overall structure of the Ubr1’s initiation complex has a base that is a helical
scaffold with four regions separated by the Ubr-Box1, which is the highly
conserved UBR box found in mammalian UBR proteins, Ubr-Box2 (also
known as the N-domain) and a winged helical domain (WHD) (Figure 1.6,
(Pan et al., 2021)). Similar helical bundle repeats have been observed for
other E3 ligases (Baek et al., 2020; Rusnac and Zheng, 2020; Horn-Ghetko
et al., 2021). The E2, Ubc2, is primarily bound by a single helix of Ubr1,
termed the Ubc2-binding region (U2BR) which is followed by a RING finger
domain that interacts with Ubc2 and the loaded ubiquitin. A previously
unidentified domain with a new fold termed the cap helical domain (CHD)
follows the RING finger domain. Finally, the UBR/Leu/Cys (UBLC) (Du et al.,
2002) domain (also known as the UBR autoinhibitory domain UAIN) interacts
with Ubr-Box and WHD through a putative zinc-binding site (Pan et al.,
2021). The structure of Ubr1 is important for its role in N-degron recognition

and ubiquitin transfer within the N-end rule pathway.

Figure 1.6 Domain diagram and Cryo-EM maps of Ubr1 of S. cerevisiae
(A) Domain diagram of Ubr1 of S. cerevisiae. The residue boundaries are
indicated. The dotted lines represent unresolved linkers and regions. The
grey box indicates the substrate-recruiting domains, and the pink box
indicates the E2 Ubc2-recruiting domains. Winged helical domain (WHD).
Cap helical domain (CHD). (B) Cryo-EM maps of the initiation complex. The

colour code of Ubr1 is the same as in (A). Taken from Pan et al 2021
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1.3.1.3.1 Classes of N-terminal degron pathways

N-terminal degron sequences are classified into three subcategories: the
Arg/N-end rule, the Ac/N-end rule and the Pro/N-end rule pathway (Figure
1.7). Nascent proteins are expressed with an N-terminal methionine,
encoded by the start codon ATG. However, N-terminal post-translational
modifications are not uncommon, which results in the altered protein being

targeted for degradation by the N-end rule pathway.

The Arg/N-end Rule pathway is the more studied of the three pathways (Kim
and Hwang, 2014) and cleaved proteins that undergo this particular
modification of the N-terminus are classified into having either Type | or Type
[l N-terminal recognition sequences. These are defined by the N-terminal
residues of the target protein. Type | N-terminal residues are basic with the
most common being arginine (Arg) and Type Il are defined as bulky
hydrophobic residues such as phenylalanine or tryptophan (Tasaki et al.,

2005).

The Ac/N-end rule pathway involves the cotranslational N-terminal
acetylation of nascent proteins whose N-termini are either Met or the small
uncharged residues: Ala, Val, Ser, Thr or Cys. This is a lesser understood
category of the N-end Rule and was only discovered in 2010 (Hwang,
Shemorry and Varshavsky, 2010) but this cotranslational modification occurs
in 90% of mammalian proteins (Polevoda, Arnesen and Sherman, 2009;
Nguyen et al., 2019). As there are many Ac/N-end target proteins, the

acetylated N-terminus is shielded by structural folding or interactions with a
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protein complex (Shemorry, Hwang and Varshavsky, 2013). Human RGS2, a
regulator of Specific G proteins, is a short lived substrate of the Ac/N-end rule
pathway and can bind to E3 ubiquitin ligase TEB4 to induce degradation via

the UPS and maintains proteomic integrity (Park et al., 2015).

Acetylation at the N-terminus depends on the amino acid immediately after
the N-terminal methionine. The small second residue, such as alanine or
leucine, results in cleavage of methionine and acetylation of the second
residue. But if the second residues is large or hydrophobic, the N-terminal
methionine is preserved and acetylated directly. These proteins are classed
as Met-¢ and are degraded by the Ac/N-end rule or by the Arg/N-end rule
when unacetylated to allow for quick degradation of misfolded proteins.
There is evidence to suggest that, at least UBR1, is able to bind to non-
acetylated Met-® proteins, aiding in their degradation as a redundant role for
the degradation of acetylated Met-® proteins by the Ac-N-end Rule pathway
(Kim and Hwang, 2014). This non-acetylated Met-¢ turnover depends on
components of the Type Il Arg/N-end rule pathway where binding to the
second, bulky residue with a similar conformation as to the bulky hydrophobic

Type Il N-degron (Kim and Hwang, 2014; Nguyen et al., 2019).

The third N-end rule pathway and the most uncharacterised is the Pro/N-end
rule pathway which is mediated by the GID (glucose-induced degradation)
Ub ligase. Gid4, a subunit of GID that is the Pro/N-recognin, targets proteins
that bear the N-terminal Pro residue or Pro at position 2, as well as the

adjoining sequence motifs (Chen et al., 2017). Physiological substrates of the
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Pro/N-end rule pathway include gluconeogenic enzymes: Fbp1, Mdh2, Icl1,
and Pck1, which are long-lived in cells deprived of glucose but are selectively
destroyed when returning to glucose-replete conditions (Alibhoy and Chiang,

2011; Menssen et al., 2012; Chen et al., 2017).

There has been a discovery that the Nt-formylation of proteins, which is a
long-known posttranslational protein modification previously thought to be
confined to bacteria can occur at the start of translation by cytosolic
ribosomes of eukaryotic S. cerevisiae. Nt-formylation of yeast cytosolic
proteins is caused by the endogenous ScFmt1, whose translocation from the
cytosol to the inner matrix of mitochondria. Nt-formylated cytosolic proteins
are targeted by the Psh1 E3 Ub ligase (together with the Ubc3 E2 enzyme),
which acts as the recognition component of the previously unknown
eukaryotic fMet/N-end rule pathway that destroys Nt-formylated proteins by

binding to the formyl group of the Nt-fMet residue (Kim et al., 2018).

Figure 1.7: N-degron pathways. N-terminal residues at the top of the figure
are indicated by single-letter abbreviations of twenty DNA-encoded amino
acids arranged into 3 sets of N-degrons in S. cerevisiae corresponding to the
three N-degron pathways. (A) The Arg/N-degron pathway. (B) The Ac/N-
degron pathway. (C) The Pro/N-degron pathway. Taken from (Melnykov,

Chen and Varshavsky, 2019).
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1.3.1.3.2 N-terminal Modifications

N-terminal (Nt) amino acid residues are categorised into primary destabilising
(Arg, Lys, His, Leu, Phe, Tyr, Trp and lle), secondary destabilising (Asp and
Glu) and tertiary destabilising residues (Asn and GIn, as well as Cys, under
specific conditions) (Varshavsky, 2008). Proteins with a primary destabilising
Nt amino acid residue are recognised by N-recognins (including UBR
proteins such as UBR1 and UBR2) (Tasaki et al., 2012). One of the first
discovered and direct ways which Nt modification acts to generate an N-
degron signal for the N-end rule is through arginylation. This process begins
when the Nt methionine is cleaved and second position residues, such as
asparagine and glutamine, are exposed. Nt-arginylation also occurs on Nt-
Asn and Nt-GIn following deamidation into Nt-Asp and Nt-Glu or Nt-Cys is
oxidised to generate Cys-sulfinic acid (CysOz2) or Cys-sulfonic acid (CysO3)
(Yoo et al., 2018; Varshavsky, 2019). Recently, the formation of Cys-sulfinic
acid has been shown to be mediated by cysteamine (2-aminoethanethiol)
dioxygenase (ADO) (Masson et al., 2019). L-Arg is conjugated to Nt-Asp and
Nt-Glu by ATE1-encoded Arg-tRNA transferases to generate a canonical N-
degron, Arg (Kwon, Kashina and Varshavsky, 1999). Transferases conjugate
an arginine residue on the N-terminal end to generate an arginine Type | N-
terminal degron sequence so it can bind to N-recognins, like UBR2, for
ubiquitination. Other Type |, or Type Il, N-terminal sequences can arise

through other N-terminal modifications.
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There are specific roles for the N-end rule in specific targeting of substrates
in certain cellular conditions which is achieved by the generation of a neo-N-
terminus through proteolysis. In S. cerevisiae, separase cleaves the Scc1
(RAD21 in mammals) kleisin subunit of cohesin, during removal in
chromosome segregation, to generate a C-terminal fragment that bears Nt-
Arg which is rapidly destroyed by the Arg/N-end rule pathway (Rao et al.,
2001). Failure to eliminate this Scc1 fragment (e.g. in an ubr1A mutant with
no Arg/N-end rule pathway) results in chromosome instability. As the c-
terminal fragment of Scc1 retains a physical affinity for the rest of the cohesin
complex (Rao et al., 2001), the chromosome instability in ubr1A cells could
be due to cohesin mechanics containing cohesin-bound C-terminal fragment
of Scc1 but this remains unproven. As the yeast Scc1 fragment has Nt-Arg,
the degradation by the N-end rule pathway does not require Nt-arginylation

(Rao et al., 2001).

In mammals, the C-terminal (Ct) fragments generated by separase of mitotic
RAD21 and meiotic REC8 subunits bear Nt-Glu, a substrate of the ATE1 R-
transferase (Hauf, Waizenegger and Peters, 2001; Kudo et al., 2009; Peters
and Nishiyama, 2012). Ate 17~ mice are embryonic lethal (Kwon et al., 2002)
and post-natal ablation of Ate7 using Cre recombinase technology causes a
variety of phenotypes, including fat loss and hyperkinetic behaviour (Brower
and Varshavsky, 2009). However, in an Ate1”- mouse strain where the
ablation of Ate1 was confined to germ cells, resulted in reduced male fertility
due to arrest and apoptotic death of spermatocytes at the end of meiosis |

(Liu et al., 2016), a phenotype that is similar to that found in Ubr2-"
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spermatocytes (Kwon et al., 2003). This Ate77- mouse line confirmed that the
main C-terminal fragment of REC8 cleavage by separase, Glu***-RECS, is a
short-lived substrate of the Arg/N-end rule pathway and that the degradation
of this fragment requires its Nt-arginylation by the ATE1 R-transferase (Liu et

al., 2016).

As previously stated, the separase-generated C-terminal fragment of yeast
Scc1 retains some affinity to the rest of the cohesin complex (Rao et al.,
2001). The mouse Glu***-REC8 fragment could interact with cohesin
complexes in vivo. However, the model for the Scc1 Ct fragments affinity for
the cohesin complex would require incorporation into new cohesin complexes
loaded onto the chromosomes during S phase in the next cell cycle so would

not be applicable for meiotic cells.

The N-end rule has a role in conditional protein regulation in the innate
immune response. Exposure to bacterial infection by B. anthracis and to
anthrax lethal toxin leads to the cleavage of the inflammasome component,
NLRP1B, generating a neo-N-terminal Type Il degron sequence of the C-
terminal fragment (Xu et al., 2019). Caspase-1 is activated by the cleaved Nt
fragment of NLRP1B and this response depends on the degradation of the C-
terminal fragment by the N-end rule. siRNA knockdown of UBR2 or the E2
ubiquitin conjugating enzyme UBE20 in macrophages resulted in increased
vulnerability to B. anthracis infection and a loss of the immune response,
implying UBR2 specifically binds the C-terminal fragment for proteasomal

degradation.
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Other described roles of the N-end Rule is in the regulation of DNA
replication stress regulators such as SDE2, which has a neo-Type | N-degron
following stress-induced cleavage (Rageul et al., 2019). Also, in the potential
conditional protein regulation of neurodegeneration, as the cleavage of
Trans-activation response element (TAR) DNA-binding protein 43 (TDP43)
leads to the degradation by the Arg/N-degron pathway (Brower, Piatkov and
Varshavsky, 2013) which can lead the accumulation of aggregates of the

ALS marker, TDP43 (Eldeeb et al., 2022).

1.3.1.3.3 Substrate Binding Specificity of UBR proteins in the Arg/N-end

rule

UBR proteins that act as N-end rule E3 ubiquitin ligases have their substrate
binding specificity regulated by two protein domains: the UBR box, a highly
conserved 70-residue zinc finger-like motif which is shared across all UBR
proteins (Figure 1.8; Matta-Camacho et al., 2010) and the N-domain, which
has high homology with the bacterial ClpS domain and is common to both
mouse UBR2 as well as UBR1. The UBR box is able to bind Type |, or
arginine-containing, target peptides alone but both the UBR box and the N-
domain are needed for Type Il, or phenylalanine-containing, peptide binding

in UBR1 and UBR2 (Tasaki et al., 2009).

UBR1 is able to bind to non-acetylated Met ¢ proteins, aiding in their
degradation as a redundant role for the degradation of acetylated Met-¢

proteins by the Ac-N-end rule pathway (Kim and Hwang, 2014). This requires
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both the UBR box and the N-domain and appears to be related to canonical
Type Il N-end Rule degradation pathways used by UBR proteins as the
second residue is often a bulky hydrophobic amino acid such as

phenylalanine.

UBR2 has a UBR box and N-domain which are needed for Type | (basic) and
Type Il (bulky hydrophobic/aromatic) substrate binding but it has the highest
detectable binding to Type |l substrates (Tasaki et al., 2005). The UBR box
isolated from UBR2 can bind Type | peptide substrate sequences in vitro to
the same level as the UBR box isolated from UBR1 (Matta-Camacho et al.,
2010). This affinity changes when the whole UBR2 protein is present (Tasaki
et al., 2005), which suggests a conformation that favours Type Il substrate
binding. Other UBR proteins, UBR1/4/5, are strongly detectable in Type |
binding assays and as they are ubiquitously coexpressed are likely to be the
primary Type | regulators of the N-end Rule pathway. But UBR2 can bind to
Type | substrate stress regulator SDE2 in vivo (Rageul et al., 2019, p. 2).
This shows that there are in vivo roles for proteins such as UBR2 that cannot

necessarily be predicted by in vitro pulldown or binding assays.

UBR1/2/4/5 are likely to exhibit some redundancy in their substrate binding
ability which has been functionally demonstrated between UBR1 and UBR2
which are the most genetically similar. Ubr2”- mice exhibit developmental
defects including a varying female-specific embryonic lethality (Kwon et al.,
2003) whereas a Ubr1”- mouse is viable but exhibit growth defects

particularly in the skeleton and adipose tissue (Kwon et al., 2001). In a
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double Ubr1- Ubr2’- mouse there is a more penetrant embryonic lethality,
associated with defects in neurogenesis and cardiovascular development not
found in either single mutants (An et al., 2006). This suggests that one can

compensate for the other in different developmental pathways.

An example of redundancy outside of UBR1/UBR2 is the knockdown of Ubr4
by RNAI in Ubr1/- Ubr2” cells. Alone, Ubr1-- Ubr2’- embryonic fibroblasts
have an increase in both type | and type |l N-end rule reporter proteins, but
knockdown of Ubr4 results in a loss of type || N-end Rule turnover, although
another component of the type | N-end Rule persisted in these cells-
potentially UBRS5. This indicates that UBR1, UBR2 and UBR4 may partially
compensate each other for turnover for the same substrates but as this is a
reporter system there is no in vivo evidence that UBR1/UBR2 have

overlapping biological substrates with UBR4 (Tasaki et al., 2005).

An example of Arg/N-end rule regulatory function is in the proteasomal
degradation is the conditional degradation of the genome surveillance protein
SDE2 (Rageul et al., 2019). SDE2 is cleaved in response to DNA replication
stress to prevent progression at DNA replication forks so it can protect
against cellular stress and promote progression of DNA replication and S-
phase (Jo et al., 2016). Cleavage of SDE2 exposes the N-terminus of the C-
terminal fragment that contains a Tl N-degron which is turned over by
proteolysis. Knockdown of Ubr1 or Ubr2 results in stabilisation of this C-
terminal fragment but both must be removed to fully stabilise the C-terminal

SDEZ2 protein (Rageul et al., 2019). This is an in vivo Type | function of UBR2
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despite peptide pulldown assays do not show a strong affinity for Type |
peptide sequences by UBR2 protein (Tasaki et al., 2005). This demonstrates
that there are in vivo roles for UBR2 and potentially other proteins that cannot

be predicted by in vitro pulldown assays.

Terminal degron pathways, such as the N-end rule pathway, offer a potential
for therapeutic targeting. Successful development of small molecules that
can inhibit E3 ubiquitin ligases binding to the N-terminus of its partner protein
provide proof-of-concept that pockets binding to N termini are ligandable
(Scott et al., 2017; Zhou et al., 2017). This has led to great pharmaceutical
interest in developing small molecules that occupy substrate-binding pockets
in E3s as these molecules can be used to generate degrader drugs that
connect E3s and disease-causing proteins. Terminal degron-binding sites in
substrate receptors have pockets that are the size of small molecules and
are candidates for degrader drugs (Verma, Mohl and Deshaies, 2020). Thus,
there is a drive to investigate E3s and how they target proteins to lead to

rewiring for degradation of disease-causing targets.
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Figure 1.8 Domains of the mammalian UBR box protein family. All UBR
proteins have a UBR box (yellow ellipse) to recognize N-degrons, and this UBR
box is the signature of the UBR family. UBR1 and UBR2 also have an N-
domain (green ellipse) that recognizes the type Il N-degrons. In addition, these
UBR proteins have a RING (navy blue square), HECT (blue square), F-box
(orange box), or PHD domain (purple box) for E2 binding or ubiquitin
conjugation. Other domains include the CUE domain, which recognizes
ubiquitin, the MLLE domain, known to regulate the catalytic activity of HECT
and the UAIN which is the UBR auto-inhibitory domain. Adapted from Kim et

al., 2021
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1.3.1.3.4 E2/E3 Interaction Dynamics and the E3 RING Domain

There are three major classes for E3 ubiquitin ligases: those with a RING,
HECT or RBR domains which determine how the E2 ubiquitin conjugating
enzyme binds and ubiquitin is transferred to target proteins. The UBR family
are variable in their E2 binding domains (Figure 1.8) so are expected to
interact with a variety of E2 enzymes. UBRS contains a HECT domain, that
undergoes temporary ubiquitination as a proximal transfer point for build-up
of ubiquitin chains before transfer to the substrate (Wang and Pickart, 2005;
Sluimer and Distel, 2018). UBR5’s HECT domain is present in its C-terminus
and its catalytic cysteine is Cys2768 (Qian et al., 2020). Within the N-end
Rule, UBRS5 has only been shown to be active in Type | N-degron binding
(Tasaki et al., 2009). There is no known UBR protein with a RBR domain,
which is a highly specialised domain that catalyses ubiquitin transfer in an

E2-independent manner (Spratt, Walden and Shaw, 2014).

UBR2 and UBR1 are E3 ubiquitin ligases that contain a RING domain, which
interacts through sequence specific contacts on the RING domains surface
(Deshaies and Joazeiro, 2009). E2-E3 interactions are highly variable but
UBR2 has been shown to interact with UBE2A, USE1 (Lee et al., 2011) and
UBE20 (Xu et al., 2019). UBE2A can bind to E1 ubiquitin activator UBA1
(Kwon et al., 2003; Lee et al., 2011). The ubiquitin conjugating enzyme USE1
is the only known E2 to accept and transfer ubiquitin solely from E1 ubiquitin

activator, UBAG6 (Aichem et al., 2010). The UBA6-USE1 cascade is not as

53



well studied as other E1 proteins, like UBA1, due to being present in

mammalian cells but not many eukaryotes such as S.cerevisiae.

UBE20 was more recently identified as a potential interactor of UBR2, both
being required for the N-end Rule-mediated proteolysis of the NLRP1B
inflammasome (Xu et al., 2019). UBE20 is an E2/E3 hybrid ubiquitin-protein
ligase and displays both E2 ubiquitin conjugating enzyme and E3 ubiquitin
ligase activities and have been implicated in the turnover of orphan proteins
that are misfolded due to protein complex loss (Yanagitani, Juszkiewicz and
Hegde, 2017; Hormaechea-Agulla et al., 2018). This appears to be
independent of any canonical E3 ligase but is does seem that UBE20 has a

role as an E2 alongside UBR2.

There are over 600 human genes encoding RING domain-containing
proteins, most of which are expected to be partially active as E3 ubiquitin
ligases (Li et al., 2008). RING E3 ligases are divided into two big families:
monomeric RING finger and multi-subunit E3 ligases. Monomeric RING E3
ligases not only have the domain for substrate binding and ubiquitination, but
also have the function of autoubiquitination, such as COP1, MDM2, and
TRAF6 and UBR2 (Joazeiro and Weissman, 2000). Multi-subunit E3 ligases
like the cullin-RING ligases (CRLs) are a diverse class of ubiquitin ligases
characterised by several common features. The cullin scaffold includes the
N-terminus RING-box protein, adaptor protein and C-terminus substrate
receptor. A crucial multi-subunit E3 ligases APC/C is assembled of 19

subunits including a RING subunit and cullin-like subunit (Apc2) which
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connect with each other and perform functions like substrate recoginition and
connections with other complex components (Primorac and Musacchio,
2013; Metzger et al., 2014). RING E3s can be also regulated by different
modifications, including autoubiquitination, neddylation, phosphorylation, and
interaction with small molecules. The large number of proteins with RING
domains suggests a level of redundancy and protection against mutations
within eukaryotes indicating the importance of the UPS for proteome

homeostasis.

The canonical RING domain is a cysteine-rich protein domain with conserved
histidine residues that coordinate two zinc molecules in the structural core
with some similarity to the zinc finger DNA-binding structure (Freemont,
Hanson and Trowsdale, 1991; Freemont, 1993). Intervening amino acids in
the RING domain can be variable but structural and mutational studies show
that several residues are important for physical contacts to E2 ubiquitin
ligases. For example, W408, a bulky hydrophobic Tryptophan, is located on
the exposed surface of the RING domain in c-Cbl with its sidechain sitting in
the binding cleft of the E2 enzyme (Deshaies and Joazeiro, 2009; Lee et al.,
2011). Some RING proteins need modifications to stabilise E2 interactions
and promote Ub transfer across sometimes larger distances, like linkage
proteins (Liu and Nussinov, 2010) or autoubiquitination of the E2 or E3
ligases (Patel, Sibbet and Huang, 2019). Given the large number of E2-E3
interactions, there is an even larger variability in the UPS in addition to the

large number of ubiquitin ligase-encoding genes (Li et al., 2008).
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1.3.1.3.5 Non-N-end rule turnover

Outside of the N-end rule, a non-canonical role in protein quality control has
been identified for S.cerevisiae Ubr1 (Eisele and Wolf, 2008; Heck, Cheung
and Hampton, 2010; Nillegoda et al., 2010) as well as S.pombe Ubr11
(Kriegenburg et al., 2014). This is dependent on the interaction of the protein
chaperone Hsp70 to misfolded proteins in the cytoplasm (Summers et al.,
2013; Kriegenburg et al., 2014) and even though no pathway has thus far been
identified for mammalian UBR proteins, they are still implicated in cytoplasmic
protein quality control in mammals (Sultana, Theodoraki and Caplan, 2012).
S.cerevisiae Ubr1 protein has substrate binding abilities to an internal degron
site in the transcriptional repressor CUP9 (Turner, Du and Varshavsky, 2000;
Du et al., 2002). Ubr1 recognition of CUP9 depends on the c-terminus
proximal UAIN, which has also been noted in some literature as region IV
(Zenker et al., 2005). The domain carries out auto-inhibition in Ubr1, whereby
it acts to bind the N-terminal region of the Ubr1 protein, blocking binding of
Ubr1 to CUP9 (Du et al., 2002). CUP9 is a transcriptional repressor of
peptide import proteins such as PTR2 (Byrd, Turner and Varshavsky, 1998;
Kawai et al., 2014) and so the addition of N-end rule peptides to Ubr1
relieves inhibition by the UAIN and exposes the CUP9 binding site on Ubr1 to
promote CUP9 degradation, so positively regulating their own uptake

(Turner, Du and Varshavsky, 2000). CUP9 has an internal degron sequence,
which has been limited to the C terminal 33-residue region but the
recognition domain for CUP9 within Ubr1 has not been identified. So it is not

understood how the UAIN acts to physically block CUP9 interaction (Du et

56



al., 2002; Xia et al., 2008). Although the protein sequence is conserved
between species, there is very little published about the UAIN domain in

mammalian UBR proteins.

Also, there are very limited studies on functions for mammalian UBR1 or
UBR2 outside the N-end Rule pathway. The retrotransposon-expressed
protein LINE-1 ORF1p can be turned over by UBR2 through an unknown
mechanism — presumably by binding to an internal degron, similarly to the
CUP9 substrate of S. cerevisiae Ubr1, as ORF1p does not contain a
canonical N-degron sequence. The physical interaction domains between
UBR2 and ORF1p have not been identified (Maclennan et al., 2017), and it is
unknown whether this depends on activity of the UAIN domain, or if binding

to N-end Rule sequences are required for LINE-1 ORF1p binding.

More recently, chase-degradation assays showed that human UBR1 and
UBR2 mediate the degradation of stress-inducible transcription factor ATF3
(Vu and Varshavsky, 2020). ATF3 does not have a distinguished N-degron site
making it the first physiological substrate of the mammalian UBR1 and UBR2
that is targeted for degradation through an internal unmapped degron. It was
unexpected that ATF3 interacted with a 123 kDa Nt-fragment of UBR1 but
exhibited an ‘opposite’ binding pattern with UBR2, binding to a 81Kda Ct-
fragment of UBR2 (Vu and Varshavsky, 2020). This suggests that UBR2 and
UBR1 have a role as a regulator of gene expression and may have other

substrates in non-N-end rule protein turnover.
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1.3.2 UBR2 and histone modifications during meiosis

The E3 ubiquitin ligase, UBR2, has been implicated in a regulatory role for
histone ubiquitination in meiotic spermatocytes, by monoubiquitination of
histone H2A. In somatic cells, regulatory role for ubiquitination of histones is
mediated by Polycomb complex and E3 ubiquitin ligase RING1B and is a
repressive chromatin mark which is important for X-inactivation or
transcriptional silencing (Cohen and Lee, 2002). In prophase I, IF staining in
Ubr2”- spermatocytes showed less monoubiquitinated H2A on XY
chromosomes indicating a role for UBR2 in the silencing of sex
chromosomes (An et al., 2010). But the immunofluorescence (IF) staining
from the An et al does not match IF staining using more specific anti-H2A
mono-Ub antibodies (Hasegawa et al., 2015; Luo et al., 2015) indicating that
the antibody staining is likely detecting other species of ubiquitinyated

histones.

UBR2 was also suggested not to have a role in the initiation of meiotic
recombination as it did not localise to recombination foci and was not
required for normal recruitment of RAD51 or RPA to recombination foci
during leptotene (An et al., 2010). Also, further work completed in our group
contradicts this as asynapsis in Ubr2”’- spermatocytes was associated with
earlier defects in meiotic recombination as yH2AX abundance, DMC1 foci
frequency and RAD51 foci frequency were reduced to 50%, 52% and 58%
respectively of those seen during leptotene in Ubr2”’- mutants (Crichton et al.,
2017). Representative images and quantitative analysis of recombination foci

in Ubr27- spermatocytes were not shown in An et al. This suggests that the
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reduction in zygotene recombination foci in Ubr27- spermatocytes is a
consequence of earlier defects in the meiotic recombination during leptotene,
and that reduced meiotic recombination is contributing to the Ubr2-- meiotic

phenotype but it remains unclear how this is happening.

Furthermore, the idea that the meiotic arrest in Ubr2-- spermatocytes is due
to accumulation of ubiquitylated histone H2A at the sex body mediated by
interactions with E2 ubiquitin conjugating enzyme, HR6B, does not align with
the findings from Crichton et al. The functional data on HR6B’s role in H2A
ubiquitination was completed in IP experiments of GST-pulldown assay and
Ubiquitination-coupled E3 binding assay with UBR2 (as a mixture with UBR1)
immobilized on F-peptide-beads followed by immunoblotting (An et al., 2010).
Also, there is no IF staining showing HR6B localisation to the XY body
alongside UBR2 and as previously shown that only small foci of HR6B in the
nucleus and on the developing SCs are identified (Mulugeta Achame et al.,
2010). There is no convincing data showing UBR2 binding to HR6B is

responsible for ubiquitination of H2A specific to the XY body in these assays.

59



1.3.3 UBR2 and TEX19.1

UBRZ2 interacts with the TEX19.1 protein (Yang et al., 2010; Maclennan et al.,
2017) which is a germline genome defence protein expressed in
hypomethylated tissues such as in testes, ovaries and the placenta (Ollinger
et al., 2008). TEX19.1 may inhibit the activity of UBR2 toward type Il N-end
rule substrates. Ectopic expression of Tex79.7 in FlpIn-293 cell lines
expressing different ubiquitin-GFP fusions showed there was a specific
protection of GFP Type Il N-end rule reporters (Reichmann et al., 2020).
TEX19.1 expression broadly overlaps the phenotypes found in Ubr2”’- mice
(Kwon et al., 2003; Ollinger et al., 2008; Yang et al., 2010) with the exception
being the cohesin phenotype found in the spleen (Reichmann et al., 2020)
implying that UBR2 is able to negatively regulate the acetylated cohesin
complex through direct turnover (via N-end rule or non-N-end rule) or through
an indirect pathway not dependent on its interactions with TEX19.1.

The Ubr2” mouse model has three major phenotypes that are not
compensated by other endogenous UBR proteins. The most well
characterised of these is in male meiotic progression found in mice bred onto
different genetic backgrounds (Yang et al., 2010; Crichton et al., 2017), female
embryonic lethality that appears to vary depending on the genetic background
(Kwon et al., 2003) and the increase in AcSMC3-subunit of cohesin in mitotic

spleen (Reichmann et al., 2020).
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1.3.3.1 Similarities between Tex179.7”- and Ubr2’- Phenotypes

In Ubr2’ spermatogenesis, there is chromosome asynapsis in prophase |,
which is associated with the loss of recombination foci and homology search
defects (Crichton et al., 2017). This leads to gross spermatocyte phenotypes
and male infertility characterised by morphological changes in seminiferous
testis tubules, low testis weight and no mature sperm (Kwon et al., 2003). A
very similar phenotype is characterised in Tex79.77- males which has
asynaptic arrest and reduced frequency of recombination foci (Crichton et al.,
2017). TEX19.1 protein is destabilised in Ubr2” testis (Yang et al., 2010),
suggesting that their interaction is important for normal spermatogenesis and
the similar phenotypes between Tex19.77-and Ubr2” testes are due to lack a
functional TEX19.1-UBR2 complex (Yang et al., 2010a; Crichton et al., 2017).
Aside from UBR2, UBR1 is the other UBR protein that has the highest N-end
Rule affinity that is expressed in similar levels in the testis (Tasaki et al., 2005)
but Ubr2’- testis have a lost a specific function in spermatocytes that cannot
be compensated by redundancy with UBR1 resulting in the Ubr2”’- specific
phenotypes.

The female embryonic lethality present in Ubr2’- mice is also similar to that
observed in Tex79.77- mice. TEX19.1 is expressed in the trophoblast-derived
tissues of the placenta, and in a Tex79.77- environment there are embryonic
growth restrictions and a placental defect that arises around E12.5 days of
development (Reichmann et al., 2013, p. 201; Tarabay et al., 2013). This is
associated with an intrauterine growth restriction and changes in trophoblast-

derived tissue development in the placenta linked to derepression of
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retrotransposons, particularly LINE-1 (Reichmann et al., 2013). There are
placental defects in an Ubr2”- mouse that affect additional layers of the
placenta than those found in Tex79.17 (Eleanor Raymond, unpublished),
indicating TEX19.1-independent functions of UBR2 in the placenta.

Ubr2’- females that do survive are reported to be subfertile but due to female-
biased embryonic lethality the role of UBR2 in female meiotic processes has
been difficult to study (Kwon et al., 2003). Tex19.17 females have subfertility
associated with chromosome missegregation and aneuploidy in the oocyte
(Reichmann et al., 2020) which was not observed in the Ubr27 oocytes
(Eleanor Raymond, unpublished), indicating that UBR2 and TEX19.1 may also
have independent roles during female meiosis. The chromosome
missegregation in Tex79.77 mouse oocytes is linked to the misregulation and
reduction of acetylated SMC3 subunit of the cohesin complex and
chromosomes cohesion defects (Reichmann et al., 2020). The dynamics of
the cohesin complex are discussed in Section 1.2 but SMC3 acetylation is
most well understood in mitosis, and it acts to recruit cohesin maintenance
factor sororin (Ben-Shahar et al., 2008) to “lock” cohesin onto the chromosome
axis. AcSMC3 appears to be required for normal chromosome segregation and
further study into how TEX19.1 regulates this cohesin subpopulation will give
insights into the importance of SMC3 acetylation in this cell type.

As previously stated Ubr27-embryonic stem cells, also express Tex79.7 mRNA
but have no detectable TEX19.1 protein, have a significant increase of
AcSMC3 protein levels at G2/M (Karen Dobie, unpublished) suggesting that

UBR2 has a role in turnover of chromatin bound cohesin in these cells.
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However, Ubr27- mouse mitotic spleen has a significant increase in AcSMC3
protein levels (Reichmann et al., 2020) and TEX19.1 is not expressed in this
tissue. This suggests that UBR2 alone is responsible for this cohesin-
associated phenotype in mitotic tissue but it remains unclear if it is through
UBR2’s N-end rule/non-N-end rule protein turnover or protein stabilisation of

an unknown substrate similar to its interactions with TEX19.1.
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1.4 Thesis Objectives

As UBR2 has a role in chromatin-bound cohesin regulation | wanted to
identify which of UBR2'’s function is important in this mechanism whether it
be through N-end rule, Non-N-end rule protein ubiquitination or stabilisation
of TEX19.1. Identifying which of these functions is responsible might help
develop ways to influence meiotic chromosome missegregation and prevent
oocyte aneuploidy. There is evidence that UBR2s Type |l N-end Rule
substrate binding ability is not responsible for phenotypes found in Ubr2”
mice, so | hypothesised that these phenotypes were due to the non-N-end

rule protein ubiquitination role of UBR2.

¢ Investigate whether UBR2 localises to chromatin and determine which
domains of UBR2 might regulate its localisation

e Determine the in vivo consequences of mutating endogenous Ubr2 for
the cellular proteome in cultured cells, and how the different domains
of UBR2 contribute to this

o Dissect the contribution of N-end rule and non-N-end rule activities to
the essential role of UBR2 in regulating cohesin abundance, meiotic

progression and spermatogenesis in mice
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Chapter 2:
Materials and Methods
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2.1 Animal Work

Animals were maintained in a heterozygous colony with Ubr2*RP x Ubr2+/RP
and Ubr2*TT x Ubr2*TT crosses. Unless stated, animals used for experiments
were 2-4 months old, with age-matched wild type (Ubr2**) controls from the
same colony. All animal work was carried out after ethical approval by the
University of Edinburgh Animal Welfare and Ethical Review Body, under UK
Home Office Project Licences PPL60/4424 or P3900/7F29. Husbandry and
animal care followed local institutional guidelines (University of Edinburgh,
Central Bioresearch Services). All animals were housed per ARRIVE
guidelines in IVC blue line (1284) cage types with a dark/light cycle of 12
hours on, 12 hours off (7am-7pm) as well as a maintained ambient

temperature of 20-24°C and humidity at 45-65%.

2.1.1 Dissection and tissue retrieval

All animals were culled by Schedule 1 termination, in accordance with UK
Home Office regulations. Adults were culled by cervical dislocation, and the
spleen and testis were dissected.

2.1.1.1 Testis and Spleen Weight

Whole spleen from each adult animal (6-12 weeks) were weighed. Both
testes from each adult animal (6—12 weeks old) were weighed, and the mean

testis weight was used for statistical comparison.

2.1.1.2 Sperm Count

For sperm count one epididymis from each animal was homogenised in 1 mL

1% sodium citrate and incubated for 5 minutes at room temperature to allow
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the debris to settle. Sperm in the supernatant was then counted with a
haemocytometer.

2.1.2 CRISPR-HDR microinjection into zygotes.

To generate the Ubr2RP/RD mouse lines, both wild type (with mutant PAM)
and point mutant (W1177A) dsDNA repair templates (IDT, sequences in
Table 2.1, 1.5 pg/uL), and an crRNA guide construct (IDT, sequences in
Table 2.1) specific to the target site were designed. 5 ug of crRNA and 10 ug
tracrRNA were annealed at 95°C for 5 minutes to form gRNA complex, then
ramp down to 25°C at 5°C/min. Dilute gRNA complex in 80 pL of injection
buffer and add Alt-R S.p. Cas9 Nuclease to a final concentration of 20 ng/uL.
This was incubated at room temperature for 10-15 minutes. The repair
templates were added to the injection mix at 20 ng/pL and the final volume
was adjusted to 100 pL before centrifuging the injection mix at 13000 rpm for
10 minutes at room temperature. 80 pL of the supernatant was passed
through a Millipore filter and the injection mix was injected into a single-celled
mouse zygote on the F1 background. These were then transferred into the
uterus of a host mother on a CD-1 background. Injections and embryo
transfer were carried out by Bioresearch and Veterinary Services (BVS) at
the University of Edinburgh. 2 founder animals were used for subsequent
matings and generation of the Ubr2RP’RD mouse line used in experiments in
Chapter 5. The Ubr2"TTmouse line was generated from a single founder
mouse identified produced during CRISPR editing to generate the Ubr2RD/RD
line. This founder was backcrossed to C57BL/6J mice and then these pups

were used for generation of Ubr2™TT mouse line used in all experiments.
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Mouse cRNA Repair template

line sequence

Ubr2RORD | CAAATTACCT | Ubr2RD/RD

TTGCCAACAA | TTGTTTTATAATGCAGAAAAATATGATCC
ATTATTCATGCACCCCGATCTGTCTTGTG
GGACACACACTGGCAGCTGTGGGCACG
TTATGCATGCGCATTGTGCGCAAAGGTA
ATTTGTATTCTTATATTACTCAGGGAACA
CCATCTGAAGGCTCAGGATTGACTTTTAA
AGCAAAGGAAAATTTGTGCTGGGGGTGG

Wildtype:
TTGTTTTATAATGCAGAAAAATATGATCC
ATTATTCATGCACCCCGATCTGTCTTGTG
GGACACACACTGGCAGCTGTGGGCACG
TTATGCATGCGCATTGTTGGCAAAGGTA
ATTTGTATTCTTATATTACTCAGGGAACA
CCATCTGAAGGCTCAGGATTGACTTTTAA
AGCAAAGGAAAATTTGTGCTGGGGGTGG

Table 2.1: cRNA and repair sequence used in Crispr microinjections.

Bases mutated are in BOLD and homology arms are underlined.

2.1.3 Genotyping assays

All mice used in this thesis were genotyped by earclipping at weaning (3
weeks post-partum). DNA was extracted using the DNAreleasy™ standard
protocol (Anachem LS02), where each earclip was submerged in 20 uL
DNAreleasy™ reagent and incubated on a thermocycler at 75°C for 5
minutes, 96°C for 2 minutes and 20°C for 10 minutes. After one freeze-thaw
cycle (-20°C), the tissue was spun down using a microcentrifuge at maximum
speed and the supernatant was used in following PCR experiments. In all

genotyping assays, PCR products were observed using gel electrophoresis,
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as per standard protocols. 2% agarose gel in TBE (0.13 M Tris/ 45 mM
Borate/ 2.5 mM EDTA) buffer with 0.5 pg/mL ethidium bromide for
visualisation (Electran®, VWR). Samples were combined with loading buffer
(Gel Loading Dye, Purple (6X), no SDS (NEB #B7025)) and loaded alongside
either 1 kb (NEB, N3232L) or 100 bp (NEB, N3231L) DNA ladder, as
appropriate for expected sizes and run at 100 V/cm. DNA bands were
visualised using a UV SynGene U:Genius 3 Geldoc system.

The Ubr2RP/RDmouse was genotyped using a two-step protocol: PCR
amplification around the site of the mutation, with primers as in Table 2.2,
and digestion using Fspl restriction enzyme (NEB, R0135S). This was then
assayed by gel electrophoresis, see Table 2.2 for expected band sizes. For
each 25 yL PCR reaction: 2.5 pyL 10x Platinum Taq buffer, 0.75 yL 50 mM
MgClz2, 0.5 L 10 uM dNTP mix, 0.5 pyL each primer at 100 uyM, 0.1 pL
Platinum Taq DNA polymerase (Invitrogen, 10966034) and 19.65 uL of dH20
with 0.5 yL DNA. PCR protocol as in Table 2.3. The Ubr27”TT mice was
genotyped by PCR amplification of the site, using the same primers used for
Ubr2RPRD (shown in Table 2.2) with PCR protocol in Table 2.3. In order to
confirm all mutations and genotype Ubr2™"TT mice, Sanger sequencing was

implemented as in section 2.4.2.
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Assay Primers Expected Notes
Ubr2RP/RD Forward: flis:u“s Fspl digest
5'- Single band (NEB,
ATGCACCCCGATCTGTCTTG at 499bp R0135S)
Reverse: +/RD:
5'- 3 bands:
CCCCTTTTGGCTACAGCCTT 499bp,
431bp, 68bp
RD/RD:
2 bands:
431bp, 68bp
Ubr2™™TT Forward: Single band
5'- at 499bp
ATGCACCCCGATCTGTCTTG
Reverse:
5.
CCCCTTTTGGCTACAGCCTT

Table 2.2 Primers for mouse colony genotyping

Step
1) Initial Denaturation 94°C, 2 minutes
2) Denaturation 94°C, 30 seconds
3) Annealing 62°C, 30 seconds
4) Extension 72°C, 1 minute
Cycles 40 cycles
Return to (2) 39 times
5) Final Extension 72°C, 5 minutes

Table 2.3 PCR cycling conditions for mouse colony genotyping assays
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2.2 Cell culture
2.2.1 Cell storage and general culture conditions

Cells were stored at -150°C in liquid nitrogen, in DMSO + foetal calf serum
supplemented freezing media (culture media for each cell line, as in sections
2.2.2 and 2.2.3, was supplemented with 20% DMSO and 25% FCS). Cells
were thawed in a 37°C waterbath and added to 9 mL of pre-warmed media,
then pelleted by centrifugation (200 g, 5 minutes). The media was removed
by aspiration and the cell pellet resuspended in fresh pre-warmed media.
They were seeded into either T25 or T75 flasks (Corning, 25 cm? and 75
cm?) at 2x10* cells/cm?, unless stated; HEK293T cells were seeded on
uncoated flasks, and for mouse embryonic stem cells (ESCs), flasks were
coated in 0.2% gelatin (Sigma) in phosphate buffered saline (PBS), which

was removed by aspiration prior to addition of cell suspension in media.

All cells were cultured at 37°C and 5% COz2. The standard passaging protocol
for cell culture was: a 1x pre-warmed (37°C) PBS wash, then trypsinisation
using pre-warmed trypsin-EDTA (1% trypsin/0.4% EDTA, Sigma Aldrich
T4174) in PBS for 2 minutes at 37°C, 5% CO2. Trypsin was inactivated using
10 volumes of pre-warmed media. Cells were transferred to 15 mL falcon
tube to pellet by centrifugation (200 g, 5 minutes), media was removed by
aspiration and cells were resuspended in fresh pre-warmed media. All cells

were reseeded at 2x10* cells/cm?, unless stated.
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2.2.2 HEK293T cell culture

Wild type HEK293T cells were obtained from ATCC (ATCC Cat# CRL-3216,
RRID: CVCL_0063) and are used primarily as a vehicle for protein
overexpression through transfection of CMV10-3xFLAG-UBR2 plasmids.
HEK293T cells were cultured in serum-supplemented DMEM (Dulbecco’s
Modified Eagle’s Medium, Gibco 41965-039) (10% foetal calf serum/FCS,
200 pg/mL penicillin-streptomycin, P/S, 8 mM L-Glutamine) and allowed to

grow for 48-72 hours between passaging.

2.2.2.1 Transfection of CMV10-3xFLAG-UBR2 and pCAGGS-TEX19.1

plasmids in HEK293Ts

For overexpression experiments, HEK293T cells were seeded at 3.1x10*
cells/cm? onto gelatinised coverslips in 6-well plates (9.6cm?) and allowed to
grow for 24 hours. Then, the CMV10-3xFLAG-UBR2 and pCAGGS-TEX19.1-
YFP plasmids outlined in Table 2.6 were transfected using the Lipofectamine
2000 (LF2000, Invitrogen 11668-019) standard protocol. 1 ug of plasmid was
added to 50 yL Opti-MEM Reduced Serum Media (Invitrogen 31985-092)
and a master mix of 3 yL LF2000 per 50 uL Opti-MEM was made up. Both
were incubated at room temperature for 5 minutes, then combined (total
volume 100 pL), gently mixed and incubated again at room temperature for
15 minutes. This mixture was then added dropwise to each well of the 6-well
plate and the cells incubated for 24 hours. Cells were harvested at 24 hours
post-transfection, by in-well cell lysis, or coverslips were fixed with 4%

paraformaldehyde.
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2.2.2.2 HEK293T synchronisation via single thymidine block

To synchronise HEK293T cells into G2/M, cells were seeded at 1x10*
cells/cm? in a 6 well plate, and after 24 hours of growth, media was changed
with media that was supplemented with 1.25 mM thymidine (Sigma Aldrich
T9250). Cells were cultured for 16 hours under thymidine treatment, then
released for up to 10 hours (2 hour intervals). At 16 hours treatment and 2
hour intervals after release, HEK293T cells were harvested by trypsinisation
and the cell pellet was washed in PBS. The suspension was spun down in a
tabletop centrifuge and resuspended in 50% FCS in PBS. Cells were fixed
with addition of 450 pL ice cold 70% EtOH dropwise over a vortex and
incubated at 4°C. To stain for FACS, cells were centrifuged at 1000 RCF at
4°C for 5 minutes, washed twice in ice cold PBS, then resuspended in 50
pg/ml propidium iodide (Sigma, P4864-10ML), 100 ug/mL RNase A
(Invitrogen, 12091021) in PBS and incubated at room temperature for 1 hour.
Cells were stored on ice, protected from light, until analysis on a BD

Biosciences LSR Fortessa™ (MRC HGU Core FACS Facility).

2.2.3 E14 embryonic stem cell culture

E14Tg2a mouse ESCs (RRID:CVCL_9108) were obtained from Fiona
Kilanowski (MRC Human Genetics Unit, UK) and cultured on 0.2% gelatin-
coated flasks in serum/LIF-supplemented GMEM (Glasgow Minimal Essential
Medium, Gibco 21710-025) (10% FCS, 100 pg/mL P/S, 2 mM Gibco L-
Glutamine, 1 mM Sigma Aldrich sodium pyruvate, 1x Sigma MEM non-
essential amino acids, 50 uM Gibco 3-mercaptoethanol and 1,000 U/mL

Leukaemia inhibitory factor (LIF) and passaged at maximum every 48 hours.
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2.2.3.1 CRISPR-Cas9 HDR for Ubr2'?72, Ubr2RP/RD and Ubr2f-YELL ESC

generation

| generated stable Ubr27272, Ubr2RD/RD and Ubr2ELLELL lines on the E14
background with the D233A, W1177A and K834A point mutations by
CRISPR-Cas9 HDR. E14 ESCs were transfected with the dsDNA repair oligo
with 100 bp homology arms (IDT) encoding the mutant repair template
containing both the point mutation and the mutant PAM sequence, alongside
a Cas9 expressing plasmid and PX458 plasmids with the specific guide
sequence cloned into it, see section 2.4.1.3 and Figure 4.1, 4.2 and 4.3.
Transfection and picking of clonal colonies was carried out by Fiona

Kilanowski (MRC HGU).

To genotype successful clones of the Ubr27272, Ubr2RP/RD and Ubr2ELLELL
lines, | designed a two-step protocol: PCR amplification followed by
restriction digest (primers and restriction enzyme in Table 2.4, PCR protocol
in Table 2.5). This was then assayed by gel electrophoresis, see Table 2.4
for expected band sizes. The mutations were confirmed by Sanger
sequencing of the PCR product. Wild type untransfected E14 ESCs were

used as a control comparison to the each Ubr2 ESC line.
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Assay Primers Expected Notes
Results
Ubr27212 Forward: +/+: ApalLl (NEB,
5- Single band R0507S)
CGTCCGTTACCGTCTAGCTA at 303bp
Reverse: +/T2:
5- 3 bands:
CTGTAGTTGCAAAGCCAATGG | 303bp,
221bp, 82bp
T2/T2:
2 bands:
221bp, 82bp
Ubr2RD/RD Forward: +/+: Fspl digest
5- Single band (NEB,
ATGCACCCCGATCTGTCTTG at 499bp R0135S)
Reverse: +/RD:
5- 3 bands:
CCCCTTTTGGCTACAGCCTT 499bp,
431bp, 68bp
RD/RD:
2 bands:
431bp, 68bp
Ubr2ELLELL Forward: 5'- +/+: Sfol (NEB,
TAGTTCACAGTGGAGGTGCTG | Single band ROB06S)
Reverse: 5'- at 386bp
GCTAGACAGGGTTGCTGTGT | ELL:
3 bands:
386bp,
231bp, 155bp
ELL/ELL:
2 bands:

231bp, 155bp

Table 2.4 Primers for mouse Ubr2 genotyping
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Step Ubr2™72 (UBR2-D223A-T2)
Ubr2RD/RD (UBR2-W1177A-RD)
Ubr2ELLELL (UBR2-K834A-ELL)

1) Initial Denaturation 94°C, 2 minutes
2) Denaturation 94°C, 30 seconds
3) Annealing 62°C, seconds

4) Extension 72°C, 1 minute
Cycles 35 cycles

Return to (2) 34 times

5) Final Extension 72°C, 5 minutes
Table 2.5 PCR cycling conditions for Ubr2 genotyping assays

2.3 DNA analysis
2.3.1 Plasmids

Various plasmids were used for overexpression of proteins in cell culture
(see section 2.2.2.1) and conduction of CRISPR-Cas9 in ESCs (section

2.2.3); all are noted in Table 2.6.
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GFP (PX458)

machinery with

GFP al., 2013;

U6 promoter Addgene
plasmid #
48138)

Name Features Antibiotic Source
Resistance
CMV10-3xFLAG N-terminal Ampicillin Sigma-Aldrich,
(CMV10-FLAG) 3xFLAG epitope E7658
tag
CMV10-3xFLAG- N-terminal Ampicillin Adams Lab
KAP1 (FLAG-KAP1) | 3xFLAG epitope (MRC HGU)
tag
Mouse Kap1 CDS
CMV10-3xFLAG- N-terminal Ampicillin Adams Lab
UBR2 (FLAG-UBR2) | 3xFLAG epitope (MRC HGU)
tag
Mouse Ubr2 CDS
FLAG-T1-UBR2 N-terminal Ampicillin Adams Lab
3xFLAG epitope (MRC HGU)
tag
Mouse Ubr2 CDS
with D118A
mutation in UBR
box
FLAG-T2-UBR2 N-terminal Ampicillin Adams Lab
3xFLAG epitope (MRC HGU)
tag
Mouse Ubr2 CDS
with D223A
mutation in N-
domain
FLAG-RD-UBR2 N-terminal Ampicillin Adams Lab
3xFLAG epitope (MRC HGU)
tag
Mouse Ubr2 CDS
with W1177A
mutation in RING
domain
pCAGGS-TEX19.1- | GFP epitope tag Kanamycin From
GFP Mouse Tex19.1 Maclennan et
CDS al., 2017
CAG promoter
pCAGGS-GFP GFP epitope tag Kanamycin From
CAG promoter Maclennan et
al., 2017
pSpCas9(BB)-2A- WT CRISPR-Cas9 | Ampicillin Gift from Feng

Zhang (Ran et

Table 2.6: Plasmids used in various molecular biology assays
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2.3.1.1 Bacterial culture and DNA extraction

Plasmids were amplified by transforming into subcloning efficiency DH5a
competent E. coli cells (Invitrogen, 18265017) as per the manufacturer’s
instructions. Cells were thawed on ice prior to use. These were mixed and
aliquoted into 50 uL, then incubated with 5-10 ng of DNA for 30 minutes on
ice. The cells were heatshocked at 42°C for 20 seconds and then chilled on
ice for 2 minutes. Then 950 uL prewarmed SOC medium was added and
cells were incubated with shaking at 1 g at 37°C for 1 hour. 200 uL of cells in
SOC medium were plated onto pre-poured LB agar plates (10 g/L NaCL, 10
g/L Bacto-tryptone, 5 g/L Yeast extract, 15 g/L Difco Agar) with either
Kanamycin or Ampicillin antibiotic treatment for selection of successful
transformants. Plates were inverted and incubated overnight at 37°C.
Colonies were picked and outgrown overnight in 5 mL LB medium with 50
Mg/L of antibiotic (Ampicillin or Kanamycin) at 1 g. DNA was isolated using
the MiniPrep column spin kit (Qiagen) and yield was quantified using

Nanodrop spectrophotometry (ThermoFisher Scientific).

2.3.1.2 Site directed mutagenesis

In order to introduce the K834A point mutation into the pCMV10-3xFLAG-
UBR2 plasmid, | used Phusion Site-Directed Mutagenesis (Thermo Scientific
F-541) as per manufacturer’s instructions. A forward and reverse primer pair
were designed to meet at their 5’ end (Table 2.7), with the intended point

mutation in the centre of primer F. They were ordered from IDT with 5’
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phosphorylation in order to aid direct circularisation of the linear PCR

product, and PAGE (polyacrylamide gel electrophoresis) purified.

Mutagenesis | Forward Reverse
Target
UBR2-K834A | 5—[Phos] 5—[Phos]

ATGTATGAGCTGGCGCCA | GCCTCGCCCTGTGAGC

GAGTGTGC CCAGGTTTCT

Table 2.7: Site-directed mutagenesis primers. The introduced point

mutation is marked in red.

The 11 kb plasmid was added to the following PCR reaction; 31.8 uL dH20,
10 pL 5x Phusion buffer, 2.5 uL of each primer at 10 yM, 0.2uL CMV10-
3xFLAG-UBR2 (10 ng total plasmid DNA), 1uL 10 mM dNTPs, 1.5 yL DMSO
(final concentration at 3%) and 0.5 yL Phusion HotStart DNA polymerase. As
CMV10-3xFLAG-UBR2 is a large (11 kb) plasmid, DMSO was added outwith
the standard Phusion protocol. The extension time was calculated at 30
seconds/kb of plasmid. The PCR protocol was followed as outlined in Table
2.8. A negative control with no Phusion polymerase was also used to ensure
no contamination was present in the sample and all plasmid was

incorporated into the PCR reaction.
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Step

FLAG-ELL-UBR2 (K834A)

1) Initial denaturation

98°C, 30 seconds

2) Denaturation

98°C, 10 seconds

3) Annealing

64°C, 30 seconds

4) Extension

72°C, 6 minutes

Cycles

25 cycles

Return to (2) 24 times

5) Final Extension

72°C, 10 minutes

Table 2.8: PCR protocol for site-directed mutagenesis.

After PCR amplification, the linear product was treated with 1ul FastDigest

Dpnl per reaction and incubated at 37°C for 15 minutes to digest the

methylated parental plasmid DNA. The product was circularised using T4
DNA ligase (NEB, M02025); 2 yL Dpnl treated PCR product was combined

with 2 uL 5x T4 buffer, 5.5 yL dH20 and 0.5 yL T4 ligase, then incubated at

room temperature for 5 minutes.

The mutated plasmids were then amplified using DH5a competent E. coli
cells, as outlined in section 2.4.1.1, and screened for successful clones by

Sanger sequencing of the whole ORF (open reading frame) to verify that no

unintended mutation of the Ubr2 CDS ORF had arisen.
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2.3.1.3 RNA guide cloning for CRISPR-Cas9 editing in ESCs

In order to generate the CRISPR gRNA guide for generation of ESCs as in

section 2.2.3.1, | introduced the guide sequence in Figures 4.1, 4.2 or 4.3

into the plasmid PX458 (Table 2.6). This plasmid encodes the wild type

CRISPR-Cas9 guide machinery required for binding of the guide to wtCas9

protein and successful CRISPR mutational activity. Both sense and

antisense guide sequences were ordered as 5’-phosphorylated single

stranded DNA oligos (Table 2.9).

Mutation | Sense Antisense

Ubr2™72 | 5-[Phos] 5-

(D223A) CACCGCTGCATGCTGTTTAAT | AAACCATCATTAAACAGC
GATG ATGCAGC

Ubr2RPRD 1 5" [Phos] 5-

(W1177A) | CACCGCAAATTACCTTTGCCA | AAACTTGTTGGCAAAGGT
ACAA AATTTGC

Ubr2EHHELL 1 5 [Phos] 5-

(K834A) CACCGTTGAACTCTTTGGCA | AAACGAGTGTGCCAAAG
CACTC AGTTCAAC

Table 2.9 CRISPR gRNA generation constructs. Additional bases

indicated in red for generation of sticky ends required for cloning into PX458.

[Phos] indicates a phosphate group on the 5’ end of the next base in the

sequence.

81



The PX458 plasmid was digested with the Bbsl/ restriction enzyme
(consensus 5’- GAAGAC(N)2* —3’) in a 40 L reaction, as follows: 2 ug
PX458 plasmid, 2 yL Bbs/ (6 U/ml, NEB, R0539S), 2 uL Fast AP(NEB,
3U/ml), 4 uL 10x NEB RE CutSmart buffer and dH20 up to a total volume of
40 pL. This was incubated at 37°C for 1 hour and check on agarose gel to
ensure complete cleavage and the linearized plasmid was cleaned up using
PCR purification kit (Qiagen) before use in ligations. During this, the sense
and antisense oligos were diluted in dH20 to 100 uM, combined in a 10 pL
reaction, denatured at 95°C for 5 minutes and allowed to slowly cool to room
temperature to anneal into a dsDNA structure. This was diluted 1:250 to a
final concentration of 0.4 uM. the ligation reaction was carried out overnight
at 4°C using T4 ligase, as follows: 50 ng linearized PX458, 1 uL 0.4 uM
gRNA, 3 uL of 10x Roche ligation buffer, 1 uL T4 DNA ligase (Roche), and

dH20 to a total volume of 30 uL.

The ligation reactions were then used to transform into DH5a competenet E.
coli cells for amplification, as outlined in section 2.4.1.1, and selection by
Ampicillin antibiotic resistance. Plasmid DNA was isolated with the MiniPrep
column spin kit (Qiagen) and verified using Sanger sequencing with primers
specific to the sequence of the U6 promoter. For the CRISPR editing of the

ESCs, this plasmid is transfected directly into the cells, as detailed in 2.2.3.1.

2.3.2 DNA Sequencing

All DNA Sanger sequencing was carried out using a 3730 or 3130XL Genetic

Analyser (Applied Biosystems, MRC HGU, Core DNA sequencing Facility).
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This was used for genotyping point mutations in CRISPR-Cas9 generated
cell or mice lines and the verification of site directed mutagenesis in

plasmids.

2.4 Immunoflourescent staining

2.4.1 Immunostaining of HEK293T spreads

Coverslips with HEK293Ts were fixed in 4% paraformaldehyde (PFA) for 15
minutes at room temperature. PFA was removed and cells were washed
twice in 3% BSA-PBS before incubating in 0.5% Triton X-100 detergent for
20 minutes at room temperature. Blocking solution (0.15% BSA, 0.1%
Tween-20, 5% goat serum in PBS) was made up fresh and primary
antibodies were then added at the concentration described in Table 2.10, in
500 uL blocking solution per coverslip and incubated at room temperature for
2-3 hours. After primary antibody, coverslips were washed three times in
PBS for 5 minutes and then incubated with secondary fluorescent (Alexa
Fluor®, Invitrogen) antibodies (in 500 pL of 3% BSA-PBS with 0.1% Tween
20 at the indicated concentration in Table 2.10) and 20 pg/mL DAPI (Biotium,
40043, stock at 10 mg/mL) for 1 hour at room temperature, protected from
the light. Coverslips were then mounted in PD mountant solution (1 mg/mL p-
phenylene diamine in 90% glycerol), gently compressed onto a glass slide for
approximately 15 minutes, then sealed with clear nail varnish and stored at
4°C, protected from light, until imaging using epifluorescent microscopy, as

detailed in section 2.5.3.
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2.4.2 Immunostaining of Meiotic Chromosome Spreads

Immunostaining of chromosome spreads from meiotic spermatocytes was
performed essentially as described previously (Costa et al., 2005). Briefly,
testes were homogenized in PBS and 0.1 mL of cells were incubated in 0.5
mL 5% sucrose on a microscope slide for 1 hour. Cells were lysed with 0.1
mL 0.05% Triton-X-100 for 10 minutes and fixed with 0.8 mL of fixing solution
(2% paraformaldehyde, 0.02% SDS in PBS) for 1 hour. The slides were then
washed, blocked with 5% serum, 0.1% Tween in PBS and incubated with
primary antibodies for 2-3 hours, anti-SYCP3 and anti-SYCP1 antibodies
were added at the concentration described in Table 2.10. Fluorescently
labelled secondary antibodies were used at 1 mg/mL (Invitrogen), and DNA

was stained with 2 mg/mL DAPI.

2.4.3 Epifluorescence microscopy

After immunofluorescent staining, epifluorescent images were acquired using
a Photometrics Coolsnap HQ2 CCD camera and a Zeiss Axioplan Il
fluorescence microscope with Planneofluar objectives (Carl Zeiss,
Cambridge, UK), a Mercury Halide fluorescent light source (Exfo Excite 120,
Excelitas Technologies) and Chroma #83000 triple band pass filter set
(Chroma Technology Corp., Rockingham, VT) with the excitation filters
installed in a motorised filter wheel (Ludl Electronic Products, Hawthorne,
NY). Image capture was performed using scripts written by the IGMM-AIR
(Advanced Imaging Resource) facility for Micromanager (https://open-

imaging.com/). Objectives and magnifications used were set on
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Micromanager prior to image capture, so this was captured in the image

metadata and scale could be directly applied to images during analysis.

Unless specified, all 2-dimensional image analysis and quantifications were
carried out using FIJI (Image J) with 64bit Java8. In order to avoid scoring
bias, image names were randomized using a FIJI macro script written by

James Crichton (MRC HGU) and analysed blind.

2.4.3.1 Staging of HEK293T cells

Nuclei were staged by the localisation of immunostaining of DAPI and the
centromere marker ACA. Nuclei with DAPI in a circle shape and when ACA
was present, random localisation of ACA is interphase. Prophase is
determined when DAPI stained chromosomes condense but there is still
random localisation of ACA. Metaphase is when the ACA is lined up in the
centre of the DAPI staining and anaphase is when there are two sets of DAPI
staining in a nucleus where the ACA staining is on the opposite edge of each

DAPI-stained chromosomes.

2.4.3.2 Staging of spermatocyte nuclei

Nuclei were staged by immunostaining for the axial/lateral element markers
SYCP3 and SYCP1 (Lammers et al., 1994). Nuclei with short fragments of
SYCP3 and no linear stretches of SYCP1 staining were classified as
leptotene, nuclei containing some regions of axial element undergoing
synapsis along with some regions of axial element not undergoing synapsis
were classified as zygotene, and those with complete autosomal synapsis as

pachytene. Immunostaining for the transverse filament component SYCP1
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(Meuwissen et al., 1992), were included in experiments to monitor synapsis.
Asynapsed pachytene nuclei (Ollinger et al., 2008) were identified due to the
presence of at least one completely synapsed pair of autosomes or at least
one incompletely synapsed pair of autosomes exhibiting asynapsis along at
least half its length. Diplotene is defined as nuclei with accumulation of
SYCP3 at telomeres and a loss of SYCP1 from desynapsed regions.
Metaphase Il is defined as accumulation of SYCP3 in very short fragments
that correspond to accumulation of DAPI in the same regions with no SYCP1

staining detected.
2.5 Protein analysis
2.5.1 Preparation from cell culture
2.5.1.1 Whole cell lysate collection

HEK293T cells were transformed with combination of FLAG-UBR2, TEX19.1,
FLAG or GFP expression plasmids, as described in section 2.2.2.1 and Table
2.6. Mouse embryonic stem cells were seeded at 1x10° cell/mL in a T75 and
cultured, as described in section 2.2.1. All cells were harvested by scraping
them into ice cold PBS and pelleted by centrifugation at 200 g for 5 minutes
at 4°C. 200 pL of lysis buffer (10 mM Tris, pH7.5, 0.15 M NaCl, 0.5 mM
EDTA, 0.5% NP40 detergent, 1 mM PMSF and 1% Roche Complete Mini
protease inhibitor in dH20) was added to the cell pellet and lysed on ice for
30 minutes. During this incubation, cells were occasionally gently mixed to
avoid settling and ensure full cell lysis. Cell debris were pelleted by

centrifugation at 16000 g for 10 minutes at 4°C and then the protein
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supernatant was transferred to a fresh Eppendorf. A small aliquot of lysate is
taken for BCA assays and the rest is added to Laemmli sample buffer
(Sigma-Aldrich, S3401) and boiled at >95°C for 10 minutes. Protein samples
were used immediately for Western blotting, or stored at - 20°C until later

use.
2.5.1.2 Co-immunoprecipitation

HEK293T cells were transformed with combination of FLAG-UBR2, TEX19.1,
FLAG or GFP expression plasmids, as described in section 2.2.2.1 and Table
2.6 and harvested by scraping cells into ice cold PBS. ChromoTek GFP-
Trap® Magnetic Agarose (gtma20) were equilibrated in Dilution buffer (same
as lysis buffer in section 2.6.1.1 but without 0.5% NP40 detergent) by
washing 25 pL bead slurry per experiment three times in 500 pL dilution
buffer, which was removed by the use of a magnetic tube rack, and stored on

ice until use.

Transfected HEK293T cells were washed in ice-cold PBS, then resuspended
in 200 pL Lysis buffer (Lysis buffer in section 2.6.1.1) and lysed on ice for 30
minutes. During this incubation, cells were occasionally gently mixed to avoid
settling and ensure full cell lysis. Cell debris were pelleted by centrifugation at
16000 g for 10 minutes at 4°C and then the protein supernatant was
transferred to a precooled tube and diluted in 800 uL dilution buffer to a total
volume of 1 mL. A small aliquot of this was taken as an input sampled for
each co-immunoprecipitation experiment and added to Laemmli sample

buffer. The diluted lysate was added to the 25 pL equilibrated GFP-TRAP
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beads and mixed by inversion overnight at 4°C. Beads, and bound proteins,
were kept on ice throughout three washes in 500 pL ice-cold dilution buffer,
then denatured and dissociated in Laemmli sample buffer at >95°C for 10
minutes. Protein samples were used immediately for Western blotting or

stored at - 20°C until later use.
2.5.1.3 Peptide pulldown assays

Peptides specific to the N-terminal sequence of Type | (arginine) or Type Il
(phenylalanine) target proteins in the N-end Rule, or negative control
(glycine) (see Chapter 3, Figure 3.5) were conjugated to resin via a C-
terminal cysteine using the Sulfolink® Peptide Immobilisation Kit (Thermo

Scientific, 44999) according to the manufacturer’s instructions.

Briefly, each peptide Type | (R), Type Il (F) and —ve (G, negative control) was
diluted to 0.5 mg/mL in 2 mL of Sulflolink® coupling Buffer (50 mM Tris pH
8.5, 5 mM EDTA-Na) and oxidized with 100 yL TCEP (0.5 M Tris(2-
carboxlethyl)phosphine, Sulfolink BondBreaker®). Followed by an incubation
at room temperature for 30 minutes. Resin was equilibrated by three washes
in Sulfolink® Coupling Buffer, then added the peptide solution and incubated
end-over-end at room temperature for 15 minutes, and upright for a further
30 minutes to allow coupling of peptide to resin beads. Resin was washed
four times in Sulfolink® Wash Solution (1 M NaCl, 0.05% NaNs3) and two
times in Sulfolink® Coupling Buffer. Resin was then incubated in 7.9 mg/mL
L-Cysteine-HCL in Sulfolink® Coupling Buffer end-over-end for 15 minutes at

room temperature, and for an additional 30 minutes upright. Resin was
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washed twice with storage buffer (0.05% sodium azide in 1x PBS) and stored
upright in 2 mL of storage buffer at 4°C. The resin should be maintained at

50% resin, 50% storage buffer.

Peptide coupling efficiency was calculated by measuring the protein content
of the flowthrough of the peptide solution before and after coupling by
Nanodrop spectrophotometry. When comparing the protein content of before
and after coupling, 280% coupling efficiency was deemed sufficient for

peptide pulldown assays.

When pulldown assay is undertaken, resin was aliquoted- three 110 L
aliquots of preclear and one 220 uL aliquot of each Type |, Type Il and —ve
peptide per condition- and then prepared by removal of storage buffer and
washed in 1 mL ice cold dilution buffer (10 mM Tris pH7.5, 150 mM NaCl, 0.5
mM EDTA, 1x Roche Protease Inhibitor in dH20). All centrifugation of resin
performed at 8200 g and 4°C for 30 seconds. All resin was stored in 100 pyL

dilution buffer on ice until use.

HEK293T cells were seeded at 2x10* cells/cm? in 3 wells of a 6-well plate
and, after 24 hours were transfected with either FLAG-ELL-UBR2 or control
plasmid FLAG-UBR2, as in section 2.2.2.1. 24 hours after transfection, cells
were washed with ice cold 1x PBS and cells were lysed in-well with 200ul ice
cold lysis buffer (10 mM Tris pH7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-
40, 1x Roche Protease Inhibitor in dH20) and incubated for 30 minutes at
4°C with continuous rocking. Lysates from three wells were combined and

centrifuged at 16000 g for 10 minutes at 4°C to separate out cell debris.
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Supernatant was transferred into a new tube and diluted to 3 mL with ice cold
dilution buffer which reduces the concentration of NP-40 detergent. A 50 pL
aliquot of each sample is taken to be the input control and added 50 pL
Laemmli sample buffer before being boiled at >95°C for 5 minutes prior to
Western blotting. Each sample was split evenly across 3 preclear resin tubes

and incubated end-over-end at 4°C for 1 hour.

Preclear tubes were spun down with centrifugation at 200 g for 5 minutes at
4°C. Supernatants were combined and then split into Type I, Type Il and —ve
peptide-conjugated resin (1 mL per tube). These were incubated end-over-
end at 4°C overnight. The supernatant was removed and the resin washed 3
times in 750 uL of ice-cold wash buffer (10 mM Tris pH7.5, 150 mM NaCl,
0.5 mM EDTA, 0.1% NP-40, 1x Roche Protease Inhibitor in dH20). Resin
was resuspended in 50 pL Laemmli sample buffer and heated for 5 minutes
at 95°C while pulse-vortexing every 1-2 minutes to ensure mixing. Resin

would be centrifuged and supernatant isolated for Western blotting.

2.5.1.4 Cell pellets for whole proteome analysis by mass spectrometry

Mouse embryonic stem cells were seeded at 2X10* cells/cm? in a T75 and
cultured, as described in section 2.2.1. All cells were harvested by scraping
them into ice cold PBS and pelleted by centrifugation at 200 g for 5 minutes
at 4°C. Cell pellets were then frozen at -80°C until they were prepared for
whole proteome analysis on the Q Exactive QE1 by the IGC Mass

Spectrometry team.

Proteomics data was analysed using DIA-NN software to identify all the

proteins (gene names) identified from the spectra and the calculated raw
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intensities identified by the mass spectrometer. All comparisons between

each mESC line were completed in the Spectronaut software and R.

2.5.2 Preparation from animal tissues

2.5.2.1 Chromatin preparation

Spleens were dissected from adult males and homogenised using razor
blades and filtered through a 100 um nylon cell strainer into 1.5 mL PBS.
Cells were pelleted at 100 g for 4 minutes at 4°C, washed in ice-cold PBS
and then resuspended in 500 pL Buffer A (10 mM HEPES, 10 mM KCI, 1.5
mM MgClz2, 0.34 M sucrose, 1 mM DTT, 5mM sodium butyrate to prevent
deacetylation of proteins, 1X Roche Complete Mini protease inhibitor and
10% glycerol in dH20) and added 0.1% Triton-X100 before lysing on ice for 5
minutes. Nuclei were separated by centrifugation at 1500 g for 4 minutes at
4°C, the washed in 700 pL Buffer A. Nuclei were separated by centrifugation
as above, and resuspended in 500 pL Buffer B (3 mM EDTA, 0.2 mM EGTA,
1 mM DTT, 5 mM sodium butyrate to prevent deacetylation of proteins and
1X Roche Complete Mini protease inhibitor in dH20); this was incubated for
30 minutes on ice to lyse nuclei. Chromatin was separated by centrifugation
at 1700 g for 4 minutes at 4°C, then washed with 700 uL Buffer B and
pelleted as above. Chromatin was respuspended in 200 pL Laemmli 2x
sample buffer, sonicated to shear chromatin for 20 cycles (30 seconds on, 30
seconds off — BioRuptor®, Diagenode) and then the protein sample was

denatured at >95°C in a heat block for 10 minutes.
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As spleen tissue has high cell number, protein isolated from spleen
chromatin was diluted 1:10 in Laemmli after sonication and denaturation at
>95°C in order to produce accurate Western blots. Protein samples were

then stored at -20°C until analysis by Western blotting.

2.5.2.2 Testis Whole cell lysis

Testes dissected from adult mice (6-12 weeks) were homogenized in
Laemmli buffer and denatured at 95°C for 10 minutes. As testis tissue has a
much higher cell number compared to cell pellet isolated from cell culture,
protein isolated from testis was diluted 1:10 in Laemmli after denaturation at
>95°C in order to produce accurate Western blots. Protein samples were

then stored at -20°C until analysis by Western blotting.

2.5.3 Western blotting and quantification

2.5.3.1 BCA protein assays

BCA assays were undertaken with the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Cat: 2322). The working reagent (WR) was made by mixing
reagents A and B (50:1). 200 uL of WR was dispensed into Eppendorf tubes
and 25 L of the BSA standard or 20uL water + 5uL sample were added to
WR. The tubes were vortexed and then incubate at 37°C for 30 minutes.
Samples were spin at 12,000 RCF for 5 minutes. 100 uL of sample were
placed into in each well of a 96 well plate and the OD was read at 562 nm on

a Tecan plate reader.
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2.5.3.2 Western blotting

For Western blotting, lysates were heated in Laemlli buffer for 5 minutes at
95°C, then 20 pg of protein (calculated by BCA analysis) into wells of 4-12%
Bis-Tris gel (Invitrogen NUPAGE system) alongside a broad range Color
Protein Standard (NEB, P7719S) marker. Gels were run in SDS MOPS buffer
(NUPAGE™, Invitrogen NP00001) at 130 volts (V/cm) in order to separate
proteins by molecular weight. Gels were transferred onto nitrocellulose
blotting membranes using the iBlot2 dry transfer system (ThermoFisher,
IB21001). The membranes were washed in PBS-T (0.1% Tween-20 in 1x
PBS); membrane block and most antibody incubations were in 5% milk
(Marvel milk powder) in PBS-T. Primary and HRP-conjugated (horseradish
peroxidase) secondary antibodies are noted in Table 2.10. For high
molecular weight proteins (i.e. UBR2), proteins were transferred onto PVDF
(polyvinlyidene fluoride) membranes and blocked in 3% BSA (bovine serum

albumin) in 1xPBS-T.

For visualisation of western blots, membranes were incubated in ECL
(enhanced chemiluminescent reagent, Thermo Fisher SuperSignal system,
34577) and visualised on Image Quant 8000. If quantification was required,
TIFF image files and protein band intensity quantified using the Gel analysis

tool in FIJI (ImageJ).
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Biological | Application | Dilution Species | Reference/Source

Target

FLAG-M2 Primary Immunofluorescence, | Mo Millipore, F1804
1:1000
Western blotting,
1:10000

ACA (anti- Primary Immunofluorescence, | Hu Antibodies, Inc. 15-

centromere) 1:1000 235-0001

SYCP3 Primary Immunofluorescence, | Mo Abcam, ab97672
1:500

SYCP1 Primary Immunofluorescence, | Rb Abcam, ab15090
1:200

GFP Primary Western blotting, Rb Abcam, ab290
1:5000

AcSMC3 Primary Western blotting, Mo Merk, MABE 1925
1:500

SMC3 Primary Western blotting, Rb Abcam, ab128919
1:500

SA2 Primary Western blotting, Rb Abcam, ab155081
1:500

SMC1 Primary Western blotting, Rb Abcam, ab9262
1:500

RAD21 Primary Western blotting, Rb Abcam, ab992
1:500

Histone H3 | Primary Western blotting, Rb Abcam, ab1791
1:10000

UBR2 Primary Western blotting, Gt Aviva, OAEB00482
1:500

TEX19.1 Primary Western blotting, Rb Gift from J. Wang

1:1000

(Yang et al., 2010)
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DPPA3 Primary Western blotting, Rb Sc-67249
1:500
B-actin Primary Western blotting, Mo Abcam, ab8226
1:5000
Lamin-B1 Primary Western blotting, Mo Sc-374015
1:5000
TFPA2C Primary Western blotting, Rb PA5-49862
1:500
594 (red) Secondary | Immunofluorescence, | Gt Alexa Fluor®
anti-Mo 1:500 Invitrogen, A11020
594 (red) Secondary | Immunoflourescence, | Gt Alexa Fluor®
anti-Rb 1:500 Invitrogen, A11012
488 (green) | Secondary | Immunofluorescence, | Gt Alexa Fluor®
anti-Hu 1:500 Invitrogen, A11013
488 (green) | Secondary | Immunofluorescence, | Gt Alexa Fluor®
anti-Mo 1:500 Invitrogen, A11017
HRP anti- Secondary | Western Blotting, Gt BioRad, 170-6516
Mo 1:5,000
HRP anti- Secondary | Western Blotting, Gt Cell Signalling
Rb 1:5,000 7074S
HRP anti-Gt | Secondary | Western Blotting, Rb BioRad, 172-1034

1:5,000

Table 2.10: Antibodies used in various assays. Rb — rabbit. Mo — mouse. Hu

— human. Gt — goat. 594, 488 — fluorescent wavelength. HRP — horseradish

peroxidase
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Chapter 3:

Localisation of UBR2 through
the cell cycle
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3.1 Introduction

As discussed in Chapter 1, the E3 ubiquitin ligase, UBR2, is one of seven
UBR proteins that contain an UBR box. Four of these UBR proteins, including
UBR2, have been shown to have activity in the N-end rule protein recognition
system of the UPS (Tasaki et al., 2009) and are coexpressed in a wide
variety of tissues with suspected redundancy between them (An et al., 2006).
Even though UBR2 is ubiquitously expressed in all tissues, Ubr27 mice have
a specific subset of phenotypes such as male infertility and female embryonic
lethality (Kwon et al., 2003). UBR2 has essential molecular functions in
specific tissues, either through the N-end rule, or through other potential
functions of the protein that cannot be compensated by UBR protein

redundancy.

UBR2 has been found to have a 1:1 stoichiometric interaction with the
germline genome defence protein TEX19.1 which is primarily expressed in
hypomethylated tissues such as the testes, ovaries, placenta and embryonic
stem cells (Ollinger et al., 2008b; Yang et al., 2010; Crichton et al., 2017;
Reichmann et al., 2020). TEX19.1 can regulate, via UBR2, the turnover of
Type Il N-end rule reporters (Reichmann et al., 2020). The Tex79.77 males
are also infertile with a zygotene-like asynaptic arrest and reduction in
recombination rates (Crichton et al., 2017). Also, TEX19.1 is destabilised in
the Ubr2” testis (Yang et al., 2010), indicating that their interaction is vital for

normal spermatogenesis.

One role of UBR2 previously identified in our group is the turnover of

chromatin associated cohesin, specifically the acetylated subpopulation of
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cohesin as Ubr27- mitotic tissue such as spleen or embryonic stem cells have
a significant increase in AcSMC3 in G2/M (Reichmann et al., 2020; Karen
Dobie, unpublished). However, it remains unclear where the UBR2 protein
localises in cells during the cell cycle so it is unknown if UBR2 could be
directly interacting with AcSMC3 or via an intermediate substrate. An et al
(2012) showed by immunofluorescence (IF) that endogenous UBR2 is found
predominantly in the nucleus of HeLa cells during interphase but the cell
fractionation data contradicts this finding. Cell fractionation data did show that
UBR?2 localises to chromatin specifically during the G2/M phases of the cell
cycle (An et al., 2012) which is the stage of the cell cycle in which UBR2 also

influences chromatin-associated cohesin.

It is difficult to test UBR2 localisation in cells due to the available antibodies
to endogenous UBR2 not working well in IF. To overcome this issue, a
Cmv10-3xFLAG-UBR2 (FLAG-UBR2) plasmid was utilised to overexpress
epitope-tagged UBR2 in HEK293T cells by transient transfection. To assess
the importance of the N-end rule and non-N-end rule pathways in UBR2’s
localisation, point mutations in protein binding interfaces were introduced to
Ubr2 with a view to understand which domains of UBR2 might be involved in

its localisation.
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3.2 Results

3.2.1 Localisation of FLAG-UBR2 in HEK293T cells during the cell
cycle
In order to confirm UBR2’s localisation during interphase, FLAG-tagged
UBR2 plasmid was transiently transfected into HEK293T cells. Our group
had previously cloned the Ubr2 CDS (coding sequence, exons only) into the
plasmid p3XFLAG-Cmv-10, which encodes an N-terminal triple FLAG tag
immediately upstream of a multiple cloning site where Ubr2 CDS was cloned.
The FLAG-UBR2 plasmid that is used in this experiment is functional in in

vitro ubiquitylation assays (Lee et al., 2011).

24 hours after transfection, the cells were fixed in 4% PFA and stained with
a-FLAG and fluorescent antibodies before being imaged (Figure 3.1A). A
control transfection using the empty plasmid containing only the promoter
and the 3xFLAG tag (Cmv10-FLAG) and an untransfected control group was
used to identify any background a-FLAG staining in the HEK293T cells. To
aid identification of nuclear staining that can be distinguished from
background, a Cmv10-3xFLAG-KAP1 (FLAG-KAP1) plasmid was transfected
and stained in the same way. KAP1, a nuclear corepressor, is predominantly

present in the nucleus (Wang et al., 2007).

Examination of the control experiments showed that cells transfected with
FLAG-KAP1 have strong readily detectable a-FLAG staining that is not
present in the Cmv10-FLAG or untransfected controls (Figure 3.1A). Cells
transfected with FLAG-UBR2 are similarly readily detectable by a-FLAG

staining in this assay (Figure 3.1A). Based on the DAPI staining, which stains
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DNA, the HEK293T cells scored in this experiment were in interphase. The
a-FLAG staining of FLAG-UBR2 was classified into 3 groups: nuclear,
cytoplasmic or nuclear-cytoplasmic based on the overlap with DAPI (Figure
3.1B). Overexpression of FLAG-UBR2 is predominantly nuclear in HEK293T
cells; over 80% of the FLAG staining was nuclear and only a small
percentage was found in the other two categories (Figure 3.1C). Western
blots of the lysate following transfection confirmed that FLAG-KAP1 and
FLAG-UBR2 protein successfully expressed from plasmids (Figure 3.1D).
Immunoblotting with the a-FLAG antibody used in IF experiments revealed a
~100 kDa band in the FLAG-KAP1 lysate consistent with the predicted size
of the FLAG-KAP1 fusion protein (89 kDa) and a band at the predicted size

of FLAG-UBRZ2, 250 kDa, in the FLAG-UBR2 lysate.

Taken together, these data suggest that the FLAG-UBR2 plasmids can be
successfully transfected into HEK293T cells and localise to the nucleus
during interphase. The predominantly nuclear localisation of FLAG-UBR2 is
consistent with IF of endogenous UBR2 protein (An et al., 2012). The
cytoplasmic and nuclear-cytoplasmic FLAG-UBR2 staining observed in the
transfected HEK293T cells was not reported in previous IF studies on

endogenous UBR2 protein in HelLa cells (An et al., 2012).
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Figure legend 3.1: FLAG-UBR2 localises to the nucleus in HEK293T
cells. (A) Representative HEK293T cells, immunostained for FLAG in red,
with DAPI shown in blue to mark DNA. HEK293T cells were fixed 24 hours
after transfection of Cmv10-FLAG, FLAG-KAP1 or FLAG-UBR2 plasmids
alongside an untransfected control. Scale bars are 10um. (B) Examples of
nuclear, cytoplasmic and nuclear-cytoplasmic staining categories for FLAG-
UBR2 in HEK293T cells. (C) Interphase cells were identified by DAPI staining
and the percentage of interphase cells with nuclear, cytoplasmic or nuclear-
cytoplasmic anti-FLAG staining was determined for cells transfected with
FLAG-UBR2. Data represents 3 independent transfections with 128, 241 and
253 interphase cells scored. (D) Western blot of HEK293T whole cell lysate
following transfection. Blots were probed for FLAG, and for B-actin as a

loading control. Arrow indicates FLAG-UBR2 protein.
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UBR2 appears to have an impact on chromatin-associated cohesin during
G2/M (Karen Dobie, unpublished). To see if there was any localisation of
UBRZ2 to the chromatin during G2/M, HEK293T cells were synchronised with
a single thymidine block which arrests cells mainly in S phase to ensure
samples were collected within 48 hours after transfection. Following release,
cells were taken at two hour intervals, up to 10 hours, to identify a time point
where most of the cells were in G2/M (Figure 3.2A) which was determined to
be around 6 hours post release. Subsequent transfections of the FLAG-
UBR2 were undertaken and the cells were then synchronised with a single

thymidine block and fixed after 6 hours release.

In this experiment, cells were immunostained with human auto-immune a-
centromeric antigen (ACA) antibodies to visualise the centromeres. The a-
FLAG localisation pattern appeared to be excluded from the DAPI-stained
chromosomes at all mitotic stages (Figure 3.2B). The FLAG staining appears
to surround the DAPI staining in the images which suggests there is no direct

localisation of wild type FLAG-UBR2 to chromosomes in G2/M.

102



Figure legend 3.2: FLAG-UBR2 is excluded from the DAPI during G2/M.
(A) FACS (fluorescence-associated cell sorting) plot of Pl-stained (propidium
iodide) cycling HEK293T cells has two peaks, one at G1 and one at G2/M,
and a trough that was designated as S-phase. Profile for cycling HEK293T
cells and at time points: 16hr thymidine, T+4, T+6, T+10. (B) Representative
images of HEK293T cells following transient transfection of FLAG-UBR2
plasmid for 48 hours. HEK293T cells were enriched in G2/M by blocking the
cells in thymidine then releasing for 6 hours, fixed and immunostained for
FLAG in red, anti-centromeric antibody (ACA) in green with DAPI shown in
blue to mark DNA. Stages of mitosis were identified by DAPI staining and the

location of ACA. Scale bars are 10um.
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3.2.2 Identification of mutations in protein-binding interfaces of UBR2

UBRZ2 has a role in the N-end rule protein recognition system of the UPS
(Tasaki et al., 2009). This is regulated by three protein domains (Figure
3.3A): the UBR box, a highly conserved zinc-finger-like structure that is found
across all UBR proteins and binds to N-end rule substrates; the N-domain,
which has high homology to bacterial CIpS domain and stabilises binding of
type Il N-end rule substrates to the UBR box; and the RING domain that
mediates binding to E2 ubiquitin conjugating enzymes. Specific mutations in
these domains can disrupt different aspects of UBR1/UBR2 function (Tasaki

et al., 2009).

Mutating D118A in the UBR box and D233A in the N-domain of UBR2
reduces binding of UBR2 to Type | and Type Il N-end rule peptides
respectively (Eleanor Raymond, unpublished). UBR2 appeared to have a
much stronger affinity to Type Il peptide recognition but there are known
Type | substrates of UBR2 in vivo, such as the shared UBR1/UBR2 N-end
rule Type | substrate SDE2 (Rageul et al., 2019). Mutating W1177A in the
RING domain reduced the affinity of UBR2 for binding to the E2 ubiquitin

conjugating enzymes USE1 and UBE2A/B (Lee et al., 2011)

In further search of potential functional domains in UBR2, a lab member, Luis
Sanchez-Pulido, analysed the predicted structure of UBR2 by aligning known
structural variants in InterPro and identified a Winged Helix ELL-like domain

(residues 779-858) between the N-domain and the RING domain (Figure
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3.3A). This domain is highly conserved in eukaryotes and is found in both

mammalian UBR1 and UBR3.

ELL-like domains are found in functionally diverse proteins where they
mediate binding to diverse groups of ligands depending on the type of
residues exposed by this domain. Cockayne syndrome group B protein
(ERCCEO) is a protein that has a winged helix ELL domain and its main
function is ubiquitin binding (Takahashi et al., 2019). Whilst forkhead box A3
(FOXA3) has a domain in a similar orientation to UBR2’s winged helix ELL-
like domain but has a role in DNA binding (Harami, Gyimesi and Kovacs,
2013). However, the ELL-like domain in UBR2 does not have a similar
conserved area or charge to the ligand-binding interface of the ELL domain in
either of these proteins so it remains unclear if the domain in UBR2 is

mediating binding to either ubiquitin or DNA.

A candidate residue in the UBR2 ELL domain that could potentially disrupt
the structure of this domain when mutated, Lysine 834 (K834). K834 is highly
conserved in mouse and humans as well as UBR1 and UBRS3 (Figure 3.3B)
and appears to coordinate a C-terminal capping of a key alpha helix within
this domain (Figure 3.3C). The function of this conserved lysine residue and
the whole ELL domain is unclear, but mutating this positively charged amino
acid to a neutral amino acid could potentially disrupt the structure of this

domain.
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Figure 3.3: Structural prediction of the winged helix ELL-like domain in
UBR2. (A) UBR2 domain structure with UBR box, N-domain, ELL domain,
RING Domain and Autoinhibitory domain (AID) annotated (B) Protein
sequence alignment of the ELL region in UBR proteins, showing homology.
K834 (arrow) is conserved between human and mouse UBR1, UBR2 and
UBRS3 and UBR1 in yeast. (C) Predicted structure of the UBR2 ELL domain.
K834 co-ordinates an a-helix in the centre of this domain. Adapted from

image generated by Luis Sanchez-Pulido.
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To determine if the ELL domain play a role in UBR2 function, the conserved
K834 residue was mutated to alanine (K834A -GAC->GCC) by site-directed
mutagenesis of the pCmv10-FLAG-UBR2 plasmid (Figure 3.4A).
Oligonucleotide primers containing this point mutation were used generate a
linear version of the pCmv10-UBR2-FLAG plasmid by PCR, which was then
circularised. Sanger sequencing was used to verify the introductions of the
K834A mutation (Figure 3.4B). This provided a tool to potentially identify a

role of the ELL domain in UBR2’s function.

Figure 3.4: Site-directed mutagenesis of the Ubr2 CDS (A) Schematic
representation of the pCmv10-FLAG-UBR2 plasmid, with the Ubr2 CDS
(coding sequence) inserted into the multiple cloning site of pCmv10-FLAG-
UBR2 downstream of the N-terminal 3xFLAG tag sequence. Locations of the
K834A residue are shown, which is mutated using site-directed mutagenesis
in this screen. (B) Sanger sequencing data for the UBR2-K834A mutant

CDS, the K834A mutation is underlined, GAC->GCC.

107



M13 fwd
(CMV enhancer|

(AmpR promoter}
M (CMV promoter!
) \ (3XFLAG/

(AmpR|

CAP binding site

(lac promoter!
ac operator) =
=
p3xFLAG-CMV10-UBR2

(T7 promoter]
11,550 bp

'SV40 poly(A) signal
K834
ELL

= Mutagenic Primer (3502 .. 3527)

A
&
Z
&
2
<,
2
(SV40 promoter]
S
Sy
CA GAGTG

G CTGGCGC CA

ATGTATGA

AAG > GCG
K834A




Firstly, to investigate if the ELL mutation affected UBR2’s ability to bind to
substrates in the N-end rule pathway, HEK293T cells were transfected with
the FLAG-UBR?2 or the FLAG-ELL-UBR2 plasmids to overexpress the
protein. Cell lysates were collected and were used to perform a peptide

pulldown assay.

Different peptides were chemically conjugated to resin beads via a C-terminal
Cysteine residue, allowing immobilisation of the peptide via a thioether bond.
Each peptide has a specific amino acid at their N-terminal end: Type |
(arginine, TI), Type Il (phenylalanine, TIlI) or a stabilising negative control
(glycine, -ve) (Figure 3.5A). The beads were incubated in whole cell lysate
from the transfected HEK293T cells to allow proteins that bind to these
peptides to be isolated then assayed by Western blotting against the N-

terminal FLAG-tag of the overexpressed UBR2 protein.

Previous studies have shown that wild-type UBR2 has low Type | (Tl) binding
and strong Type Il (Tll) binding ability (Tasaki et al., 2005) which was
observed in FLAG-UBR2 transfected HEK293T lysates but there did appear
to have stronger Tl binding than previously observed (Figure 3.5B). The —ve
(stabilising, glycine) peptide is the negative control that pulls down a very low
level of FLAG-tagged UBR2 protein in both FLAG-UBR2 and FLAG-ELL-
UBR2 samples over all three repeats (Figure 3.5B). There was strong band
in the input of the second FLAG-UBR2/FLAG-ELL-UBR2 repeat which was
absent in the other two samples due to a technical error in loading. Similar

amounts of FLAG-UBR2 and FLAG-ELL-UBR2 protein are present in the Tl
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and TII pull-downs over three independent repeats (Figure 3.5B) indicating
that the K834A mutation does not impact the ability of UBR2 to bind to Type |

or Type Il N-end rule peptides in this assay.

Figure 3.5 ELL-UBR2 mutation does not prevent substrate binding (A)
Sequences of peptides chemically conjugated to resin beads used in a
peptide pulldown assay. N-terminal residues R, F or G are Type |, Type Il or
negative control peptide sequences, respectively. (B) Western blots showing
3 independent repeats of a peptide pulldown after overexpression of UBR2-
FLAG and ELL-UBR2-FLAG (K834A) in HEK293T cells. |, 5% input protein.
TI, Type | (arginine). Tll, Type Il (phenylalanine). —ve, negative (glycine,
stabilising) control. Probed using anti-FLAG M2 antibody for the N-terminally
FLAG tagged UBR2 protein. * indicates a possible isoform of the UBR2

protein. Arrow indicates the band of interest.
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One other validated molecular function of UBR2 is the stoichiometric
interaction with TEX19.1 (Reichmann et al., 2020) so FLAG-UBR2 and
FLAG-ELL-UBR2 plasmids and GFP-tagged TEX19.1 plasmid (pCAAGS-
TEX19.1-GFP) were cotransfected into HEK293T cells. Co-
immunoprecipitation was performed with GFP-Trap Agarose beads to pull

down the TEX19.1 protein and any interacting proteins.

TEX19.1-GFP pulls down wild type FLAG-UBR2 (Figure 3.6, GFP-Trap, lane
2) but GFP alone cannot pull down FLAG-UBR?2 (Figure 3.6, GFP-Trap, lane
4). FLAG-ELL-UBR2 can co-immunoprecipitate with TEX19.1-GFP (Figure
3.6, GFP-Trap, lane 3). As seen with FLAG-UBR2, pCAGGS-GFP does not
pull down FLAG-ELL-UBR2 (Figure 3.6, GFP-Trap, lane 5). Two other
controls were used in the Co-IP experiment, coexpression of the Cmv10-
FLAG construct with TEX19.1-GFP and pCAGGS-GFP co expressed with
Cmv10-FLAG construct did not pull down anything detectable with the FLAG
antibody (Figure 3.6, GFP-Trap, Lane 1 and 6). The K834A mutation does

not disrupt the ability of UBR2 to bind to TEX19.1.

In this section, using both peptide pulldown assays and coimmunoprecipation
with known interactor TEX19.1, the ELL K834A point mutation within UBR2
was shown to have no impact on either Type | (Arg) or Type Il (Phe) N-end
rule or TEX19.1 binding. Therefore, the K834A mutation does not impact

UBR2’s binding in peptide pulldown assays.
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Figure 3.6 Mutating UBR2’s ELL domain does not impair its interaction with
TEX19.1 Representative Western blot from 3 co-immunoprecipitation assays
with GFP-Trap beads, after co-transfection of either wild type FLAG-UBR2 or
FLAG-ELL-UBR2 (pCmv10-FLAG-UBR2 or pCmv10-FLAG-ELL-UBR2) with
TEX19.1-GFP (pCAAGS-Tex19.1-GFP). Controls: FLAG and GFP are the
pCmv10-FLAG and pCAAGS-GFP transfected to ensure no crossreaction of
the tags with proteins of interest. Probed using anti-FLAG M2 antibody for the
N-terminally FLAG tagged UBR2 protein and anti-GFP antibody for the GFP-

tagged TEX19.1 protein.
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3.2.3 Localisation of UBR2 plasmids with mutations in protein binding

interfaces in HEK293Ts

The point mutations in protein binding interfaces impairing UBR2 N-end rule
substrate binding (T1-UBR2 or T2-UBR2), E2 binding (RD-UBR2) or the ELL
mutation (ELL-UBRZ2) can be used to test whether these interfaces are
required to recruit UBR2 to the nucleus or to chromatin. As previously, FLAG-
UBR2 was excluded from chromatin during mitosis by IF (Figure 3.2A) which
did not match previous cell fractionation data showing an increase in UBR2 in

chromatin during G2/M (An et al., 2012).

To determine if mutations in these protein binding interfaces of FLAG-UBR2’s
could change its localisation during mitosis, these plasmids were transfected
into HEK293T cells and synchronised into G2/M as above (Figure 3.7A).
FLAG-ELL-UBR2 was used to determine if the ELL mutation had an impact

on UBR2’s localisation.

During metaphase, a-FLAG staining in the FLAG-T1-, T2- or RD-UBR2
transfected cells was excluded from DAPI-stained chromosomes and looked
similar to FLAG-UBR2 staining (Figure 3.7A). However, the FLAG-ELL-UBR2
construct displayed a strikingly different localisation pattern showing strong
enrichment on mitotic chromosomes, shown by DAPI staining, in a proportion
of the transfected cells. Thus, the K834A mutation in the ELL domain of

UBR2 appears to promote the localisation of UBR2 to mitotic chromosomes.

As only a proportion of mitotic FLAG-ELL-UBR2 transfected cells showed

localisation of UBR2 to chromosomes. | quantified this proportion across
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three replicate transfections and ~30% of FLAG-ELL-UBR2 transfected
mitotic cells displayed chromosome-associated a-FLAG immunostaining,
whereas this pattern was not seen in cells transfected with FLAG-UBR2
(Figure 3.7B). FLAG-ELL-UBR?2 protein abundance in transfected HEK293T
lysates was similar to the abundance of FLAG-UBR2 and other mutant
FLAG-UBR2 proteins (Figure 3.7C). Thus, the FLAG-ELL-UBR2 protein
appears to be stable and expressing at similar levels in the HEK293Ts as the

other FLAG-UBR?2 proteins.

However, it remains unclear as to why the K834A mutation leads to FLAG-
UBRZ2 associating with chromatin in ~30% of transfected cells. One possible
explanation is that the ELL mutation has made UBR2 have a higher affinity to
chromatin-associated targets. Possible targets could be chromatin-
associated cohesin or histones due to the link between UBR2 and AcSMC3
subpopulation of cohesin and histone ubiquitylation (An et al., 2012;

Reichmann et al., 2020).
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Figure 3.7 FLAG-ELL-UBR2 can colocalise with DAPI in HEK293Ts (A)
HEK293T metaphase cells following overexpression of, FLAG-UBR2 or
FLAG-T1-UBR2 (D118A), FLAG-T2-UBR2 (D233A) or FLAG-RD-UBR2
(W1177A) and FLAG-ELL-UBR2 (K834A) plasmids for 24 hours. HEK293T
cells were synchronised following a thymidine block, fixed and
immunostained for FLAG in red, anti-centromeric antibody (ACA) in green
with DAPI shown in blue to mark DNA. Scale bars are 10um. (B) Percentage
of HEK293T mitotic cells with FLAG expression excluded from the DAPI or
colocalised with the DAPI following FLAG-UBR2 transfection, data
represents 3 independent transfections with 19, 21 and 24 metaphase cells
scored, or FLAG-ELL-UBR2 transfection, data represents 3 independent
transfections with 28, 27 and 22 metaphase cells scored. ** P-value <0.01,
Students T-test. (C) Western blot images of the lysates from three
independent repeats of the HEK293T cells following transfection of FLAG-
UBR2, FLAG-T1-UBR2, FLAG-T2-UBR2, FLAG-RD-UBR2 and FLAG-ELL-
UBR2, probed for FLAG and B-actin as a loading control. * indicates a

possible isoform of the UBR2 protein.
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To determine whether cohesin could be a potential target for FLAG-ELL-
UBR2, HEK293T cells transfected were analysed at anaphase. During
mitosis, most of cohesin and cohesin associated proteins are removed from
the chromosomes through the prophase pathway whereas others from
centromeres at the onset of anaphase (Waizenegger et al., 2000). Therefore
if it is cohesin that FLAG-ELL-UBR2 is binding too, it would not be present
along chromosome arms during anaphase. The colocalisation to the DAPI
pattern can be seen in FLAG-ELL-UBR2 cells during anaphase (Figure 3.8A)
which suggests that the change in FLAG-ELL-UBR2 localisation is not due to

binding to chromatin-associated cohesin rather to some unknown substrate.

To identify any potential substrates that could be responsible for the change
in localisation, anti-FLAG IP mass spectrometry (MS) was performed by
Karen Dobie in our group. HEK293T cells were transfected with FLAG-UBR2
and FLAG-ELL-UBR2, synchronised in G2/M using a thymidine block and
release and anti-FLAG immunoprecipitates analysed by label-free
gquantitative mass spectrometry. The Max Label-free quantification (LFQ)
intensity of proteins identified in the mass spectrometry of FLAG-UBR2 and
FLAG-ELL-UBR2 were compared (Figure 3.8B) and 34 proteins were pulled
down with FLAG-ELL-UBR2 that were not detected with FLAG-UBR2, 10 of
these proteins were of particular interest as they are primarily expressed in
the nucleus (Figure 3.8C). These substrates should be investigated to
determine if they could potentially be chromatin associated during mitosis

and localises FLAG-ELL-UBR2 to chromatin.
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Our group have previously shown that UBR2 has a role in splenocytes
(Reichmann et al., 2020) and embryonic stem cells (Karen Dobie,
unpublished) in the regulation of the AcSMC3-containing subpopulation of
cohesin complexes, which is thought to mediate sister chromatid cohesin. In
Ubr2”- splenocytes, chromatin-associated AcSMC3 increases, a phenotype
that is also present in Ubr2”’- ES cells. Importantly, UBR2 specifically
regulates AcSMC3-containing cohesin complexes, which is a relatively minor
population of cohesin in cells, and specific effects on this population typically
do not cause detectable changes in the abundance of other cohesin
subunits, such as total SMC3. Interestingly, there were no cohesin subunits
immunoprecipitates detected in the mass spectra following transfection with
either FLAG-UBR2 or FLAG-ELL-UBR2 plasmids that may suggest that

UBRZ2 is not binding directly to cohesin.

Regulatory monoubiquitination of histone H2A that leads to repressive
chromatin structure and transcriptional silencing is important for processes
such as X-inactivation (Cohen and Lee, 2002). In somatic cells, the canonical
E3 ubiquitin ligase associated with this is RING1B (Cohen and Lee, 2002)
but UBR2 has been implicated in the ubiquitylation of Histone H2A. This is
reported to be important for transcriptional silencing in spermatocytes (An et
al., 2010) and chromosome stability in somatic cultured fibroblasts (An et al.,
2012). Multiple histone variants were identified, including a member of the
H2A family, in the anti-FLAG immunoprecipitates in both FLAG-UBR2 and

FLAG-ELL-UBR?2 lysates (Figure 3.8D). Both FLAG-UBR2 and FLAG-ELL-
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UBRZ2 bind all histone variants detected in the mass spectra indicating the

UBR2 can bind directly to histones in HEK293T cells.

Figure 3.8 FLAG-ELL-UBR2 colocalises to DAPI during anaphase (A)
Representative images of Anaphase stage HEK293T cells following
overexpression of FLAG-ELL-UBR2. HEK293T cells were synchronised
following a thymidine block, fixed and immunostained for FLAG in red, anti-
centromeric antibody (ACA) in green with DAPI shown in blue to mark DNA.
Scale bars are 10um. (B) Comparison of max LFQ intensity of proteins
identified by FLAG-IP mass spectrometry following transfection of FLAG-
UBR2 and FLAG-ELL-UBR2 in HEK293T cells synchronised to G2/M. Points
in blue are the hits identified to be pulled down in FLAG-ELL-UBR2 but not in
FLAG-UBR2. (C) List of nuclear proteins identified that were pulled down in
FLAG-ELL-UBR2 FLAG-IP only and the Max LFQ intensity. All IP hits were
not pulled down in FLAG-UBR2 FLAG-IP. (D) Comparison of max LFQ
intensity of proteins identified by FLAG-IP mass spectrometry following
transfection of FLAG-UBR2 and FLAG-ELL-UBR2 in HEK293T cells

synchronised to G2/M. Gene symbols of identified histone variants are in red.

117



A

DAPI

FLAG_UBR2__LFQ

ACA

FLAG

Merge

FLAG-ELL-UBR2

4e+07 - ° L)
36+07 - - - oo °
o. ° o ée LI °,
. e © : ..': N o; ° .
L LIPS L L4 %o °
b o -: .' ...'. ° .'.
2e+07 - . ) ) :.:. ° . 5 . FLAG_IP_Hits
. o o LI R T * . * UBR2orBoth
; .j.:O.. o0 .o' * ®e ® * ELL Only
° ° °e :.‘o.
10+07- 8 R heests L °
E l..:.‘.:'~°.'.'. * ° J
8 .qc..
8 ° ) °
° 2% - °
IS A
Qe+00 - * O @ T GNEB®W 00WO e o
OeiCIU 1e+IL"IT' 2e+07 3e+07 49+|L"IT
FLAG_ELL_UBR2_LFQ
Gene Protein Name FLAG-ELL-UBR2
Max LFQ
XRCC6 Isoform 2 of X-ray repair 17385726
cross-complementing protein
6
EDC4 Isoform 2 of Enhancer of 13323243
mRNA-decapping protein 4
ZC3H11A Zinc finger CCCH domain- 8234615
containing protein 11A
TAB1 TGF-beta-activated kinase 1 | 9535248
and MAP3K7-binding protein
1
PES1 Isoform 2 of Pescadillo 8010320
homolog
NOL4 Isoform 2 of Nucleolar 7216327
protein 4
GATAD2A | Isoform 2 of Transcriptional | 7010249
repressor p66-alpha
PRKRIP1 PRKR-interacting protein 1 4244786
HNRNPAO | Heterogeneous nuclear 3036983
ribonucleoprotein AQ
SMARCAL1 | SWI/SNF-related matrix- 2644508
associated actin-dependent
regulator of chromatin
subfamily A-like protein 1




FLAG_UBR2__LFQ

1.5e+09

1.0e+09

5.0e+08

0.0e+00-

0.0e+00

FLAG_ELL UBR2_LFQ




3.3 Discussion

In this chapter, | determined the localisation of FLAG-UBR2 in HEK293T cells
and whether the localisation of FLAG-UBR2 depended on some of the known
protein-binding interfaces of UBR2. Mutations in the UBR box, N-domain and
RING domain did not change the localisation of FLAG-UBR2 at G2/M but
there was a change in localisation to the chromatin in a subset of cells when

the ELL K834A mutation was introduced to FLAG-UBR2.

3.3.1 FLAG-UBR2 does not localise to chromatin during G2/M

Anti-FLAG staining of FLAG-UBR2 was mainly found in the nucleus during
interphase but surrounds the DAPI in G2/M which suggests there is no direct
localisation of FLAG-UBR2 to chromosomes during G2/M. These
observations do not align with the analysis of endogenous UBR2 localisation
in fractionated cell compartments in HelLa cells where UBR2 is enriched with

chromatin when synchronised to G2/M (An et al., 2012).

This could be related to differences in cell types and behaviour between
overexpressed FLAG-tagged UBR2 and endogenous UBR2 during G2/M.
Expression levels of proteins in eukaryotes can vary by more than 10,000-
fold (Kulak et al., 2014), the degree of the overexpression of FLAG-UBR2 in
these experiments may differ by some orders of magnitude. The data from
the HEK293T cells in this section show the consequences of comparably
strong production of FLAG-UBR2 and overexpression of proteins can cause

deleterious effects on cells, promiscuous interactions or even impede cellular
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growth (Moriya, 2015). However, overexpression of FLAG-UBR2 did not
impair cell growth and anti-FLAG IF predominantly localised to the nucleus
during interphase in HEK293T cells (Figure 3.1A) which mimics that seen by
IF for endogenous UBR2 in mouse embryonic fibroblasts, U20S and Hela
cells (An et al., 2012) indicating that FLAG-UBRZ2 has the same localisation

pattern to endogenous protein.

As previously stated, An et al reports UBR2 as nuclear associated in
interphase stages of the cell cycle detected by IF staining in HeLa cells. Yet
cell fractionation data (chromatin-bound, nuclear soluble and cytoplasmic)
collected throughout the cell cycle shows very low UBR2 protein levels in the
nuclear and chromatin-bound fractions in G1 and S-phase with a strong
increase in chromatin-bound UBR2 protein levels at G2/M (An et al., 2012).
There is no IF staining of endogenous UBR2 at G2/M in this paper making it
difficult to confirm whether UBR2 is localising to chromatin at this stage. This
suggests that there may be issues with the endogenous antibody used in
these experiments and that it may not be suitable for either IF or the Western
blotting of the fractionation lysates. Repeats of experiments completed by An
et al with a different endogenous UBR2 antibodies may help clarify this

contradicting data.

UBR2 has a role in turnover of chromatin-associated AcSMC3 cohesin in
somatic spleenocytes and ES cells during G2/M (Reichmann et al., 2020,
Karen Dobie, Unpublished) but it remains unclear whether UBR2 directly

interacts with cohesin in cells or via intermediates. As the anti-FLAG IF signal
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is specific for the FLAG-UBR2 construct, UBR2 is not chromatin bound
during G2/M (Figure 3.2). One key thing that should be undertaken is to
analyse fractionation data of the cells at G2/M following overexpression of
FLAG-UBR2 and if an increase in FLAG-UBR2 leads to a change of AcSMC3
levels observed in splenocytes and ESCs. Also, overexpressing the FLAG-
UBRZ2 construct in ESCs to identify localisation of UBR2 in the cell type that

has the cohesin phenotype.

Three mutations in protein binding interfaces were introduced to the FLAG-
UBR2 CDS. FLAG-T1-UBR2- and FLAG-T2-UBR2 mutations have been
shown to perturb the type | and type Il peptide binding ability of UBR2
(Eleanor Raymond, Unpublished). FLAG-RD-UBR2 has the W1177A
mutation in UBR2’s RING domain which has previously been shown to
reduce the binding of E2s, USE1 and UBE2A (Lee et al., 2011) were used to
investigate whether perturbing UBR2’s well characterised binding domains
leads to a change in localisation. The mutations did not change the
localisation of UBR2 during G2/M suggesting that the interfering with some of
the known binding interfaces does not change is localisation. Further
indicating the lack of any localisation between UBR2 and chromosomes in

HEK293T cells at G2/M in this experiment setup.
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3.3.2 FLAG-ELL-UBR2 localises to chromatin during G2/M

UBR?2 appears to have an ELL-like structural domain located between the N-
domain and the RING-domain. Recently, the molecular structure of yeast
Ubr1 was elucidated and had a winged helical domain (WHD) after the Ubr-
Box2 (known as the N-domain in UBR2) (Pan et al., 2021). In the initiation
complex, Ubr1 had a helical scaffold consisting of four regions interspaced by
three domains: the Ubr1-Box1, Ubr-Box2 and the WHD. The WHD was
shown to interact with other domains within Ubr1 like the autoinhibitory
UBR/Leu/Cys (UBLC) domain and participate in the interaction with donor Ub
alongside the RING finger domain during ubiquitination of target substrates
(Pan et al., 2021). The mutation K834A was introduced to FLAG-UBR2
plasmids due to the high conservation of K834 and exposure in this region of
UBRZ2. Mutations to K834 is predicted to disrupt the structure of the ELL
domain as the residue has a role in coordinating a central alpha-helix (Luis

Sanchez-Pulido, Unpublished).

The introduction of the K834A mutation to FLAG-UBR2 did not produce
different binding patterns to TEX19.1-GFP or Tl or Tll peptides to what was
observed in wild type FLAG-UBR2. However, it is worthy to note that the
variability of the Tl and TII assay, which is difficult to standardise against
loading controls, means that it’s difficult to detect if ELL mutation does
perturb the type | or Il binding ability of the UBR box and N-domain in a minor

way.
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The key difference between FLAG-ELL-UBR2 and the other FLAG-UBR2
plasmids is the change in localisation in FLAG IF staining in 30% of
metaphase cells. It is unclear what would cause this change in localisation
and why it only occurs in a subset of HEK293T cells rather than the majority.
There may be specific post-translational modifications to the FLAG-ELL-
UBR2 protein or misfolding in this subgroup of cells due to activation of
processes such as signal-transduction pathways (Wang and Kaufman,
2016). A limitation of this study is that the cells are fixed before IF staining so
there is only a snapshot of what is happening in the cell, live cell imaging that
tracks FLAG-ELL-UBR2 throughout mitosis may give further insight into
when the protein is localising to chromatin more transiently or are

permanently localised in some cells.

One possible explanation for the change in localisation could be that FLAG-
ELL-UBR2 is localising to chromatin at metaphase due to an increase in
binding to a potential chromatin-associated substrate for protein turnover or
stabilisation. To identify a substrate that may be of interest for further
investigation, a FLAG-IP MS was undertaken and 10 proteins were pulled
down with FLAG-ELL-UBR2 and not with FLAG-UBR2 that were
predominantly nuclear (Figure 3.8C). FLAG-ELL-UBR2 was able to pull down
34 hits in the FLAG-IP not detected with wildtype FLAG-UBR2 indicating that
the ELL mutation may have led to a change in conformation of the protein
that alters binding affinity for protein turnover. Crystal structure of the
UBR1/UBR2’s UBR box has been characterised (Matta-Camacho et al.,

2010) due to its importance in type | N-end rule activity. Further structural
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analysis into mammalian UBR2 may give insight into the importance of the
ELL domain and whether it matches interactions with other domains

identified in the similar region of yeast Ubr1 (Pan et al., 2021).

The majority of the hits are involved in RNA processing from RNA binding
activity (Takayanagi-Kiya et al., 2014; Young et al., 2014; Zhang et al., 2017,
Cheng et al., 2019; Darweesh et al., 2022) to degradation (Fenger-Grgn et
al., 2005). One hit of interest was TAB1, an adaptor protein required for
Transforming growth factor-B-activated kinase 1 (TAK1) activation and
associates with N-terminal kinase domain of TAK1. TAK1 is a member of the
MAPK kinase kinase (MAPKKK) family that is activated by multiple stimuli
and phosphorylates a series of target proteins which produce different signal
transduction and cellular responses across cell types and activates nuclear
factor NF-kB, c-Jun N-terminal kinase (JNK) and p38 (Fan et al., 2010;
Mukhopadhyay and Lee, 2020). TAB1 expresses as nuclear specs during

interphase but it is unclear where it resides during G2/M.

SMARCAL1 which is an ATP-dependent DNA annealing helicase with
homology to the ATP-dependent chromatin remodelling proteins (Yusufzai
and Kadonaga, 2008). SMARCAL1 has been shown to localize at the double-
strand break sites to maintain genome integrity at stalled replication forks
during replication and following DNA damage (Bansbach et al., 2009; Couch
et al., 2013). SMARCAL1 interacts with histones (Coleman et al., 2003;
Elizondo et al., 2009) and has been shown to co-localizes with histone

modification markers in the genome (Bansal et al., 2020) making it important
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for chromatin remodelling. Further IF experiments with FLAG-ELL-UBR2 and
any one of these potential nuclear binding partner may show any
colocalisation between these two proteins in the cells where FLAG-ELL-
UBRZ2 is chromatin-bound to confirm if the K834A mutation is changing the

affinity of UBR2 binding to substrates.

In this chapter, | have demonstrated that UBR2 does not localise to
chromatin during mitosis and that the K834A mutation in the ELL region
causes UBR2 to localise to chromatin in a subset of cells in G2/M. Further
investigation of the change in localisation of FLAG-ELL-UBR2 during G2/M is
required to determine why UBR2 appears to ‘stick’ to chromosomes and
whether if it is due to an increase in binding to nuclear substrates, such as
TAB1 or SMARCALA1, for protein turnover or non-canonical functions outside

of ubiquitination.
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Chapter 4:

Investigating the role of UBR2 in

chromosome stability in ES cells
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4.1 Introduction

As discussed in Chapter 1, UBR2 is one of seven UBR proteins that contain
the UBR box; four of which, including UBR2, have been shown to have
activity as E3 ubiquitin ligases in the N-end Rule protein recognition system
of the UPS (Tasaki et al., 2009). UBR proteins are coexpressed in a variety
of cells and tissues with evidence that redundancy occurs between them (An
et al., 2006). However, removal of UBR2 leads to an array of tissue specific
phenotypes indicating that UBR2 has important functions within these
tissues. It remains unclear whether this could be through the N-end Rule or
through other functions that cannot be compensated by UBR protein
redundancy. UBR2 has been implicated in non N-end rule functions including
ubiquitination of non-N-end rule substrates (An et al., 2012; Maclennan et al.,
2017; Vu and Varshavsky, 2020), ubiquitination of misfolded proteins as part
of protein quality control (Nillegoda et al., 2010), and in stabilisation of some
proteins that interact with UBR2 and form heteromeric complexes (Yang et

al., 2010; Reichmann et al., 2020).

In this chapter, | generated a group of embryonic stem cell (ESC) lines with
point mutations in protein-binding interfaces of UBR2 including the UBR box,
N-domain, RING domain and the structural ELL domain in order to separate
distinct biochemical roles of UBR2. By using these cells alongside Ubr2”
ESCs, | was able to identify potential substrates of UBR2, and relate these
potential substrates to biological processes that require UBR2 to function

correctly.
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4.2 Results

4.2.1 Generating stable Ubr2 ESC lines with point mutations using
CRISPR Cas9

4.2.1.1 Generation of Ubr2P233A ESCs

It is apparent that the roles in chromosome stability of UBR2 could be
modelled in ESCs in culture. For example, a specific upregulation of the
AcSMC3 cohesin subunit in the Ubr2”- genotype matches the phenotype
found in the spleen of Ubr2’- mouse (Reichmann et al., 2020). It remains
unclear if this phenotype, amongst others, could be due to UBR2’s role in the
N-end rule pathway or another ubiquitin pathway. Therefore, to further
investigate which activities of UBR2 might be important for cellular functions,
a CRISPR-Cas9 experiment was designed with homology-directed repair,
with the aim to generate a stable Ubr2-T2D223A mutant ESC line, so
perturbing the binding of UBR2 to type Il N-end rule peptides. The D233A
point mutation was first identified in an alanine-scanning mutagenesis screen
of Ubr1 (Tasaki et al., 2009) which specifically perturbs detectable binding to
Type Il N-end rule peptides. The D233 amino acid sequence is conserved in
the mouse Ubr2 gene and is located in UBR2’s N-domain (Figure 4.1A).
Previous work has confirmed the D233A mutation lowers UBR2’s affinity to
TIl N-end rule peptide in ectopic expression of a FLAG-UBR2 construct in
HEK293T cells and following the introduction of the mutation into
endogenous Ubr2 in mice (Eleanor Raymond, unpublished). In order to carry
out HDR, a dsDNA repair oligo with 100bp homology arms encoding the

mutant repair template containing both the point mutation and the mutant
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PAM sequence were cotransfected into E14 ESCs alongside a Cas9
expressing plasmid and PX458 plasmid with the specific guide sequence
cloned into it (Figure 4.1B). These cells were transfected and clonal colonies
picked by Fiona Kilanowski (MRC HGU), and genetic screening was carried

out to identify successfully edited clones.

For screening of successfully edited stable Ubr2P2234 clones, the mutations
introduced into the Ubr2 gene contained a restriction site GTG*CAC that
could be cut with the restriction enzyme, ApalLl (Figure 4.1C). The control
band is 303bp with successful incorporation of the restriction site leads to two
bands, 221bp and 82bp in size. The clone G3 was one of four successfully
edited D233A homozygous clone from screening 192 clonal cell lines (2.1%
success rate). All clones were confirmed by Sanger sequencing of the 303bp
PCR fragment (Figure 4.1D), which shows the GCT alanine-encoding codon
in position 223 and the PAM mutation of CCA > GCA (5 TGG>TGC). For

further experiments G3 will be written as Ubr27272,
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Figure 4.1: Ubr2°z33A mutant ESC line design and screening. (A)
Schematic of UBR2’s domain structure. Arrow indicates domain where the
D233A mutation is located. Genome browser to show T2_F and T2_R
primers and D233’s location in UBR2 sequence (B) CRISPR-HDR guide and
repair sequences for the Ubr2-T2D233A CRISPR experiment. PAM
sequence is shown in bold and cut site of wtCas9 enzyme marked by .
Introduced point mutations are marked in repair templates in red. Homology
arms are underlined. (C) Representative gel electrophoresis showing
restriction digest with ApalLl for T2 clone genotyping. 100bp ladder shown on
left. Successful clone G3 shown by *. (D) Sanger sequencing data for the

successful Ubr27#72(G3) ESC clone (GAT->GCT).
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4.2.1.2 Generation of Ubr2W1177A ESCs

To further investigate which activities of UBR2 might be important for
functions, | designed a CRISPR-Cas9 experiment with homology-directed
repair with the aim to generate a stable Ubr2"7777A mutant ES cell line, by
introducing a W1177A mutation into the UBR2 RING domain (Figure 4.2A).
The W1177A point mutation was previously shown to disrupt the interaction
between UBR2 and E2s, UBE2A and USE1, in vitro (Lee et al., 2011) and in
in vivo transient transfection and co-immunoprecipitation assays (Eleanor
Raymond, unpublished). This mutation is expected to affect both N-end rule

and non-N-end rule ubiquitination by UBR2.

A similar strategy to the one described previously to generate Ubr27#72 ESCs
was used to generate Ubr2W1177A ESCs (Figure 4.2B). For screening of
successfully edited stable Ubr2W7777A clones, the mutations introduced into
the Ubr2 gene contained a restriction site TGCA*GCA that could be cut with
the restriction enzyme, Fspl and the digest products were identified by gel
electrophoresis (Figure 4.2C). The control band is 499bp with successful
incorporation of the restriction site leads to two bands, 431bp and 68bp in
size. The clone A3 was the only one successfully edited W1177A
homozygous clone from screening 192 clonal cell lines (0.5% success rate).
This clone was confirmed by Sanger sequencing of the 499bp PCR fragment
(Figure 4.2D), which shows the GCG alanine-encoding codon in position
1177 and the PAM mutation of CCA > GCA (5’ TGG>TGC). For further

experiments this clone will be written as Ubr2RD/RD
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Figure 4.2: Ubr2W'177A mutant ESC line design and screening.

(A) Schematic of UBR2’s domain structure. Arrow indicates domain where
the W1177A mutation is located. Genome browser to show RD_F and RD_R
primers and W1177s location in UBR2 sequence. (B) CRISPR-HDR guide
and repair sequences for the Ubr2W?177A CRISPR experiment. PAM
sequence is shown in bold and cut site of wtCas9 enzyme marked by *.
Introduced point mutations are marked in repair templates in red. Homology
arms are underlined. (C) Representative gel electrophoresis showing
restriction digest with FSPI for RD clone genotyping. 100bp ladder shown on
left. Successful clone A3 shown by *. (D) Sanger sequencing data for the

successful Ubr2RD/RD (A3) ESC clone (TGG->GCG).
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4.2.1.3 Generation of Ubr2K834A ESCs

To further characterise the ELL domain and identify possible phenotypes, a
CRISPR-Cas9 experiment with homology-directed repair was designed with
the aim to generate a stable Ubr2k834A mutant ESC line, to introduce the
K834A mutation into endogenous Ubr2 (Figure 4.3A). The ELL region was
identified as a structural domain in UBR2 with a highly conserved residue of
K834 that could be responsible for the stabilisation of a B-sheet in UBR2
structure. Mutating the K834 residue to alanine resulted in a change in
localisation of the overexpressed FLAG-UBR2-ELL in HEK293T cells
(Chapter 3, Figure 3.8). As the essential functions of UBR2 appears to not
act through the N-end rule pathway, investigating non-canonical roles and
uncharacterised domains of UBR2 is important to understand what regions of

UBR2 are important for roles in ESCs.

A similar strategy to the one described previously to generate Ubr27#72 ESCs
was used to generate Ubr2k834A ESCs (Figure 4.3B). For screening of
successfully edited stable Ubr2K834A clones, the mutations introduced into the
Ubr2 gene contained a restriction site GGC*GCC that could be cut with the
restriction enzyme, Sfol (Figure 4.3C). The control band is 386bp with
successful incorporation of the restriction site leads to two bands, 231bp and
155bp in size. The clone B10 was the one of 8 successfully edited K834A
homozygous clone from screening 384 clonal cell lines (2.1% success rate);
the other seven successful clones were E1, C8, D11, F9, G2, A10 and H2. |

then validated these clones by Sanger sequencing of the 386bp PCR
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fragment (Figure 4.3D), which shows the GCG alanine-encoding codon in
position 834 and the base changes that were introduced in place of a PAM
site mutation. The PAM site of the gRNA is CCA (5’ TGG) in the repair
template which is in frame and codes for proline leading to no appropriate
silent mutations that would stop cutting in the sequence. For further

experiments the B10 clone will be written as Ubr2FLLELL

Figure 4.3: Ubr2X834A mutant ESC line design and screening. (A)
Schematic of UBR2 domain structure. Arrow indicates domain where the
K834 amino acid is located. Genome browser to show ELL_F and ELL_R
primers and K834’s location in UBR2 sequence. (B) CRISPR-HDR guide and
repair sequences for the Ubr2k8344 CRISPR experiment. PAM sequence is
shown in bold and cut site of wtCas9 enzyme marked by A. Introduced point
mutations are marked in repair templates in red. Homology arms are
underlined. (C) Representative gel electrophoresis showing restriction digest
with Sfol for ELL clone genotyping. 100bp ladder shown on left. Successful
clone B10 shown by *. (D) Sanger sequencing data for the successful B10

ESC clone (AAG->GCQG).
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In order to confirm that UBR2 protein from Ubr27272, Ubr2RP/RD (Jpr2ELL/ELL
and the previous generated Ubr2P118A (Ubr271/71) ESCs is detectable at levels
similar to wild type and the protein is stable, Western blotting was carried out
to detect endogenously expressed UBR2 (Figure 4.4). One ESC clone from
each mutant group were probed for UBR2 protein and lamin B1 as a loading
control, alongside E14 wild type ESCs (Ubr2+*). UBR2 protein is detectable

in wild type E14 (Ubr2**) cells, and in all UBR2 mutant clones.

UBR2 stabilises TEX19.1, resulting in TEX19.1 protein being undetectable in
Ubr2”- testes (Yang et al., 2010) and in Ubr27- ESCs (Karen Dobie,
unpublished). When ectopically expressed, TEX19.1 is able to regulate the
Type Il N-end rule substrate binding activity of UBR2 so may regulate
UBRZ2'’s ability to target Type Il substrates for N-end rule ubiquitination
(Reichmann et al., 2020). Therefore, in order to determine if endogenous
TEX19.1 is detectable in the mutant ESCs, Western blotting was used to
detect TEX19.1 protein levels (Figure 4.4). The TEX19.1 protein is expected
to be around 40kDa (Uniprot Q99MV2) and is observed in Ubr27/T1,
Ubr27212 (Jpr2RD/RD | Ubr2ELLUELL and Ubr2** ESC lysates, alongside lamin B1
as a loading control protein. Thus, endogenous TEX19.1 protein is stable in
presence of all the mutated UBR2 protein, so none of these mutants affect
UBR2-TEX19.1 stabilisation. This finding is consistent with previous
experiments suggesting that each of these mutant UBR2 mutant is still able
to co-immunoprecipitate with ectopically expressed TEX19.1 in a transiently

transfected HEK293T cells (Eleanor Raymond, unpublished; Figure 3.6).
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Figure 4.4: UBR2 and TEX19.1 are present in Ubr2 mutant ESCs. Protein
levels of UBR2 (~200kDa) and TEX19.1 (~40kDa) using Western blotting in
wild type E14 Ubr2+*, Ubr2™"T1, Ubr27272, Ubr2RP/RD and Ubr2FLUELL ESCs.
Protein product of housekeeping gene lamin B1 (~80kDa) shown as a

loading control. * are non-specific bands.
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To test whether the point mutations in Ubr2 impairs cell growth and
proliferation, cells were plated at 2x10° cells/well in triplicate and counted
after 24 and 48 hours. Ubr2** ESCs had 4.7x10° +8.8x10* ( standard
deviation) cells/well after 24 hours and 9.83x10° £1.2x10° cells/well after 48
hours (Figure 4.5A). The Ubr27"T mutant had 4.2x10% +9.7x10* and 1.1x108
+1.5x10% cells/well, Ubr2™72had 5.2 x10° £6.8x10* and 1.1x108 +2.3x10°
cells/well, Ubr2RP/RD had 3.6x105 +8.1x10% and 8.6x10° £1.4x10° cells/well,
Ubr2F-ELL 4 4105 £6.7x10% and 1.1x10° £1.6x10° cells/well at 24 and 48
hours respectively. None of the Ubr2 point mutations impair cell growth and

proliferation in culture.

To check whether the mutations in Ubr2 lead to aneuploidy in ESCs,
chromosome numbers in the Ubr2*"*, Ubr27272, Ubr2RP/RD and Ubr2FLL/ELL
ESCs at a higher passage number of at least 35 were counted by Fiona
Kilanowski. 83% of wildtype control Ubr2** ESCs contained the expected 40
chromosomes (Figure 4.5B). Ubr27272ESCs had 78%, Ubr2RP/RD had 72%
and Ubr2FLELL had 75% with the expected 40 chromosomes so Ubr mutant

ESCs at passages earlier than 35 were used for subsequent experiments.
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Figure 4.5: ES cells with UBR2 point mutations grow normally (A)
Cellular-growth curves determined by cell counts at 24 hours and 48hours of
Ubr2*"*, Ubr2™/™  Ubr2™12, Ubr2RP/RD | Jpr2ELLUELL ES cells. All measures
were performed in triplicate and error bars correspond to standard deviation.
All mutants were compared to Ubr2+* control with Student’s t-test at each
time point, p-value (24hr, 48hr). Ubr2™"71 p=0.24, p=0.06. Ubr2™72p=0.6,
p=0.53. Ubr2RP/RD p=0.3, p=0.09. Ubr2FLELL p=0.62, p=0.61. (B) Aneuploidy
in Ubr2**, Ubr272712, Ubr2RP/RD and Ubr2FLUELL ES cells. Chromosome
number was counted in N=30, 18, 18, 20 nuclei respectively from each cell
line at passage 35. Each count were placed into two groups: the expected
group of 40 chromosomes, or the aneuploidy groups of <40 chromosomes

and >40 chromosomes.
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4.2.2 Mass spectrometry of Ubr2 mutant proteomes.

4.2.2.1 Ubr2’- ESCs have upregulated and downregulated proteins

enriched in multiple biological processes.

To try identify proteins whose abundance is regulated by UBR2 in ESCs, cell
pellets from Ubr2*'* and Ubr2’- ESCs were analysed by mass spectrometry
(MS). The raw data was analysed using Spectronaut software to produce a
data matrix by calculating peak integration to allow for alignment, metabolite
identification and then calculation of metabolite concentrations. Three ESC
pellets from each cell line were ran through resulting in an observed
abundance value for all for specimens within each experimental leading to
over 5000 proteins identified. Protein abundances from Ubr2/- ESCs was
compared to wildtype Ubr2** controls and significant differences in
abundance between the two cell types were calculated. All proteins that had
a p-value <0.05 were used for further analysis and the definition of an
upregulated protein is where the log Fold change (FC) calculated over the
three repeats is above 1.5 and downregulated is when the calculated log FC
is below -1.5 (Figure 4.6A). There were 485 upregulated proteins and 399
downregulated proteins identified in Ubr27- when compared to Ubr2+*
controls. UBR2 is an E3 ubiquitin ligase whose main role in cells is in N-end
rule protein degradation (Tasaki et al., 2009) so it was expected to identify a
large amount of upregulated proteins in Ubr2’- ESCs. However, there were
more downregulated proteins identified suggesting that removal of UBR2

may lead to an increase in negative regulators of the downregulated proteins.
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As UBR2 is an E3 ubiquitin ligase that is involved in the degradation of
proteins, there was particular interest in the proteins that were upregulated in
Ubr2’- ESCs. The upregulated proteins were used to undertake GO
enrichment analysis to determine which biological processes the proteins
were enriched when compared to the total proteins (Figure 4.6B). The
highest fold enrichment was in the process of mitochondrial ATP synthesis
coupled proton transport which is important for the transport of protons
across a mitochondrial membrane to generate an electrochemical gradient
(proton-motive force) that powers ATP synthesis (Sgarbi et al., 2006). This
was one of many mitochondrial and ATP processes found to be enriched in
Ubr27- ESCs indicating that UBR2 potentially has a role in mitochondria

regulation in ESCs.

Interestingly, the downregulated proteins were enriched in multiple pathways
with the largest fold enrichment being proteins involved in Histone H2B
ubiquitination (Figure 4.6C). UBR2 has a previously described relationship
with ubiquitination of Histone H2A (An et al., 2012) which is disputed. But it is
likely that UBR2 has an important role in ubiquitination pathways of other
histones as several histones were identified in the MS. As well as apparently
separate biological pathways, Ubr2- ESCs have decreased abundance of
proteins involved in RNA associated and telomere localisation pathways
(Figure 4.6C). Together, this indicates that the Ubr2”- genotype leads to both

positive and negative effects on proteins.
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Figure 4.6 Whole proteomics data of Ubr2’-ESCs shows that Ubr2 has
an enrichment of upregulated proteins in mitochondria processes. (A)
Volcano plot of mass spectrometry results shows the proteins in Ubr2”-
compared to Ubr2** ESCs. Y-axis represents negative log10(p-value) where
all protein changes that had p-values <0.05 were classed as significant. X-
axis is the calculated Log2 fold change (Mean log2 Ratio) where proteins
with a positive fold change >1.5 represent upregulated proteins (highlighted
in red) and those with negative fold change <1.5 represent downregulated
proteins (highlighted in blue) in the Ubr2’- ESCs, respectively. Upregulated
proteins= 485 and downregulated proteins = 399. Gene names were used to
label proteins. (B) GO term analysis of the biological processes upregulated
proteins from Ubr2’- ESCs. Significant upregulated proteins were compared
to the 5424 total background proteins identified in the MS. Enrichment FDR is
the estimated probability that a gene set with a given enrichment score
represents a false positive finding. nGenes is the number of genes found in
the upregulated proteins, Pathway genes is the total number of genes in the
BP pathway and Fold enrichment is the calculated increase in enrichment
compared to the background. (C) GO term analysis of downregulated
proteins from Ubr2’- ESCs. Significant downregulated proteins were
compared to the 5424 total proteins identified in the mass spectrometry. The

headings are the same as in (B).
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4.2.2.2 Point mutations in protein-interacting interfaces of UBR2 can
identify potential substrates for ubiquitin-dependent degradation in

ESCs

The MS of the Ubr2 mutant ES cells (Ubr2RP/RD, Ubr27"T1, Ubr27#72 and
Ubr2ELLELL) was used to identify potential proteins that may be substrates for
UBR2-mediated ubiquitin-dependent degradation, and to separate out N-end
rule substrates and non N-end rule substrates. The W1177A mutation of
Ubr2RD/RD has previously been shown to decrease the binding of E2s, UBE2A
and USE1 (Lee et al., 2011). To identify proteins that could be targeted for
ubiquitin-dependent degradation by UBR2, Ubr2RP/RD and wildtype Ubr2**
proteomes were compared to identify upregulated and downregulated

proteins as described for Ubr2’- ESCs.

To graphically represent this comparison data, a volcano plot —log+o (p-value)
vs. logz (fold change in Ubr2RP/RDys Ubr2+* ESCs) was constructed to
graphically display the quantitative data (Figure 4.7A). The 514 differentially
increased abundant proteins (P< 0.05 and fold change >1.5) was compared
to the 485 proteins from Ubr2”-ESCs (Figure 4.7B). ~49.1% of proteins
upregulated in Ubr2”- ESCs were also significantly upregulated in Ubr2RD/RD
ESCs including the histone Hist1h2bp, H1-6 and the cohesin subunit Smc1p.
These 238 proteins upregulated in both Ubr27- and Ubr2RP/RDESC are
potential substrates for UBR2-mediated ubiquitin-dependent degradation. As
there were 276 proteins that were upregulated in the Ubr2RP/RD byt not in the

Ubr2- could indicate ubiquitin substrates of UBR2 that may also be targeted
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by other E3 ligases such as UBR1. One hit of interest in this group was
Haspin which has a role in modifying histones, a potential role of UBR2, by
phosphorylating histone H3 at threonine-3 during mitosis, particularly at inner
centromeres (Higgins, 2010). 247 proteins were only upregulated in Ubr2”
ESCs and not Ubr2RD/RD ESCs indicating proteins that are UBR2 substrates

for other non-canonical functions outside of ubiquitination.

Figure 4.7 Ubr2RP/RDESCs have overlapping upregulated substrates to
Ubr2’- ESCs. (A) Volcano plot of mass spectrometry results shows the
proteins in Ubr2RP/RD compared to Ubr2++ ESC. Y-axis represents negative
log10 p-value and proteins with a positive Log2 fold change (Mean Log2
Ratio) are upregulated and negative values represent downregulated
proteins in the Ubr2RD/RD ESCs, respectively. Proteins changes that have
Fold change >1.5 are highlighted in red, Fold change <-1.5 are highlighted in
blue. Upregulated protein = 514 and downregulated protein = 258. Gene
names of proteins with the highest Log(Fold change) are labelled alongside
Smc1b, Tfap2c and Dppa3. (B) Venn diagram of comparisons of upregulated
Ubr2”- and Ubr2RP/RD proteins and identifying the number of sample-exclusive
or common proteins. An example of proteins that were exclusive or common

are included.
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To identify proteins that might be regulated by the N-end rule activity of
UBR2, | next performed mass spectrometry on Ubr27"T" and Ubr2'#72ESCs
and compared these proteomes to wild type Ubr2** ESCs. 1246 proteins
from Ubr2™/™ and 1298 proteins from Ubr27272ESCs were upregulated > 1.5
fold (p<0.05) relative to wild type Ubr2** ESCs (Figure 4.8A). Only 7 proteins
were upregulated in common between Ubr2™"/T1 Ubr2RP/RD and Ubr27- ESCs
but not Ubr2™272 ESCs (Figure 4.8A). These 7 proteins are potential type | N-
end rule substrates regulated by UBRZ2. In contrast, 57 proteins were
upregulated in common between Ubr27#72, Ubr2RP/RD and Ubr2-- ESCs but
not in Ubr27/T ESCs (Figure 4.8A). These 57 proteins are potential type |l
N-end rule substrates regulated by UBR2. Furthermore, 21 proteins were
upregulated in both Ubr2RP'RP and Ubr2- ESCs but not in either Ubr2™/™ or
Ubr2™/M2 ESCs (Figure 4.8A). These proteins are potential non-N-end rule

substrates for UBR2-dependent ubiquitination.

Interestingly, there is overlap of 153 proteins that are upregulated in Ubr2-,
Ubr2RO/RD . Upr271/T1 and Ubr2™272ESC lines compared to Ubr2+* ESCs
suggesting that some N-end rule substrates are affected by both the type |
and type Il mutations. UBR2 was first thought to have a limited role in the
type | N-end Rule pathway instead acting more in the turnover of type Il
substrates in vitro (Tasaki et al., 2005) which may explain the low amount of
type | proteins identified. However, canonical type | substrate was identified
in Ubr27- MEFs which exhibit vulnerability to UV irradiation as a result of a

lack of type | N-end rule degradation of genomic stress regulator SDE2
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(Rageul et al., 2019) indicating that there are Tl N-end rule substrates in vivo

and the seven proteins identified require further investigation.

The proteins that were allocated as type | (Tl), type Il (TIl) and non-N-end
rule proteins included histones, developmental proteins and transcription
factors (Figure 4.8A). UBR2 has a previous role in the turnover of AcSMC3-
marked cohesin in ESCs (Karen Dobie, unpublished) but AcSMC3 or SMC3
were not found to have significant changes in the dataset generated from the
MS. This is consistent with previous data in the lab showing the UBR2
primarily regulates AcSMC3 in the G2/M phase of the cell cycle, which would
only represent a minor population of cells in the MS experiment. The only
cohesin subunit that was identified as a potential substrate was the meiosis
specific SMC1B cohesin subunit which has previously been shown to be
expressed in ESCs (Choi et al., 2022). SMC1 was found to be significantly
upregulated in Ubr27272, Ubr2RP/RD and Ubr27- ESCs so could be a potential
TII peptide. Interestingly, there is no evidence that SMC1f would have a non-
methionine N-terminus so may be a substrate for non-acetylated Met-®
turnover that depends on TIl Arg/N-end Rule pathway (Kim and Hwang,
2014; Nguyen et al., 2018, 2019). All the proteins that were allocated to be
TI, Tl peptides or non-N-end rule could be further investigated to confirm if

they do upregulate in ESCs by investigating protein level by Western blotting.
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Figure 4.8: Mass spectrometry of Ubr2 mutants can identify potential
pathway proteins. (A) Venn diagram of proteins upregulated in Ubr2+,
Ubr2™/T1 Ubr27¥72 and Ubr2RP/RDESCs (B) Table of proteins that are
potentially specific to either type | N-end rule (7), type Il N-end rule (57) or

non-N-end rule (21) pathways. All potential N-end rule substrates were

upregulated in Ubr2’- and Ubr2RP/RD ESCs. Proteins that were only increased

in Ubr2’- and Ubr2RP/RD ESCs were classified as non-N-end Rule.
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One protein identified within the MS data was Transcription Factor AP-2
Gamma (TFAP2C) which is a sequence-specific DNA-binding transcription
factor involved in the activation of several developmental genes and
chromatin organisation (Yan et al., 2013). TFAP2C is increased 2.6 fold in
Ubr2’- and 2.3 fold in Ubr2RP’RDESCs and is a potential non-N-end rule
substrate of UBR2. The average raw label-free quantitation (LFQ) of each
peptide identified in each ESC line shows the increase in the amount of
detected peptides in Ubr27 and Ubr2RP/RD compared to Ubr2** ESCs (Figure
4.9A). It's apparent that the most N-terminal peptide detected (R120) is
upregulated with a LFC of 1.4 (Fold change ~2) and that most peptides
detected in Ubr27- and Ubr2RP/RD ESCs are upregulated when compared to
Ubr2++ ESCs. There appears to be little N vs C terminal bias in the
upgregulated peptides suggesting there is little internal cleavage of proteins

which would be consistent with a non-N-end rule substrate (Figure 4.9B).

To check if the ~2-fold increase in the ratio of TFAP2C in Ubr2-- and
Ubr2RD/RD ESCs compared to Ubr2** detected in the mass spec corresponds
to a detectable increase in protein levels in the ESCs, | took whole cell lysate
from the ESCs and ran them on a western blot and probed for TFAP2C.
TFAP2C is composed of 449 amino acids with a molecular weight of 49kDa
and could be detected by western blot (Figure 4.9C). There was no
detectable increase in TFAP2C (Figure 4.9D) suggesting that the increase in
protein abundance detected by MS did not correspond to a detectable
increase in protein levels by Western blotting. Therefore, it is difficult to

conclude whether TFAP2C is regulated by UBR2 in ESCs.
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Figure 4.9 TFAP2C is not perturbed in Ubr2 ESCs. (A) Mass spectrometry
identification of Tfap2c peptides isolated. Site is the location of R or K within
the peptide amino acid, Peptide sequence and Ubr2¥* LFQ is the average
intensity value of peptide sequence. Ubr2<*LFC is the mean Logz(Fold
change) of Ubr2RD/RD and Ubr27- LFQ compared to Ubr2+*. p-value is shown
in brackets following Student’s T-test. (B) Peptide sequence of mouse
TFAP2C (Uniprot Q61312). Detected peptide sequences are highlighted in
yellow. (C) Representative western blots of TFAP2C (~49kDa, Q61312) from
whole cell lysate of wild type Ubr2*"*, Ubr2RP/RD and Ubr2”-ESCs and Lamin
B1 as a loading control. (D) Quantified mean protein levels of TFAP2C from
western blotting in C, corrected against Lamin B1 protein level, and relative
to the wild type mean. Standard deviation over three pairs of Ubr2 mutant
ESCs. Differences between Ubr2** and Ubr2RP/RD or Ubr2’- are not

significant; Ubr2RD/RD p=0.46, or Ubr2’- p=0.69 (Student’s T-test).
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MLWKITDNVK YEEDCEDRHD SSSNGNPRIP HLSSPGQHLY SPAPPLSHTG VAEYQPPPYF

Tfap2c ESC genotype
Site Peptide sequence Ubr2** Ubr2RD/RD Ubr2RPRD | Ubr2* Ubr2"
LFQ LFQ LFC LFQ LFC
(p-value) (p-value)
R120 | QSQEGSSLASHHSR 50542.6 131304.3 14 124661.1 1.3
(0.01) (0.04)
R139 | SASLIPHISGLEGGSVSA | 711018.3 | 2130493 1.6 2378877 1.8
R (1.5x10%) (4.8x10%)
R140 | SASLIPHISGLEGGSVSA | 1382667 | 3313503 1.4 3711507 1.6
RR (2x104) (7.7x10%)
K201 | KGPISMTK 256020.5 - -
R229 | DLVGVVMNPSEVFCSVP | 350039 832572 1.3 646212.3 0.9
GR (0.004) (0.05)
K238 | DLVGVVMNPSEVFCSVP 352856 - 335618 -
GRLSLLSSTSK
K238 | LSLLSSTSK 3345407 | 7551403 1.3 7353990 1.3
(3x104) (0.001)
R248 | VTVAEVQR 424190 1256900 1.6 999011.3 1.2
(0.07) (0.03)
R248 | YKVTVAEVQR 243458 785569.7 1.7 912054 1.9
(9.2x10%) (0.001)
R266 | RLSPPECLNASLLGGVL | 822007.7 | 2567117 1.6 2877803 1.8
R (2.4x10%) (4.8x10%)
R266 | LSPPECLNASLLGGVLR | 634541.3 | 1600453 1.3 1698793 1.4
(0.002) (5x10-4)
R267 | LSPPECLNASLLGGVLR | 2543620 | 6505320 14 6940423 1.5
R (6.2x10-°) (4.9x10%)
R292 | IGLNLPAGR 4898660 10107573 1 11877200 1.2
(0.002) (6x104)
R292 | LDKIGLNLPAGR 227677.3 | 704808 1.9 807332.7 2.1
(0.002) (6x104)
R314 | KAAHVTLLTSLVEGEAV 705749.7 - 722739.7 -
HLAR
R314 | AAHVTLLTSLVEGEAVHL | 149839.7 | 426592.7 1.5 418369 1.5
AR (6x104) (0.02)
K327 | DFAYVCEAEF PSK 2461513 | 4737983 0.9 5665490 1.2
(0.01) (3x104)
R341 | AVADYLTRPHLGG R 1201437 | 2.23E+06 0.9 3.15E+06 1.4
(0.15) (0.003)
K359 | SMLLAAQQVCK 1140428 2109460 0.9 1857723 0.8
(0.04) (0.06)
L424 | EALIAIDK 2260610 | 3963213 0.8 4825563 1.1
(0.02) (0.003)
K439 | SYMNPGDQSPADSSK 206055.3 | 605294.7 1.7 429474 1.2
(8x104) (0.002)
B >sp| Q61312 | AP2C_MOUSE OS=Mus musculus OX=10090 GN=Tfap2c PE=1 SV=2

PPPYQQLAYS QSADHYSHLG EAYAAAMNPL HQPAATGSQQ QAWPGR QSQE GSSLASHHSR

SASLIPHISG LEGGSVSARR EVYRRSDLLL PHAHALEAGL AENLGLHEMA HPIEEVONVD
DAHLLLHDAQT VIRKGPISMT KNPLGLPCQK DLVGVVMNPS EVFCSVPGRL SLLSSTSKYK

VTVAEVQRRL SPPECLNASL LGGVLRRAKS KNGGRSLREK LDKIGLNLPA GRRKAAHVTL

LTSLVEGEAV HLARDFAYVC EAEFPSKAVA DYLTRPHLGG RNEMATRKSM LLAAQQVCKE

FTDLLHQDRT PNGNNRPAQV LEPNIQNCLS HFSLITHGFG SQAICAAVSA VONYIKEALI

AIDKSYMNPG DQSPADSSKT MEKMEKHRK
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A potential type Il N-end rule substrate identified in the MS data was DPPA3
(also referred to as Stella or PGC7) which is mainly expressed in primordial
germ cells but is also expressed in preimplantation embryos and pluripotent
cells (Saitou and Yamaiji, 2012). DPPAS3 is increased 2.6 fold in Ubr2’-, 2.2
fold in Ubr2RD/RD and 2.5 fold in Ubr27#72ESCs in the MS dataset. The mean
raw LFQ of each peptide identified in each ESC line shows the increase in
the amount of detected peptides in Ubr2’-, Ubr2RO/RD and Ubr27272 compared
to Ubr2** ESCs (Figure 4.10A). When the peptide sequences identified were
mapped onto the protein sequence of DPPA3, most of the peptides were
located at the C-terminus (Figure 4.10B). The DPPAS3 protein has a cleavage
point in at ®*LR!NR®%2 where the C-terminal fragment, which has a N-residue
at its amino terminus, is ubiquitinated and degraded (Shin et al., 2017). This
c-terminus peptide might be a potential N-end rule substrate but does appear
to behave like a type | substrate of the N-end rule pathway in oocytes and
early embryos (Shin et al., 2017). DPPA3 was indicated as a type Il N-end
rule substrate in the MS but the cleavage and processing of DPPA3 may be

different in ESCs.

To investigate if an increase in LFC of the peptides detected in the MS data
corresponds to an increase in protein levels in the ESCs, whole cell lysate
from the ESCs was taken and ran on a Western blot to probe for DPPAS.
DPPAGS is a small protein, composed of 150 amino acids with a molecular
weight of 20kDa. Two bands were detected by western blot one at 20kDA
and a cleavage product of DPPA3 at 17kDa (Figure 4.10C) similar to what

was identified in oocytes and early embryos (Shin et al., 2017). Quantification
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of the protein levels of three sample lysates showed there was no significant
increase in DPPAS3 (Figure 4.10D) suggesting that an increase detected
protein by MS does not correspond to a detectable increase by Western

blotting.

Figure 4.10 DPPAS3 is not perturbed in Ubr2 ESCs. (A) Mass spectrometry
identification of DPPA3 (Stella) peptides isolated. Site is the location of R or
K within the peptide amino acid, Peptide sequence and Ubr2¥*LFQ is the
average intensity value of peptide sequence. Ubr2¥*LFC is the mean
Logz(Fold change) of Ubr27272, Ubr2RP/RD and Ubr2”- LFQ compared to
Ubr2**. p-value is shown in brackets. Student’s T-test (B) Peptide sequence
of mouse DPPAS3 (Uniprot Q8QZY3). Detected peptide sequences are
highlighted in yellow. (C) Representative western blots of DPPA3 (~20kDA,
Q8QZY 3) from three different whole cell lysate samples of wild type Ubr2+*,
Ubr27212 Jbr2RD/RD and Ubr27-ESCs. Arrows label 20kDA and 17 kDa bands
of DPPA3. Lamin B1 as a loading control. (D) Quantified mean protein levels
of all DPPAS3 protein from western blotting in C, corrected against Lamin B1
protein level, and relative to the Ubr2** mean. Standard deviation over three
pairs of Ubr2 mutant ESCs. Differences between Ubr2+*and Ubr27272,
Ubr2RD/RD or Ubr2-+- are not significant; Ubr27272 p=0.80, Ubr2RP/RD p=0.28, or

Ubr2/- p=0.88 (Student’s T-test).
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ESC Genotype

DPPA3 ESC Genotype
Site | Peptide sequence | Ubr2*/* Ubr2™™ | Ubr2™™ | Ubr2R°/R° | Upr2f°/f° | Ubr2”- Ubr2”
LFQ LFQ LFC LFQ LFC LFQ LFC
(p-value) (p-value) (p-value)
K71 IAAVPVENK 283000 745666 1.4 775975 1.5 763045.5 1.4
(0.03) (0.02) (0.02)
K74 IAAVPVENKSEK 27475.3 90103.1 1.8 70029.7 1.3 73220.9 1.4
(0.001) (0.01) (0.005)
K101 | TLLSVLKDPIAK 414521.5 | 639747.3 0.63 56112.3 0.44 784622.3 0.92
(0.05) (0.15) (0.006)
R122 | LEGNEFER 126216 127368.5 0.2 56099.3 -1.2 170290.3 0.4
(0.63) (0.21) (0.26)
R128 | LEGNEFERDSEPFR | 255740 356185 0.5 296851.3 0.2 619295.3 1.3
(0.52) (0.33) (0.001)
B >sp|Q8QzY3|DPPA3_MOUSE 0S=Mus musculus OX=10090 GN=Dppa3 PE=1 SV=1
MEEPSEKVDP MKDPETPQKK DEEDALDDTD VLQPETLVKV MKKLTLNPGV KRSARRRSLR
NRIAAVPVEN KSEKIRREVQ SAFPKRRVRT LLSVLKDPIA KMRRLVRIEQ RQKRLEGNEF
ERDSEPFRCL CTFCHYQRWD PSENAKIGKN
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In Chapter 3, FLAG-ELL-UBR2 was shown to have a change in localisation
in overexpression in HEK293Ts to be chromatin bound (Figure 3.7).
However, it remains unknown whether this mutation leads to any functional
changes. To further understand the effects of the K834 A mutation in
endogenous UBR2, the Ubr2FL/ELL ESCs proteome was determined by MS.
Protein abundances of each protein from Ubr2FLLELL ESCs was compared to
wildtype Ubr2** controls and proteins with log FC> 1.5 were designated as
upregulated and those with log FC< -1.5 were downregulated (Figure 4.11A).
There were 1033 upregulated proteins and 382 downregulated proteins

identified in Ubr2FLYELL when compared to Ubr2** control.

There did appear to be a larger number of upregulated proteins that you may
expect from an E3 ubiquitin ligase and the upregulated proteins were used to
undertake GO enrichment analysis to determine which biological processes
these proteins were enriched in (Figure 4.11B). The highest fold enrichment
was in the process of ribonucleoside triphosphate metabolic processing
which is important in processes such as the pro-inflammatory response (Yu
et al., 2019). The Ubr2FLLELL ypregulated proteins were compared to the type
I, type Il and non-N-end rule substrates identified in the earlier analysis and
the majority of these substrates were also identified in the Ubr2ELL/ELL MS
(Figure 4.11C and 4.11D). This indicates that the ELL mutation is perturbing
UBRZ2 function and the K834 residue is important for UBR2’s role in the

ubiquitination of proteins.
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4.11 Whole proteome of Ubr2fLELL ESCs shows that introduction of
K834A mutation into Ubr2 leads to proteomic shift (A) Volcano plot of MS
results shows the proteins in Ubr2tLELL compared to Ubr2+* ESCs. Y-axis
represents -logio(p-value) and proteins with a positive Logz fold change
(Mean Log2 Ratio) are upregulated and negative values represent
downregulated proteins in the Ubr2ELL/ELL ESCs, respectively. All protein
changes have a p=value <0.05 and those that have Fold change >1.5 are
highlighted in red, Fold change <-1.5 are highlighted in blue. Upregulated
proteins=1033 and downregulated proteins=382. Gene names of proteins
with the highest Log(Fold change) are labelled alongside Smc1b, Tfap2c and
Dppa3. (B) GO term analysis of the biological processes upregulated
proteins from Ubr2ELLELL ESCs. 1033 significant upregulated proteins were
compared to the background of 5424 proteins identified by MS. nGenes is
number of genes in upregulated group, Pathway genes is the number of
genes in the biological processes pathway and Fold enrichment is the
calculated increase enrichment compared to the background. (C) Venn
diagram of Tl N-end rule (7), Tl N-end rule (57) or non-N-end rule (21)
proteins and upregulated proteins in Ubr2ELELL ESCs (D) Table of proteins
that are potentially specific to either Tl N-end rule (5), Tll N-end rule (53) or

non-N-end rule (13) pathways and upregulated in Ubr2fLLELL ESCs.
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4.3 Discussion

In this chapter, | introduced point mutations into protein-binding interfaces of
UBR2 in ESCs to separate out N-end rule and non-N-end rule ubiquitination
to identify substrates of these pathways. | identified, by mass spectrometry
that Ubr2’- and the other mutant ESCs have a large proteomic shift when
compared to Ubr2** controls and these proteins are from a wide background.
However, it was difficult to confirm the proteins that were identified to be
potential substrates by Western blotting suggesting that there may be some
quantification differences between methods. Ubr2EL/ELLESCs had a large
overlap with proteins identified as potential N-end rule and non-N-end rule

substrates suggesting that the K834 residue is important for ubiquitination.

4.3.1 Ubr2’- ESCs proteome indicates a role in turnover of

mitochondrial proteins and histones

The Ubr2'- ESCs previously generated in our group contain a premature stop
codon in exon 3 leading to an early truncated protein and were used to
identify any biological pathways and substrates by investigating their
proteome by mass spectrometry. As UBR2 is an E3 ubiquitin ligase of the
Arg/N-end rule pathway, | was largely interested in the proteins that were

upregulated once UBR2 had been removed.

The largest group of proteins that were upregulated in Ubr2”- ESCs were
proteins involved in multiple mitochondria processes indicating a role for

UBR?2 in the organelle. Mitochondrial processing protease cleaves the N-
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terminal of nuclear-encoded mitochondrial proteins when imported into the
matrix from the cytosol which results in destabilizing N-terminal residues
(Vogtle et al., 2009; Schmidt, Pfanner and Meisinger, 2010). In S. cerevisiae,
mitochondrial processing peptidases Icp55 and Oct1 remove destabilising
residue from the N-terminal to prevent degradation by an N-end rule pathway
(Vogtle et al., 2009, 2011). Yet it remains unclear what is the function of the
N-end rule pathway and the identity of the N-recognin and protease
responsible for the recognition and degradation of N-end rule substrates in
mitochondria. UBR2 may be an important player in this but further research

into the N-end rule pathway of mammalian mitochondria is required.

Also, UBR2 has been implicated in the cytosolic mitochondrial quality control
pathway in neurodegenerative diseases such as Parkinson’s disease. Tensin
homolog (PTEN)-induced kinase 1 (PINK1) plays an essential role in
mitochondrial quality control as the N-terminus of PINK1 is inserted into the
inner mitochondrial membrane (IMM), where an IMM protease, PARL, cuts
PINK1 between residues Ala103 and Phe104, releasing a C-terminal
fragment of PINK1 (Phe104-PINK1) into the cytosol (Jin et al., 2010; Greene
et al., 2012; Yamano and Youle, 2013). This fragment is recognised by UBR
proteins UBR1, UBR2 and UBR4 and removed by the UPS (Yamano and
Youle, 2013). PINK1 is expressed in ESCs (Wang et al., 2021) but it was not
detected in the MS data. UBR2 may be important for ubiquitination of other

mitochondrial proteins in a similar way to PINK1.
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The proteins designated as downregulated in Ubr2’- ESCs were enriched in
metabolic processes of the cell, RNA activity and Histone H2B ubiquitination.
Previously, mammalian UBR2 was associated with the ubiquitination of
histone protein H2A (An et al., 2012) and as several histones were detected
in the MS, UBR2 is important for multiple histone ubiquitination. This function
may be evolutionarily conserved because the yeast ortholog of Ubr1 is
implicated in the turnover of an H3-like histone (Cheng et al., 2017). Campos
et al found that the histone, H2B, is a target for UBR7-dependent
ubiquitination (Campos et al., 2015) suggesting redundancy in histone
ubiquitination between UBR proteins. It was surprising that depletion of an E3
ubiquitin ligase would lead to a large amount of downregulated protein in
ESCs suggesting that UBR2 has a role in regulation of inhibitors of proteins

that remain to be identified.

4.3.2 Point mutations in protein-binding interfaces of UBR2 identified

potential ubiquitin substrates

Point mutations were introduced to Ubr2 in protein-binding interfaces to test
whether these interfaces are required for UBR2 functions in ESCs. The
W1177A mutation in Ubr2’s RING domain was previously shown to perturb
the binding of E2 ubiquitin conjugating enzymes, USE1 and UBE2A, to UBR2
(Lee et al., 2011). Placing this mutation into ESCs allowed for identification of
potential N-end rule and Non-N-end rule ubiquitin targets of endogenous
UBR2. ~50% of upregulated proteins in Ubr2RP/RDESCs were upregulated in

Ubr2-ESCs and ~40% of downregulated proteins in Ubr2RP/RD were
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downregulated in Ubr27- ESCs indicating that the W1177A mutation is
impairing UBR2 function in a somewhat similar way to Ubr2-. There are
upregulated proteins in Ubr27- ESCs that are not also upregulated in
Ubr2RO/RDESCs. These could be proteins that are UBR2 interactors for other
non-canonical functions outside of ubiquitination. The only protein that has
been identified as having this type of role with UBR2 is TEX19.1 (Yang et al.,

2010; Reichmann et al., 2020).

As UBR2 has a previously characterised role in turnover of chromatin-
associated AcSMC3 cohesin in ESCs (Karen Dobie, unpublished), | was
particularly interested in cohesin subunits in the MS. As described in Chapter
1, cohesin has multiple subunits that bind to form a tripartite ring where the
SMC3 subunit of cohesin is acetylated during S phase to establish cohesion
between replicated chromosomes (Beckouét et al., 2010). Multiple cohesin
subunits were detected in the MS but the only cohesin subunit that had a
significant fold change was the meiosis specific SMC1 subunit. There has
been no previous work to determine whether UBR2 has any role in the
turnover of SMC1B-containing cohesin. SMC1 is present in ESCs and
important for binding of REC8-cohesin complexes that are essential for sister
chromatid cohesion (Choi et al., 2022). SMC1 was identified as a potential
type Il N-end rule peptide from the MS data but the N-terminus of the protein
is MGHLELLLVE which would not make it a typical N-end rule substrate as
methionine cleavage would lead to N-terminal glycine and no UBR2 binding
was observed with peptides bearing N-terminal Glycine residue (Tasaki et al.,

2009). Potentially, there may be cleavage of SMC1 protein in ESCs leading
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to a C-terminal fragment that has a type Il N-end rule degron or it may be a
met-® substrate of UBR2. Bioinformatic techniques should be used to
determine any potential SMC1p cleavage sites and then confirm if cleavage

products arise in vitro.

In Chapter 3, the introduction of the K834A mutation in the ELL domain of
FLAG-UBR2 changed localisation to chromosomes in HEK293T cells.
Structural analysis in yeast Ubr1 showed that the proteins base is a helical
scaffold consisting of four regions interspaced by three domains: the UBR
box, N-domain and the WHD which participates in the interaction with the
donor Ub that is transferred during ubiquitination of a substrate (Pan et al.,
2021). The WHD is similar to the ELL domain in mouse UBR2 indicating that
this domain has a role in ubiquitination. Ubr2EL/ELLESCs had a large overlap
of its upregulated proteins with proteins that were identified as potential N-
end rule or non-N-end rule substrates of UBR2 in the MS. This suggests that
the ELL domain and the K834 residue is important for ubiquitination of
proteins. As the change in localisation in Chapter 3 only occurred with FLAG-
ELL-UBR2 and not the other UBR2 mutants, this localisation alteration is not

due to the ubiquitination function of UBR2.

Previously, Ubr2’- ESCs have an increase in AcSMC3-marked cohesin levels
during G2/M detected by Western blotting (Karen Dobie, unpublished).
Ubr2T/TT ESCs did not have an increase in chromatin-associated AcSMC3
during G2/M (Eleanor Raymond, unpublished) suggesting that UBR2’s type |

N-end rule binding is not important for this role. Synchronising these Ubr2
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mutants to G2/M and quantifying cohesin subunit protein levels in lysates will
help determine whether this change in AcSMC3 is due to type Il N-end rule
or Non-N-end rule ubiquitination in ESCs. Also the Ubr2 mutant ESCs could
be synchronised to G2/M and then ran on the MS to determine if any of the
detected protein changes are found throughout the cell cycle or if there are

any specific to mitosis.

4.3.3 Limitations of this study

Comparisons of proteomes of Ubr2™ ™ and Ubr2™72ESCs could help
identify potential substrates of UBR2’s function in the N-end rule pathway.
Only a small number of proteins were found to be upregulated in the three
allocated groups: type | N-end rule (Ubr2™/T1 Ubr2’- and Ubr2RP/RD) type |
N-end rule (Ubr27272, Ubr2’- and Ubr2RP/RD) and non-N-end rule (Ubr2”- and
Ubr2RD/RD) substrates. As each Ubr2 mutant proteome was compared to
wildtype Ubr2+* ESCs before being grouped into these categories, proteins
that may be upregulated in Ubr2™272ESCs when compared to other mutants
like Ubr27'/T1 are excluded. Further analysis with different combinations of
Ubr2 mutant comparisons, without the initial comparison to Ubr2**, may lead

to identification of more upregulated proteins.

There was a large amount of proteins that were upregulated in all ESC
mutants suggesting that there is lack of specificity in the proteins detected by
MS. A BiolD (biotinylated protein identification) or TurbolD fusion-UBR2
protein could be generated and expressed in ESCs to allow selective

isolation and identification of interacting proteins, like E2 ligases and short-
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lived substrates, with affinity capture and MS (Roux, Kim and Burke, 2013;
Doerr, 2018). BiolD has successfully identified over 50 substrates, in
combination with proteasomal inhibition with MG-132, of the RING-type E3
complex Skp Cullin F-box B-TrCP1/2 E3 ligases (Coyaud et al., 2015). All
mutant UBR2 proteins could be used as a BiolD fusion protein to assess type

[, type Il and non-N-end rule interactions.

Additionally, alanine-scanning mutagenesis of the UBR box and N-domain of
UBR1 identified the two point mutations: D118A and D233A, which
specifically interfere with the ability of UBR1 to bind either Type | or Type I
substrates, respectively (Tasaki et al., 2009). Peptide pulldowns for D118A
and D233A showed a reduction in type | and type |l binding ability of UBRZ2 in
ectopically overexpressed FLAG construct in HEK293T cells and a reduction
in type Il binding ability in endogenous UBR2 in testis (Eleanor Raymond,
unpublished). However, this does not necessarily demonstrate a full ablation
of type | and type Il binding ability. For example, T2-UBR2 may still be able to
bind type Il substrates that do not contain an N-terminal phenylalanine, which
is the most common type Il sequence and was used as the Tl peptide in
these experiments, or with type ll-like substrates such as non-acetylated Met-
@ proteins. Examination of the mutant UBR2 proteins by peptide pulldown in
ESCs is required and pulldown with different peptide sequences could be

used to predict the extent of their binding ability.

Also, even though the W1177A mutation in RING domain led to depletion of

E2 ubiquitin conjugating enzymes USE1 and UBE2A binding (Lee et al.,
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2011), UBR2 has been confirmed to act through a variety of other E2
enzymes including UBE20 and UBEZ2B (An et al., 2010; Xu et al., 2019). So
this point mutation may not necessarily prevent binding of all potential E2
ubiquitin ligases and not generate a fully penetrant catalytic dead mutation.
Co-immunoprecipitation assays could be carried out in order to test the
extent of the mutation in ESCs, as well as the conservation of the UBR2

RING domain structure between different potential E2 interactors.

The biggest limitation of this study is even though there was over a ~2-fold
increase in the MS data for both DPPA3 and TFAP2C this was not observed
by Western blotting. MS quantification uses multiple signals (multiple
transitions per peptide, multiple peptides per protein, and multiple
measurements of each signal) to indicate the protein quantity. Western
blotting assay essentially depends on the specificity of the antibodies used
which may not be as well characterised. The anti-TFAP2C antibody (PA5-
49862) was raised against the 400-450aa end of the protein. As TFAP2C is a
non-N-end rule substrate there would be no bias expected in peptides
detected in the N-terminus and the C-terminus so quantification of protein
levels with an antibody raised against this end of protein should be able to
detect changes in protein level by Western blotting. The anti-DPPA3 antibody
(Sc-67249) was raised against full length mouse DPPA3 which was able to
identify the full length and cleaved protein in the ESC lysate (Figure 4.10C)
which was previously identified in mouse oocytes and embryos (Shin et al.,
2017). However, quantification by Western blotting has not confirmed what

was observed in the MS making it difficult to confirm that DPPAS is a type |l
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N-end rule substrate or TFAP2C is a non-N-end rule substrate of UBR2.
Further work is needed to confirm that these potential substrates are

upregulated in these cells.

4.3.4 Summary

In summary, placing point mutations in protein-binding interfaces of
endogenous UBR2 in ESCs does not impair cell growth or the stabilisation of
TEX19.1. Mass spectrometry analysis identified potential substrates of N-
end-rule or non-N-end rule pathways but these were not confirmed by
Western blotting. This leads to difficulty in concluding that these are real

substrates of UBR2.
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Chapter 5:
Mutations in the RING domain of

UBR2 in mice
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5.1 Introduction

UBR2 has previously been implicated in genomic stability and homologous
recombination in a mitotic context (Ouyang et al., 2006) and is one of four
UBR proteins that have been shown to have activity in the N-end rule protein
recognition system of the UPS (Tasaki et al., 2009). Although Ubr2 is
relatively ubiquitously expressed, the Ubr27- mouse has phenotypes in a
specific subset of tissues suggesting that UBR2 has essential molecular
functions in specific tissues either through N-end rule protein ubiquitination or

other non-canonical functions.

One of the best characterised phenotypes of Ubr2”- is in male meiosis,
characterised by gross morphological changes in seminiferous tubules of the
testis, low testis weight and lack of mature sperm leading to male infertility
(Kwon et al., 2003). Chromosome spreads of Ubr2”-testes confirm defects in
progression through meiotic prophase, and very few spermatocytes progress
through pachytene into diplotene with a significant increase in asynapsis
during pachytene (Crichton et al., 2017). These asynapsed chromosomes
are present in multiple configurations consistent with defects in meiotic
recombination and homolog pairing, similar to those found in Tex79.7+

spermatocytes.

UBR2 has a 1:1 stoichiometric interaction with TEX19.1, which is a germline
genome defence protein primarily expressed in hypomethylated tissues,
including the ovaries, testes and in ESCs in culture (Ollinger et al., 2008;

Maclennan et al., 2017; Reichmann et al., 2020). When ectopically
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expressed, TEX19.1 is able to regulate the Type Il N-end rule substrate
binding activity of UBR2 so can regulate UBR2'’s ability to target Type |l
substrates for N-end rule ubiquitination (Tasaki et al., 2005; Reichmann et
al., 2020). Further investigation of Ubr2”- testes showed that loss of UBR2
results in loss of TEX19.1 protein but not Tex79.7 mRNA (Yang et al., 2010),
suggesting that UBR2 prevents degradation of TEX19.1, possibly through

UBR2 being an obligate binding partner of TEX19.1.

Interestingly, somatic tissues appear unperturbed in adult Ubr2”- males
(Kwon et al., 2003) but investigation of the rapidly proliferating adult mouse
spleen, where TEX19.1 is not expressed, of Ubr2”- mice found a 2-fold
increase in the AcSMC3 chromatin-associated cohesin subunit (Reichmann
et al., 2020). UBR2 appear to have a role in regulating AcSMC3 in
splenocytes. The introduction of the point mutation D233A into UBR2’s N-
domain in mice, previously shown to decrease Type Il peptide binding, did
not cause any of the overt phenotypes seen in Ubr2--mice (Eleanor
Raymond, unpublished). Thus, Type Il substrate binding does not appear to
be important for the overt in vivo functions of UBR2. This, in combination with
the UBR box D118A point mutation not causing an increase in the amount of
chromatin-associated AcSMC3 at G2/M in mouse embryonic stem cells
suggests that neither Type | nor Type Il substrate binding are important for
the recently uncovered novel role of UBR2 in cohesin regulation (Eleanor
Raymond, unpublished). Separation of the TEX19.1-stabilising and non-N-
end rule ubiquitination functions of UBR2 at the biochemical level could

dissect out which leads to the phenotypes observed in Ubr27 mice.
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In this chapter, | aimed to look at the importance of Ubr2’'s RING domains in
UBR2’s major functions and investigate the molecular basis of the null
phenotypes. | introduced a mutation in the protein-binding interface of the E2
binding RING domain to understand UBR2’s molecular functions more
closely. A conserved Tryptophan (W1177) was found in a region of UBR1
and UBR2 proteins and mutating W1177 to an alanine (W1177A) in the RING
domain reduced the affinity of the E2 ubiquitin conjugating enzymes USE1
and UBE2A/B (Lee et al., 2011). | generated Ubr2W1177AW1177A ysing CRISPR
to assess the hypothesis that UBR2 primarily acts through non-canonical
functions. The W1177A mutation in the RING domain does lead to a cohesin
phenotype and suggests that UBR2 carries out its essential in vivo functions
through promoting protein degradation through a non-canonical, non N-end

rule pathway.
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5.2 Results

5.2.1 Generation of RING domain mutants of UBR2

5.2.1.1 Generation of the Ubr2W?1774 point mutation in mice using

genome editing

| utilised CRISPR-Cas9 technology to generate an Ubr2V'"77A mouse line
carrying the W1177A point mutation (Lee et al., 2011) in the RING domain
(hereafter referred to as Ubr2RP). The introduction of the point mutation into
the locus was undertaken by use of a wild type Cas9 for the generation of
double-strand breaks (Cong et al., 2013) and a homology directed repair
template, which can be introduced into the break site by recombination

(Figure 5.1A).

Ubr2’- males are infertile so | used both a wild type and mutant repair
template to reduce the editing efficiency with the mutant repair to ensure that
heterozygote mice are generated for further breeding and colony
establishment. The repair templates were designed such that either the wild
type sequence or the W1177A point mutation could be integrated, with a
mutant PAM site in both to prevent re-editing after repair template integration
(Figure 5.1B). These were injected alongside the guide complex with
tracrRNA into the cytoplasm of single-celled mouse zygotes (Figure 5.1C).
The guide sequence was designed specific to a region within 10bp of the
target residue, with a PAM sequence on the 3’ end which is a NGG motif that
is required for Cas9 binding. Following injection, zygotes were cultured

overnight then transferred into a surrogate mother in the CD1 background
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(Figure 5.1C) and the pups born were screened at weaning (3 weeks post-
partum) for successful integration of the repair templates. 40 individuals were
successfully born following one round of zygote injections and genotyped as
in Figure 5.2. Of these individuals, 24 had undergone active genomic editing
with 22 of these mice were identified as being heterozygote for the RD
(Ubr2W1177A4) mutant allele (55% successful editing). However, most of these
mice also had at least one Ubr2 allele containing unintended mutations that
presumably arose from error-prone repair of the Cas9-induced DSB. Thus,
one round of breeding with wild type C57BL/6J mice was carried out in order
to generate Ubr2*/RD heterozygous offspring, which were then interbred as a
stable mouse colony (Fig. 5.1C), expected to produce 25% Ubr2RP/RD gnimals

based on normal Mendelian genetics.
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Figure 5.1: Generation of an Ubr2"'177A mouse line using CRISPR-Cas?9.
(A) Schematic of CRISPR-wtCas9 homology directed repair. Taken from
www.addgene.org/crispr/guide/. (B) CRISPR-HDR guide and repair
sequences for the UBR2-RD CRISPR experiment. PAM sequence is shown
in bold and cut site of wtCas9 enzyme marked by . Introduced point
mutations are marked in repair templates in green. Homology arms are
underlined. (C) Schematic representation of zygotic injection of CRISPR
components and breeding strategy for Ubr2"177A mouse colony
establishment. Components were introduced by injection into the cytoplasm
of the single-celled zygote, then cultured and transferred into a CD1 host
mother. Pups born were on the C57BL/6J background and those carrying a
RD (Ubr2"11774) allele identified then bred with C57BL/6J wild type mice.
Heterozygous Ubr2R0* offspring were then crossed together to produce

Ubr2RD/RD experimental mice and Ubr2+* littermate control animals.
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All subsequent colony genotyping was carried out using PCR with primers
RD_F and RD_R that flank the edited region of Ubr2 (Figure 5.2A) to
generate a 499bp PCR product, this was followed by restriction digest with
the Fspl restriction enzyme. The Ubr2"'777A mutated allele has an Fspl site
(TGCAGCA). Mice generated from heterozygoous (Ubr2*/RP x Ubr2*/RD)
intercrosses were genotyped in this way and then assayed by gel
electrophoresis (Figure 5.2B). Following digestion, the uncut PCR product
gives a band of 499bp, present in wild type (Ubr2**) and heterozygote mice
(Ubr2+RP). W1177A mutants are cut at TGC*GCA which leads to the
production of 2 bands, 431bp and 68bp (Figure 5.2B). However, it can
remain difficult to detect the 68bp fragment on the gel but these genotypes
can be confirmed using Sanger sequencing of the 499bp PCR fragment
(Figure 5.2C). Wild type Ubr2** mouse 9756 has the Tryptophan (W) TGG
codon and a wild type PAM site (CCA, sense TGG). Ubr2RP/RD mouse 9760
has the Ala-encoding (A) GCG codon and a silently mutated PAM site (GCA,

sense TGC).

Using these genotyping tools, it was possible to generate and maintain a
stable mouse line with the Ubr2RP (W1177A) mutation. For all further

experiments in this chapter, Ubr2RP/RD experimental mice were generated
from heterozygous (Ubr2+/RP x Ubr2+/RD) crosses, and all control animals

used were Ubr2** or Ubr2*/RP from the same colony.
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Figure 5.2: Genotyping of Ubr2 W1177A mouse colony using Fsp1
restriction digest and Sanger sequencing. (A) Location of W1177 in Ubr2
exon 31 and placement of RD_F and RD_R primers used in genotyping.
Arrow indicates exon 31 and W1177. (B) Representative gel electrophoresis
of one litter of mice from a Ubr2*RP x Ubr2*/RP heterozygous cross, showing
Fspl digest for RD genotyping. 100bp ladder shown on left. Wild type band is
499bp. Homozygote allele bands following digestion is 400bp and 99bp. *
Indicates low levels of undigested PCR product present in homozygous
samples. (C) Representative Sanger sequencing data generated from

earclips of mice: Ubr2** 9756 and Ubr2RP/RD9760.
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One of the most initially obvious phenotypes of the Ubr2”- mouse is an
underrepresentation of female Ubr2”-animals born from heterozygote (Ubr2*"
x Ubr2+-) crosses (Kwon et al., 2003, Eleanor Raymond, unpublished). In
order to assess whether Ubr2’s role in female survival acts through the E2
binding ability of UBR2 protein, the proportions of mice born in the Ubr2RP
mouse colony from heterozygote (Ubr2+*RP x Ubr2+RP) crosses were
assessed. At weaning (3 weeks post-partum), Ubr2RP/RD mice represent 31%
of pups born (19 of 61 total mice genotyped) over 9 litters, and heterozygous
and wild type littermates make up 50% and 19% of pups, respectively (Figure
5.3). This does not significantly deviate from the expected Mendelian ratio of
pups from these crosses. There was no detection of significant deviation from
the expected Mendelian frequency in either male or female pups from
heterozygous intercrosses. Pups are present at expected Mendelian
frequency in the Ubr2RD/RD mice, as was observed in Ubr2’- mice at 3 weeks
post-partum on the same genetic background (C57BL6/J), (Eleanor
Raymond, unpublished). Therefore, the UBR2 W1177A RING domain point
mutation, which results in decreased E2 binding in vitro (Lee et al., 2011), is

not detrimental to embryonic or perinatal survival in vivo.
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Figure 5.3: Ubr2*RP crosses produce offspring in Mendelian ratios Pie
charts to represent the total numbers of Ubr2+*, Ubr2+RP and Ubr2RP/RD mice
at weaning from heterozygous (Ubr2+RP x Ubr2+RP) crosses in the RD colony
and split into male and females pups born; percentages of all mice, and
males and females were calculated. There was no deviation from Mendelian
frequency in the RD colony (p=0. 48, x? test) or in the distribution of male and

female pups (p=0.33, 0.66 respectively, x? test).
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5.2.1.2 There are no gross infertility phenotypes observed in a Ubr2RP/RD

male mouse

One of the most well characterised phenotypes of Ubr2”’- mice is the role of
UBR2 during spermatogenesis (Kwon et al., 2003; An et al., 2010; Yang et
al., 2010; Crichton et al., 2017). Ubr2’- spermatocytes are reported to arrest
and apoptose in prophase | due to defects in the repair of DSBs, homologous
chromosome pairing, and SC formation (Kwon et al., 2003; An et al., 2012).
Ubr2’- mice from our group, which is on a C57BL/6J inbred background,
results from a premature stop codon in the N-terminal region of UBR2 within
the UBR domain that binds N-end rule substrates. These Ubr2-- mice have
no detectable UBR2 protein in their testes, 68% reduction in testis weight and
no detectable sperm in their epididymis due to a partial meiotic arrest

(Crichton et al., 2017).

To investigate the abundance of the RD-UBR2 protein in the Ubr2RP/RD testis,
whole testis protein extract was isolated and Western blotting was used to
assess the protein level of UBR2 in Ubr2RP/RD and age matched Ubr2** testis
(Figure 5.4). The UBR2 protein is expected to be around 200kDa (Uniprot
Q6WKZ8) and is observed in both Ubr2RP/RD and Ubr2++ testis protein
extracts. Therefore, endogenous UBR2 protein is stable in Ubr2RP/RP mice,
and this will be a useful mouse model to test the W1177A mutation in UBR2’s
RING domain is affecting UBR2’s ability in prophase | progression and does

not lead to undetectable UBR2 protein levels.
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Figure 5.4: UBR2 protein is stable in the Ubr2RP/RD testis Representative
Western blot for UBR2 (~200Kda) and loading control Lamin B1 (~80kDa) in

testis protein extract from one of three Ubr2RP/RD mouse and one of three

Ubr2** control animal.
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In order to investigate if the W1177A point mutation in UBR2’s RING domain
had an impact on male fertility, mouse testes from Ubr2** and Ubr2RD/RD
males between 8-12 weeks old were dissected and weighed. We have
previously reported a 67.6% reduction in testis weight between Ubr2** and
Ubr2’- males, and an undetectable level of sperm isolated from the
epididymis of Ubr2”- testes (Crichton et al., 2017). In this study, the average
weight of each testis in an Ubr2** male is 96.4 +10.8mg (+ standard
deviation), and Ubr2RPRD testes are 105.2 £11.2mg; these are not
significantly different in size (Figure 5.5A). This indicates a lack of gross

fertility phenotypes in the Ubr2RP’/RDmale.

To investigate the Ubr2RP/RD testis in more detail, the epididymis of each
testis was dissected from these mice and sperm was counted using a
haemocytometer. | calculated an estimated mean of 9.7x10+2.5x108 cells
mature sperm produced by an Ubr2** testis, and an estimated mean of
10.6x10°+1.5x108 cells produced by an Ubr2RP/RD testis. The difference
between these counts are not statistically significant (Figure 5.5B). The
sperm counted in this assay had a normal morphology (data not shown).Thus
Ubr2RD/RD mice do not have the overt spermatogenesis defects that are

present in Ubr2-- mice.

To assess the Ubr2RD/RD testis morphology in more detail, Jen Lawson in our
group performed tissue sections and stained with H&E to look at the
seminiferous tubules (Figure 5.5C). Spermatogenesis occurs within each

seminiferous tubule and as spermatocytes develop and go through meiosis,
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they advance towards the lumen, which is the centre of the tubules in these
sections. Ubr27 seminiferous tubules have an accumulation of zygotene-like
arrested cells and absence of round and elongated mature spermatids that
indicates meiotic arrest and cell death which is observed as large spaces in
the seminiferous tubule lumen (Crichton et al., 2017). There are no clear
morphological defects in the Ubr2RD/RD sections as compared to Ubr2+*
testes, and both round and elongated spermatids are in seminiferous tubules
examined here. Therefore, consistent with the normal epididymal sperm
counts and testis weights in these mice, there is no grossly overt male

meiotic phenotype in Ubr2RD/RD testis.

Figure 5.5: Ubr2RP’RP males have no overt defects in spermatogenesis
(A) Testis weights, as an average of both testes per mouse in wild type
(Ubr2++*) and homozygote W1177A mutant (Ubr2RP/RD) males (N=4 mice per
genotype) at 8-12 weeks post-partum. Black bars are means. p=0.24,
Student’s T-test (B) Counts of mature sperm from the same males as in (A),
isolated from the epididymis. Black bars are means. p= 0.32, Student’s T-test
(C) Representative H&E stained 5um-thick testis sections from wild type
Ubr2*"* and homozygous mutant Ubr2RP'RP males. Scale bar is 100um. ST:
seminiferous tubule, L: lumen, arrow indicates direction of meiotic
progression, black arrowhead: elongated spermatids, white arrowheads:

round spermatids.
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Chromosome spreads from Ubr27- testes show that removal of UBR2 leads
to defects in progression through meiotic prophase, and very few
spermatocytes progress through pachytene into diplotene (Crichton et al.,
2017). Chromosome spreads were made from Ubr2** and Ubr2RP/RD mice.
These were stained for synaptonemal complex proteins SYCP3 and SYCP1
to monitor chromosome synapsis and stage progression through prophase |
as defined in Chapter 2 (Figure 5.6A). Around 8.79% + 2.6 (xstandard
deviation) of pachytene nuclei of Ubr2RP/RD spermatocytes from three animals
exhibited some asynapsis which is not significantly different from the 12.4%
+0.5 pachytene nuclei in Ubr2** animals. This is markedly different from the
65.9% * 2.5 of Ubr2’- pachytene nuclei exhibiting asynapsis in Ubr2"-
animals (p<0.001, Student’s T test) (Crichton et al., 2017). This suggests
that the W1177A mutation in the RING domain does not lead to synapsis

problems in prophase I.
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Figure 5.6: Ubr2RP/RD males can continue through meiosis (A)
Representative images of chromosome spreads from testes from three
Ubr2** and three Ubr2RD/RD animals were immunostained with antibodies to
SYCP3 (red) and SYCP1 (green). Asynapsed chromosomes were identified
due to the presence of at least one completely synapsed pair of autosomes
and at least one incompletely synapsed pair of autosomes exhibiting
asynapsis along at least half its length. Scale bar 10 um. (B) Boxplot of the
percentage of SYCP3-positive nuclei scored for meiotic substage from three
Ubr2** shown as black unfilled dot (n=51, 41, 50,) and three Ubr2RD/RD
animals shown as blue unfilled dot (n= 53, 55, 44). Ubr2RP/RD spreads
contained no significant change in percentage of asynapsed pachytene
compared to Ubr2** controls (n=3, p=0.44, Student’s T-test). Solid point in
black is mean percentage of Ubr2** and solid point in blue is mean

percentage of Ubr2RD/RD,
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Baarends et al reported that loss of mammalian ubiquitin-conjugating enzyme
UBEZ2B in mice leads to male infertility due to spermatogenesis being
affected during postmeiotic steps. UBE2B mutant mice that progress through
to pachytene have 20% longer SC length as well as more MLH1 foci and
chiasma than wild type mice (Baarends et al., 2003). It was suggested that
the increased length of the SC represents a decrease in chromatin

compaction.

As UBEZ2B is one of the E2 ubiquitin ligase partners for UBR2, it may have a
role in regulating chromosome axis length. Axis length was measured from
autosomes in pachytene stage nuclei of chromosome spreads identified by
SYCP3 immunostaining from Ubr2RP'RP and Ubr2** control mouse using the
SNT software in FIJI (Figure 5.7A). The mean total SC length in Ubr2** mice
is 123.6 £16.7 ym and 129.1 £16.7 ym in Ubr2RPRD mice. There was no
significant change in SC length between Ubr2+** and Ubr2RP/RD mice (Figure
5.7B). Taken together, the data presented in this section show that Ubr2RD/RD
males do not grossly phenocopy the overt spermatogenesis defects seen in
Ubr2”’- males, and so the major functions of UBR2 in the testis are not

impaired by the W1177A mutation in the RING domain.
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Figure 5.7: Ubr2RP/RD does not have longer synaptonemal complex
length (A) Autosomes from pachytene stage nuclei were measured using the
SNT using the Imaged software by drawing along the length of the axis and
measuring the length in um. (B) Total measured Chromosome length in wild-
type Ubr2** (n = 11) and Ubr2RP/RD (n =12) spermatocyte spreads. The mean
total length in Ubr2** mice is 123.6 £16.7 um (¢ standard deviation) and

Ubr2RD/RDwas 129.1 £16.7 um (p= 0.3474, Student’s T test).
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5.2.2 Generation of TT insertion in UBR2’s RING domain leads to a

premature stop codon

As a result of CRISPR editing of the original embryos a founder mouse with a
two base pair (TT) insertion at the position 55655 in exon 31 of the Ubr2
gene was identified. This mutation is predicted to cause a frame shift and
eventually a premature termination codon in the UBR2 protein (Figure 5.8A).
The W1177 amino acid follows this insertion and becomes W1177F
(Tryptophan to Phenylalanine) and this frameshift leads to a premature stop
codon at the amino acid location of 1204 in exon 32 (Figure 5.8B). This is
predicted to truncate the UBR2 protein in the RING domain and may impact
the function of the domain and completely removes the auto inhibitory

domain that is located after the RING domain (Figure 5.8C).

Following identification of the TT insertion, one round of breeding with wild
type C57BL/6J mice was carried out in order to generate heterozygous
offspring, which were then inter-crossed to give a stable mouse colony. All
subsequent colony genotyping was carried out using PCR with the same
primers, RD_F and RD_R, used to genotype Ubr2RP'RD mice, that flank the
edited region of Ubr2 (Figure 5.2A) to generate a 499bp PCR product and
was sequenced with Sanger sequence (Figure 5.8C). For all further
experiments in this chapter, Ubr2™/7T experimental and Ubr2** control mice

were generated from heterozygote (Ubr2*7T x Ubr2+T7) crosses.
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Figure 5.8 TT insertion in UBR2 RING domain leads to frame shift mutation. (A)
An image of UBR2 exon 31 and an arrow indicates site of TT bases insertion into
UBR2 exon 31 (B) The amino acid sequence of wild type UBR2 and the amino acid
sequence of UBR2 with the TT insertion. ” in red indicates the amino acid site where
TT bases were inserted at position 55655. The location of the amino acids where the
UBR2 antibody (Aviva, OAEB 00482) binds in the UBR2 protein is in yellow. (C)
Schematic of UBR2’s domain structure in Ubr2** mice and after the introduction of
the TT insertion in Ubr27™TT mice to indicate the predicted structure of truncated
UBR?2 following the premature stop codon. (D) Representative Sanger sequencing
data generated from earclips of mice at weaning Ubr2+** 9335 and Ubr277TT 9337.

TT insertion underlined.
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As previously stated one of the obvious phenotypes of the Ubr2- mouse is
an underrepresentation of female Ubr2--animals born from heterozygote
(Ubr2*- x Ubr2*-) crosses (Kwon et al., 2003). At weaning, Ubr277TT mice
represent 18% of pups born (12 of 66 total mice genotyped) over 9 litters,
and heterozygous and wild type littermates make up 46% and 36% of pups,
respectively (Fig. 5.9). This does not significantly deviate from the expected

Mendelian ratio of pups from these crosses.

However, after partitioning these pups by sex, Ubr2™”TT mice represent 0% of
all female mice genotyped over these 9 litters (0 of 30 females) (Figure 5.9)
whereas Ubr2™TT mice represent 34% of all 36 male mice in these 9 litters.
Therefore, there is lethality in Ubr277/7T females only, as has been observed
in the Ubr27- genotype indicating that the TT insertion at 55655 in exon 31 is

detrimental to embryonic survival.

Figure 5.9: Ubr2*T crosses produce no homozygote female pups. Pie
charts to represent the total numbers of Ubr2+*, Ubr2*TT and Ubr27™™T mice
at weaning from heterozygous (Ubr2+*TT x Ubr2*TT) crosses in the TT colony
and split into male and females pups born; percentages of all mice, and
males and females were calculated. There was no significant deviation from
Mendelian frequency in the total TT colony (p=0.19, x? test) or in the
distribution of male pups (p=0.06, x? test). Significant deviation from
Mendelian frequency was detected in female pups as 0 Ubr27™TT pups were

born (p<0.0001, x? test).
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5.2.2.1 Ubr2"”"Tmale mice have a gross testis phenotype

As previously stated, the most well characterised phenotypes of Ubr27- mice
are those resulting from the role of UBR2 during spermatogenesis (Kwon et
al., 2003; An et al., 2010; Yang et al., 2010; Crichton et al., 2017). Ubr2+-
mice have no detectable UBR2 in their testes, 68% reduction in testis weight
and no detected sperm in their epididymis due to meiotic arrest (Crichton et

al., 2017).

To investigate the stability of the UBR2 protein in the Ubr27™TT testis, whole
testis protein extract was isolated and carried out Western blotting to assess
the protein level of UBR2 in Ubr2™”7T and age matched Ubr2+* testis (Figure
5.10). The UBR2 protein is only observed in Ubr2** testis protein extracts not
the Ubr2™TTtestis. Therefore, endogenous UBR2 protein is not detectable in
Ubr2™TT mice with this antibody (Aviva, OAEB 00482) due to the binding site
of the antibody used in this chapter and Chapter 4 binds to the C terminus of
UBR2 which is removed in Ubr27”TT mutant (shown in Figure 5.8). Use of an
UBR2 antibody that binds to an early part of the protein is required to identify

if a UBR2 protein is detected in the testes.

Figure 5.10: UBR2 protein is not detectable in the Ubr27"7 testis.
Western blotting assay for UBR2 (~200Kda) and loading control Lamin B1
(~80kDa) in testis protein extract from an Ubr27/TT mouse and Ubr2*+ control

animal.
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In order to investigate if the TT insertion into UBR2’s RING domain which
leads to a frame shift had an impact on male fertility, mouse testes from
Ubr2+*+and Ubr2"7TT males were dissected between 8-12 weeks old and
assessed the weight. In this study, the average weight of each testis in an
Ubr2** male is 100.5 +2.7mg (+ standard deviation), and Ubr277TT testes are
33.1+4.9mg; Ubr2™7TT mice have a significant 67% reduction in testis size
compared to Ubr2** (Figure 5.11A). This reduction is testis weight is
comparable to that previously reported in Ubr2”- testes (Crichton et al.,

2017).

To investigate any defects in spermatogenesis in Ubr277TT mice in more
detail, | dissected the epididymis of each testis from these mice and
performed sperm counts using a haemocytometer. There was a mean of
17.9x10845.7x108 cells mature sperm produced by an Ubr2+* testis, and a
mean of 10.6x10°£0.5x10° cells produced by an Ubr27™/TT testis. There is a
significantly 95% reduction in sperm counted in Ubr277TT compared to
Ubr2*"* mice (Figure 5.11B). This is different to the Ubr27- mice where there
is no detected sperm in the epididymis whereas there is some sperm
detected in Ubr2™TT mice. The sperm counted in this assay had a normal
morphology (data not shown) so they do not have any overt spermatogenesis

defects.

To assess the Ubr2™TT testis morphology in more detail, Jen Lawson in our
group prepared tissue sections and stained with H&E to look at the

seminiferous tubules (Figure 5.11C). There are no clear morphological
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defects in the Ubr2T"TT sections as compared to Ubr2*'* testes, and both
round and elongated spermatids are in seminiferous tubules examined here.
Therefore, it could be a post meiotic consequence leading to the reduction in

sperm detected in the epididymis of Ubr277TT testis.

Figure 5.11: Ubr2"”"" males have overt defects in spermatogenesis (A)
Testis weights, as an average of both testes per mouse in wild type (Ubr2+*)
and homozygote mutant (Ubr2777T) males (N=3 mice per genotype) at 8-12
weeks pp. Black bars are means. p=0.006, Student’s T-test (B) Counts of
mature sperm from the same males as in (A), isolated from the epididymis.
Black bars are means. p= 0.0002, Student’s T-test (C) Representative H&E
stained 5um-thick testis sections from wild type Ubr2+*+ and homozygous
mutant Ubr2™TT males. Scale bar is 100um. ST: seminiferous tubule, L:
lumen, arrow indicates direction of meiotic progression, black arrowhead:

elongated spermatids, white arrowheads: round spermatids.
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Chromosome spreads from Ubr27- testes show that loss of UBR2 leads to
defects in progression through meiotic prophase, and very few
spermatocytes progress through pachytene into diplotene (Crichton et al.,
2017). Chromosome spreads were made from Ubr2** and Ubr27™TT mice.
These were stained for synaptonemal complex proteins SYCP3 and SYCP1
and staged throughout prophase | as defined in Chapter 2.5.3.2 (Figure

5.12A).

Around 29.7% + 7.2 (tstandard deviation) of pachytene nuclei of Ubr277TT
spermatocytes from three animals had chromosome asynapsis which is
significantly greater than the 10% +5.3 pachytene nuclei from three Ubr2+*
animals (Figure 5.12B). Also, there is a significant reduction in the
percentage of diplotene nuclei identified in Ubr277TT testis, 7.9% 2.5
compared to 22.2% 4.7 in Ubr2**testis. The percentage of metaphase |
identified in the Ubr27"/TT mice is not different to the percentage observed in
Ubr2** (1.6% +0.2 compared to 2% +1.7, p= 0.77, Student’s T-test). So even
though there is a significant increase in incomplete synapsis leading to
pachytene arrest in Ubr2777T mice than observed in Ubr2*"* control mice,
some spermatocytes are still undergoing normal synapsis and can complete
meiosis |. This increase in asynapsis could contribute to the reduction in

sperm counts in the epididymis.

The percentage of nuclei with pachytene asynapsis in Ubr2/TT mice (29.7%
+ 7.2) is around half that reported in Ubr27- mice (65.9% % 2.5) (Crichton et

al., 2017). This suggests that the TT insertion in the RING domain does lead

186



to synapsis problems in prophase | but not to the same extent observed in
Ubr2”- mice. Furthermore, Ubr27/TT mice can still produce sperm, albeit a
much lower amount, compared to Ubr27- mice (Crichton et al., 2017)
indicating that this frameshift is a partial phenocopy to Ubr27- mice with the

main deviation being the lack of total ablation of mature sperm.

Figure 5.12: Ubr2"”"" males can continue through meiosis. (A)
Chromosome spreads from testes from three Ubr2** and three Ubr2T7/TT
animals were immunostained with antibodies to SYCP3 (red) and SYCP1
(green). Asynapsed chromosomes were identified due to the presence of at
least one completely synapsed pair of autosomes and at least one
incompletely synapsed pair of autosomes exhibiting asynapsis along at least
half its length. Scale bar 10 um. (B) Boxplot to present percentage of
SYCP3-positive nuclei scored for meiotic substage from three Ubr2** shown
as dot with black rim (n=43, 51, 62) and three Ubr27™TT animals shown as dot
with blue rim (n=46, 50, 54). Ubr27™TT spreads had higher significant
percentage of asynapsed pachytene (p=0.035, Student’s T-test) and lower
percentage of diplotene nuclei (p= 0.02, Student’s T-test) compared to
Ubr2*™* controls. Solid point in black is mean percentage of Ubr2*+ and solid

point in blue is mean percentage of Ubr27"TT mice.
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5.2.3 The W1177A mutation disrupts the novel role of Ubr2 in cohesin

regulation

We have previously shown that Ubr2 has a role in splenocytes in the
regulation of the AcSMC3-containing subpopulation of cohesin complexes,
which is thought to mediate sister chromatid cohesin (Reichmann et al.,
2020). Ubr2 specifically regulates the relatively minor population of cohesin,
the AcSMC3-containing cohesin complexes, and usually effects on this
population typically do not cause detectable changes in the abundance of

other cohesin subunits, such as total SMC3.

In order to investigate if this role of Ubr2 is perturbed in the Ubr2RP/RD mutant
mouse, the chromatin-associated cohesin levels from splenocytes isolated
from the Ubr2RD/RD spleen were determined. Ubr2-/- chromatin preparation
from spleens have a ~2-fold increase in AcSMC3 and no detectable change
in other subunits (SMC3, SMC1, RAD21 and SA2) (Reichmann et al., 2020).
The level of total chromatin-associated cohesin was investigated in the
Ubr2RPRD gpleen using SMC3, SMC1, Rad21 and SA2 subunits as well as
the AcSMC3 subunit, by Western blotting of chromatin prepared from the
spleens of 4 independent mice (Figure 5.13A). Upon quantification of these
proteins, which are normalised to the intensity of chromatin-associated
histone H3 protein detected in these samples, there was a significant 2.3 fold
change in AcSMC3 levels in Ubr2RD/RD (p=0.037, Student’s T-Test) (Figure
5.13B). There is a significant 2-fold increase in total SMC3 levels and 1.5-fold

increase in SMC1 levels that was not seen Ubr2”- spleen. There was no
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detectable change in the levels of RAD21. SA2 protein levels had a

significant 2-fold increase that is not seen in Ubr2’- spleen.

This implies that the W1177A mutation in the RING domain is having an
effect on UBR2’s function in the spleen and that regulation of AcSMC3
cohesin depends on the normal level of E2 ligases binding to UBR2’s RING
domain. However, there also seems to be a change in the SMC3, SMC1 and
SA2 subunits in the chromatin-associated cohesin in spleen, which is
suggesting that this mutation is having an effect on cohesin subunits not

seen in Ubr2’-mice.
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Figure 5.13: Mitotic cohesin regulation is perturbed in the Ubr2RP/RD
mouse (A) Representative western blots of chromatin-associated proteins
AcSMC3, SMC3, SMC1, RAD21 and SA2 isolated from spleens of 4 pairs of
Ubr2*"* and homozygous W1177A mutant Ubr2RP'RP mice, and chromatin-
associated histone H3 protein as a loading control. (B) Quantified mean
protein levels of cohesin subunits from western blotting in A and corrected
against histone H3 protein level. Standard deviation over four pairs of wild
type and homozygous mutant mice shown. Differences between wild type
and RD are significant; AcSMC3: p=0.037, SMC3: p=0.047 and SA2
p=0.045, SMC1: p=0.031; but are not significant for RAD21: p=0.830
(Student’s T-test). Each pair of histone H3 and cohesin bands are from the
same gel lane; the high concentration of histones in chromatin causes the

sample to spread laterally at low molecular weights.
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As the W1177A point mutation in UBR2’s RING domain had an impact on
chromatin-associated cohesin, | wanted to check that this did not perturb the
spleen gross morphology. To assess the Ubr2RP'RD gpleen morphology in
detail, Jen Lawson in our group performed tissue sections and stained with
H&E to look at the spleen (Figure 5.14A) The W1177A mutation in Ubr2 does
not dramatically alter the histological appearance or cell type composition of
the spleen. Furthermore, the average weight of each spleen in an Ubr2**
male is 95.7+18.9mg (+ standard deviation), and Ubr2RP/RD spleen is 91.4
+11mg; these are not significantly different in size (Figure 5.14B). The cell
cycle distribution of Ubr2RD/RD splenocytes, analysed by flow cytometry, is not
different to Ubr2*"* mice (Figure 5.14C). The W1177A mutation in Ubr2 does
not grossly perturb the cell cycle distribution and gross morphology of the

spleen tissue.

Figure 5.14: Ubr2RP/RD mice have no overt defects in spleen. (A)
Hematoxylin and eosin—stained paraffin sections of Ubr2++ and Ubr2RP/RD
spleen. W1177A mutation in UBR2 does not dramatically alter the
histological appearance or cell type composition of the spleen. Scale bar, 100
um. (B) Spleen weights in wild type (Ubr2**) and homozygote W1177A
mutant (Ubr2RP/RD) males (N=4 mice per genotype) at 8-12 weeks pp. Black
bars are means. p=0.73, Student’s T-test (C) Flow cytometry of Ubr2** and

Ubr2RD/RD gplenocytes.
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5.2.4 The TT insertion does not disrupt the novel role of Ubr2 in cohesin

regulation

As previously stated, UBR2 has a role in the regulation of the AcSMC3-
containing subpopulation of cohesin complexes, which is thought to mediate
sister chromatid cohesin, in splenocytes (Reichmann et al., 2020). In order to
investigate if this role of Ubr2 is perturbed in the Ubr27"/TT mutant mouse, |
looked at the chromatin-associated cohesin levels from splenocytes isolated
from the Ubr2™TT spleen. The level of total chromatin-associated cohesin
was quantified in the Ubr2"/7T spleen using anti- SMC3, SMC1, RAD21, SA2
and AcSMC3 antibodies in Western blotting of chromatin prepared from the

spleens of 3 independent mice (Figure 5.15A).

Upon quantification of these proteins, normalised to the intensity of
chromatin-associated histone H3 protein detected in these samples, | was
unable to detect a significant change in any of the cohesin protein levels
(Figure 5.15B). The TT insertion in Ubr2 does not dramatically alter the
histological appearance cell type composition or average weight of the
spleen (Figure 5.15C and D). This implies that the TT insertion that leads to a
frameshift in UBR2 does not have an impact on cohesin levels suggesting
that UBR2 is still functional in the spleen unlike in Ubr2”- mice. However, the
TT insertion in the RING domain gives a different phenotype than that
observed in Ubr2RP/RD mice which suggests the TT insertion that leads to an
amino acid change (W1177F) and the premature stop codon does not inhibit

E2 binding and ubiquitination of substrates. Additional biochemical assays
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would have to be performed to confirm the Ub activity of Ubr27"TT and

Ubr2RD/RD mice.

Figure 5.15: Mitotic cohesin regulation is not perturbed in the Ubr27777
mouse (A) Representative western blots of chromatin-associated proteins
AcSMC3, SMC3, SMC1, Rad21 and SA2 isolated from spleens of 3 pairs of
Ubr2** and homozygous Ubr2"7TT mice, and chromatin-associated histone
H3 protein as a loading control. (B) Quantified mean protein levels of cohesin
subunits from western blotting in A and normalised to histone H3 protein
level. Standard deviation over three pairs of wild type and homozygous
mutant mice shown. Differences between Ubr2** and Ubr27TT are not
significant; AcSMC3: p=0.11, SMC3: p=0.75, SMC1: p=0.85 and RAD21: p=
0.70 and SA2 p=0.76 (Student’s T-test). Each pair of histone H3 and cohesin
bands are from the same gel lane; the high concentration of histones in
chromatin causes the sample to spread laterally at low molecular weights.
(C) Hematoxylin and eosin—stained paraffin sections of Ubr2** and Ubr277TT
spleen. TT insertion in UBR2 does not dramatically alter the histological
appearance or cell type composition of the spleen. Scale bar, 100 um. (D)
Spleen weights in wild type (Ubr2**) and homozygote TT insertion mutant
(Ubr277TT) males (N=3 mice per genotype). Black bars are means. p= 0.89,

Student’s T-test.
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5.3 Discussion

In this chapter, | carried out the implementation of a genetic point mutation in
the Ubr2 gene in order to investigate the molecular basis of the RING domain
of the E3 ubiquitin ligase. The point mutation W1177A has been shown in
vitro to perturb UBR2’s ability to binding of E2 ligases such as USE1 and
UBE2A (Lee et al., 2011). The TT insertion at position 55655 in exon 31 of
the Ubr2 gene leads to a frame shift in the UBR2 protein which would lead to
a premature stop codon in the RING domain, ablating all functions that
require the domains following this insertion. As has been previously
described, in our group and by others (Crichton et al., 2017; Kwon et al.,
2003; Reichmann et al., 2020; Yang et al., 2010; Eleanor Raymond,
unpublished), Ubr2 is required in vivo for normal meiosis and
spermatogenesis in males, female embryonic development and for regulation
of the chromatin-associated AcSMC3 component of the cohesin complex in

the rapidly replicating mitotic spleen.

Stable introduction of W1177A into the Ubr2 gene in a mouse line by
CRISPR-Cas9 homology directed repair allowed investigation into the three
major phenotypes of the Ubr2”- mouse, and showed the that male infertility
and female embryonic lethality phenotypes are not present in Ubr2RP/RD mice,
indicating that they do not act through UBR2’s role in N-end rule or non-N-
end rule ubiquitination for protein turnover. Ubr2RP/RD mice have a cohesin
phenotype in mitotic spleen indicating that cohesin turnover is due to non-N-

end rule ubiquitination. However, Ubr2RP/RD leads to an increase in all
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cohesin subunits, except RAD21, which is not observed in Ubr2-- mice
indicating that ubiquitination is important but there is some previously

uncharacterised role of UBR2 with cohesin.

5.3.1 UBR2 and TEX19.1 in spermatogenesis

The Ubr27 spermatogenesis phenotypes were previously thought to be due
to UBR2’s well characterised role in the N-end rule pathway for protein
degradation (Tasaki et al., 2005). Previous work by Eleanor Raymond on
Ubr2™72mice and Ubr2RD/RD mice in this chapter indicate that UBR2'’s
essential role in spermatogenesis does not act through ubiquitination of type

Il or non-N-end rule substrates.

UBRZ2’s role in spermatogenesis may be through its role in TEX19.1
stabilisation. Ubr2”- testes showed that loss of UBR2 results in loss of
TEX19.1 protein but not Tex79.71 mRNA (Yang et al., 2010), suggesting that
UBR2 prevents degradation of TEX19.1, possibly through UBR2 being an
obligate binding partner of TEX19.1. Also, Ubr27 spermatocytes have a
phenocopy of the recombination deficits and asynapsis observed in the
Tex19.17 spermatocyte (Crichton et al., 2017) which could be due to a lack
of functional TEX19.1-UBR2 complex as UBR2 is required for TEX19.1

stabilisation in the testes.

Binding and stabilisation of proteins like TEX19.1 is unique to UBR2 as it has
not been observed in other E3 ubiquitin ligases. The location of the TEX19.1
binding site on UBR2 is unknown. As it appears that the stabilisation of the

TEX19.1:UBR2 complex is the important role of UBR2 in spermatogenesis,
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the region that is lost in Ubr27™TT protein could be an important location for
the identification of the TEX19.1 binding site. As Ubr277TT mice had a testis
phenotype similar to what is observed in Ubr27 mice, albeit could still
produce a small quantity of sperm. Further work to identify TEX19.1 protein
levels in the Ubr27™/TT testes should be determined to confirm whether
TEX19.1 is stable in this tissue. If TEX19.1 is not detectable, this could give

an idea of the location of this binding site.

5.3.2 UBR2’s role in cohesin regulation

Ubr2 has been implicated in cohesin regulation, both alongside and in
absence of Tex79.1 (Reichmann et al., 2020; Eleanor Raymond,
unpublished). Sister chromatid cohesion is one of the best-studied roles for
cohesin during the mitotic cell cycle, to allow even chromosome division and
prevent aneuploidy, which can cause cell death. Ubr2 has been implicated in
the regulation of acetylated cohesin subpopulation (AcSMC3) which is
required for recruitment of cohesin-maintenance factors such as sororin
(Nishiyama et al., 2010; Ladurner et al., 2016). During the cell cycle, efficient
and timely loading and removal of the cohesin complex is vital for correct
chromosome segregation during cell division, and maintenance of the

acetylated cohesin complex in mitosis is important.

Ubr2RD/RD gplenocytes had an increase in all cohesin subunits, except for
RAD21, protein levels in the spleen which is not identical to Ubr2-- mice
where only the AcSMC3-supopulation of cohesin was increased (Reichmann

et al., 2020). Implying that the W1177A mutation in the RING domain is
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leading to changes in all chromatin-bound cohesin not just the AcSMC3-
marked subpopulation of cohesin. This suggests that UBR2 has the ability to
turn over cohesin or increase cohesin loading in splenocytes through non-N-
end rule ubiquitination of cohesin or via intermediates. Substrates of UBR2
can still bind to the mutant UBR2 protein in the Ubr2RP/RD mice but their
ubiquitination by E2 ligases leading to their degradation by the 26s
proteasome will be impaired. Examples of substrates of this ubiquitination
function of UBR2 has been identified including LINE-1, histone H2A and
ATF3 (An et al., 2012; Maclennan et al., 2017; Vu and Varshavsky, 2020).
However, the functional domain through which UBR2 is able to bind these
substrates is unknown so further structural analysis of UBR2 may identify

regions of interest outside of the UBR box and N-domain.

One that may be of interest could be the UBR auto-inhibitory domain (UAIN)
domain which follows the RING domain in UBR2’s structure. S. cerevisiae
Ubr1 can bind to the transcriptional repressor CUP9 through an internal
degron site, that has been limited to a c-terminal 33-residue region (Turner,
Du and Varshavsky, 2000; Du et al., 2002). Ubr1 recognition of CUP9
depends on the C-terminus proximal UAIN (Zenker et al., 2005) and carries
out auto-inhibition in Ubr1 by binding the N-terminal, blocking binding of Ubr1
to CUP9 (Du et al., 2002). The recognition domain for CUP9 within Ubr1 has
not been identified so it is not fully understood how the UAIN blocks CUP9
interactions (Du et al., 2002; Xia et al., 2008). Furthermore the UAIN domain
can interact with the Ubr-Box and Winged helix domain through a putative

zinc-binding site in Ubr1 (Pan et al., 2021) but it remains unclear how this
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links to function and study of the UAIN domain has not been published in

mammalian UBR proteins.

Previous work has identified that the internal degron ubiquitination target,
ATF3, can bind to an 81 kDa Ct-fragment of human UBR2 (1072-1755) in
Split-Ub assays but not the Nt-fragment or full length UBR2 (Vu and
Varshavsky, 2020). This fragmented UBR2 includes part of the RING domain
and UAIN so the UAIN may be important for ubiquitin substrate binding

outside of the N-end rule.

Ubr2™TT mice lack any cohesin phenotype in the spleen indicating that the
changing of tryptophan at W1177 to phenylalanine (W1177F) following the
TT insertion may not perturb E2 binding so ubiquitination occurs normally in
these mice. Co-immunoprecipitation assays with USE1 and UBE2A
antibody’s and spleen lysate may identify whether this mutation does not
perturb binding between this UBR2 protein and E2 ligases. These mice
would not have a UAIN domain in UBR2 due to the location of the premature
stop codon so it is unlikely that this domain is important for non-N-end rule

substrate binding.

The kleisin subunit, RAD21, was the only cohesin subunit that was not
affected by the W1177A mutation in the spleen. RAD21 binds to the V-
shaped SMC1 and SMC3 heterodimer, forming a tripartite ring-like structure
(Gligoris et al., 2014) and then recruits SA1/SA2 which binds to STAG
domain on RAD21 to reinforce the cohesin ring (Gruber, Haering and

Nasmyth, 2003). RAD21 is proteolytically cleaved by separase which is
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required for the dissociation of the cohesin complex for the orderly
segregation of the sister chromatids during mitosis (Nasmyth, Peters and
Uhlmann, 2000). Human and mouse RAD21 are 96% identical and contain
two separase cleavage sites with the ExxR motif (Hauf, Waizenegger and
Peters, 2001). In yeast, the separase-generated C-terminal fragment of Scc1
retained some affinity to the rest of the cohesin complex (Rao et al., 2001).
The model for the Scc1 Ct fragments affinity for the cohesin complex would
require incorporation into new cohesin complexes loaded onto the
chromosomes during S phase in the next cell cycle. Previously, the C-
terminal separase cleavage products of RAD21 were shown to be stable and
long lived in mice unlike the short-lived fragments of meiotic REC8 cleaved in
the same region (Liu et al., 2016) indicating that RAD21 cleaved products are
more stable and could incorporate into the cohesin complex in spleenocytes.
The cohesin that is increased in Ubr2RP/RD mice may be complexes with C-
terminal RAD21 incorporated rather than full length and this may not be
detected with the anti-RAD21 antibody. However, the epitope recognized by
Anti-RAD21 antibody (ab992) maps to a region between residue 575 and the
C-terminus (residue 631) of RAD21 so would have shown an increase in both

fragments.

In addition to proteolytic cleavage of RAD21 during mitosis, RAD21 is
cleaved during apoptosis (Chen et al., 2002; Pati, Zhang and Plon, 2002). It
remains unclear what protease is important for this cleavage but it appears
that there is a novel caspase or caspase-like molecule in the nucleus that

cleaves RAD21 early in apoptosis (Panigrahi and Pati, 2009). RAD21 also
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has critical roles in multiple developmental processes, transcriptional
programmes, chromatin structure regulation and acts as an oncogene
(Nitzsche et al., 2011; Xu et al., 2011; Monahan et al., 2012; Galeev et al.,
2016). Such findings indicate multiple roles of RAD21 outside of sister
chromatid cohesion and there are multiple pathways that are involved in
maintaining RAD21 protein levels. Although it is unclear as to why it is the
only cohesin subunit not affected in Ubr2RP/RD gpleen, the potential
impairment of ubiquitination in the spleen may lead to accumulation of a
substrate responsible for depleting RAD21 from chromatin. The differences in
Ubr2”-, Ubr2RD/RD and Ubr2™TT all leading to different cohesin phenotypes

shows that understanding UBRZ2’s interactions with cohesin is not complete.

As there was an increase in cohesin levels in Ubr2RP/RD mice spleen, it would
be worth determining cohesin levels in female oocytes. Misregulation of the
cohesin complex in oocytes, has been associated with chromosome
missegregation, aneuploidy and subfertility (Jessberger, 2012; Herbert et al.,
2015). Due to the female embryonic lethality observed in Ubr27-mice (Kwon
et al., 2003) it has been difficult to determine if UBR2 has a role in cohesin
turnover in oocytes. As Ubr2RP/RD mice do not have the female embryonic
lethality it is a potential model that could be used to investigate cohesin
subunit levels by IF on metaphase | spreads and determine any effect on

chromosome cohesion.
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5.3.3 Limitations of this study

It should be noted that the study conducted in this chapter does not have the
scope to fully prevent ubiquitination by UBR2. The W1177A mutation in the
RING domain of UBR2 was shown to lower, but not fully prevent, pulldown of
E2 ligases UBE2A and USE1 in a co-immunoprecipitation assay (Lee et al.,
2011). Although this is a highly conserved domain, UBR2 has been
confirmed to act through a variety of other E2 ubiquitin conjugating enzymes,
including UBE20 and UBE2B (An et al., 2010; Xu et al., 2019) , and so this
point mutation may not necessarily prevent binding of all potential E2
ubiquitin ligases and not generate a fully penetrant catalytic dead mutation. In
future work, co-immunoprecipitation assays should be carried out in order to
test the extent of the mutation on UBE2A and USE1 binding in the mouse, as
well as the conservation of the UBR2 RING domain structure between

different potential E2 interactors.

Ubr2T”TT mice may have no detectable UBR2 protein as a result of misfolding
which would explain why the female homozygote lethality and reduction in
testis size matched what is observed in Ubr2”’- mice (Kwon et al., 2003;
Crichton et al., 2017). However, asynpasis is not as profound and
spermatocytes can still complete meiosis leading to detectable sperm in the
epididymis suggesting that there is some UBR2 function remaining in these
tissues. Identification of the level of expression of this UBR2 protein has not
been completed in this study so it is not clear if UBR2 is still expressed in

these tissues. Identifying and using an antibody that binds to the protein
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before the mutation site is required, as the binding site of the antibody used
in this chapter binds to the C-terminus of UBR2 which is removed in the TT
insertion mutant (Figure 5.10). Bioinformatic analyses could be applied to
identify conserved structural domains within this lost region of the UBR2
protein, as compared to known mouse proteins, and structural folding could

be predicted.

5.3.4 Further study of UBR2 protein-binding domains.

Further investigation into the role of UBR2’s affinity to type | N-end rule
binding is required to confirm that ubiquitination of non-N-end rule substrates
is important for cohesin in Ubr2RP/RD mice. Initially, the D118A point mutation
was identified in the Ubr1 gene using an alanine screen of the N-end rule
substrate-binding domains (Tasaki et al., 2009). D118 is within the UBR
box’s active site, conserved between species and UBR1/UBR2 which
conjugates water to the sidechain of the N-terminal arginine, so gives the
UBR box specific type | substrate binding (Tasaki et al., 2009; Matta-
Camacho et al., 2010; Mufioz-Escobar, Kozlov and Gehring, 2017). Placing
the D118A mutation into Ubr2 in ESCs did not lead to any effect on AcSMC3
protein levels at G2/M (Eleanor Raymond, unpublished) which did not match
the increase in AcSMC3 levels in Ubr2”- ESCs and mouse spleen suggesting
that type | substrate binding to UBR2 is not important for the cohesin
phenotype. However, Ubr2RP/RD mice had a different cohesin phenotype, not
observed in an Ubr27 spleen, indicating that this UBR2 protein leads to

specific phenotypes which may involve type | substrate binding.
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Even though UBR2 was first thought to have a limited role in the type | N-end
Rule pathway instead acting more in the turnover of type Il substrates
(Tasaki et al., 2005). Studies have identified canonical type | substrates, i.e.
encoding an N-terminal arginine that depends on one or both of UBR1 and
UBRZ2, the most highly conserved members of the UBR family (Rageul et al.,
2019). Ubr2’- MEFs (mouse embryonic fibroblasts) exhibit a vulnerability to
UV irradiation as a result of a lack of type | N-end rule degradation of
genomic stress regulator SDE2 (Rageul et al., 2019) indicating that UBR2
does have a role in type I-N-end rule pathway in vivo. Introduction of the
D118A mutation into mice, could determine if the cohesin phenotype in

Ubr2RD/RD requires type | abilities.
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5.4 Summary

In this chapter, | have demonstrated that the RING domain of UBR2,
impaired by the W1177A mutation, is required for one of the major essential
roles of the protein in the mouse. It appears that the increase in AcSMC3
levels in the spleen identified in the Ubr27- mouse line depends on the non-
canonical ubiquitination of UBR2. However, this mutation also appears to be
affecting all of the cohesin subunits, except RAD21, so impairing E2 binding
is leading to phenotypes not observed in Ubr2-- mice and could lead to
increase in total cohesin loading. The male meiotic phenotype is through a
non-canonical function, not ubiquitination, rather another function of the

UBR2 protein altogether such as its interaction with TEX19.1.

Further work to generate more genetic models that can be used to separate
out other functions of UBR2 and possibly other UBR proteins will give an
insight into the full scope of UBR2’s roles in the mouse, and potentially lead

to a greater understanding of the UBR protein family.
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Chapter 6

Discussions and Conclusion
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The main aim of the work presented in this thesis was to study the E3
ubiquitin ligase UBR2’s mechanism of action in the essential roles that have
previously been identified in the mouse, particularly in spermatogenesis,
cohesin maintenance and in embryonic survival. A summary of the
phenotypes identified in Ubr27- mice and the Ubr2 mutants is shown in Table

6.1.

In order to study this using a genetic approach, | introduced a mutation into
the RING domain of UBR2 which perturbs its role in E2 binding, and showed
that this essential function of the protein does not perturb spermatogenesis
and embryonic survival indicating the importance of non-canonical roles of
UBR2 outside of ubiquitination. The mutant allele does impact chromatin-
associated cohesin in mitotic spleen. This poses the question of non-N-end
Rule activities of UBR2 as previous work shows that cohesin maintenance is
not through the N-end rule pathway. Even though UBR2 has a role in the
maintenance of chromatin-associated cohesin in mitotic tissue, UBR2 does
not localise to chromatin during G2/M. UBR2’s ELL-like structural domain
may be important for ubiquitination and introduction of a mutation, which may
disturb its structure, alters the localisation of UBR2 towards chromosomes.

This poses the question of UBR2’s structure in relation to its function.
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Phenotype

Embryonic Chromatin- Spermatogenesis and testis
lethality associated development
cohesin
Ubr2 mutants
Ubr2”" - Female - Increase in the - No detectable sperm
embryonic AcSMC3 subunit of
- Reduced testis size
lethality chromatin-associated
cohesin in spleen - Increase in asynapsed pachytene and
stalled Meiosis |
Ubr27212 -No - No increase in - Normal sperm count
embryonic cohesin subunits in
- No change in testis size
lethality spleen
- No change in prophase staging of Meiosis |
Ubr2RD/RD - No - Increase in all - Normal sperm count
embryonic chromatin-associated
- No change in testis size
lethality cohesin subunits in
spleen except for - No change in prophase staging of Meiosis |
RAD21
Ubr2T7TT - Female - No increase in - Reduction in sperm count
embryonic cohesin subunits in
- Reduced testis size
lethality spleen

- Increase in asynapsed pachytene but

Meiosis | can be completed

Table 6.1: Summary of phenotypes identified in all Ubr2 mouse mutants




6.1 UBR2 in spermatogenesis and development

UBR?2 is ubiquitously expressed in a wide variety of tissues in the mouse yet
the maijority of the phenotypes identified in Ubr2- mouse arise in tissues that
also express TEX19.1, which is able to form a 1:1 stoichiometric complex
with the UBR2 protein (Yang et al., 2010; Reichmann et al., 2020). In the
testis, UBR2 is required for TEX19.1 protein stability (Yang et al., 2010),
presumably due to the requirement for a stable TEX19.1-UBR2 complex.
Unsurprisingly, the mammalian Ubr27 spermatocyte has a partial phenocopy
of the recombination deficits and asynapsis leading to infertility observed in
the Tex19.17/-mouse. The Ubr2RP/RD mice had none of the developmental or
male testis phenotypes identified in Ubr27- mice indicating that UBR2’s role in
protein ubiquitination of either N-end rule or non-N-end rule substrates is not
important in these processes. This suggests that these phenotypes in Ubr2+
mice are due to the loss of a stable TEX19.1-UBR2 complex. TEX19.1 is not
a substrate of UBR2 as the protein is not degraded in the presence of UBR2

(Maclennan et al., 2017) rather a regulatory protein or cofactor.

Further work will be required to separate TEX19.1 and UBR2 functions to
confirm the importance of this interaction between them. This could be done
by perturbing the TEX19.1-UBR2 interaction itself and by identifying the
interaction site between TEX19.1 and UBR2 which remains unknown. UBR2
is a large 200kDA protein (Tasaki et al., 2009) with only a small proportion
being fully mapped and studied i.e. the UBR box, N-domain and the RING

domain. Identification of structural domains within the UBR2 protein by
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comparing to known mouse proteins led to the identification of the ELL-like
domain in UBR2. Yeast Ubr1 has a WHD that is important for ubiquitination
of substrates bound to the protein (Pan et al., 2021) which may be conserved
in UBR2. Further characterisation of this area could determine whether it has
a role in substrate binding for ubiquitination or binding to cofactor proteins

like TEX19.1.

The TT insertion into the RING domain led to female lethality and gross testis
phenotypes that are observed in Ubr2”- mice but the Ubr2"”7T mouse is only
a partial phenocopy of Ubr27- as some sperm is still detectable. The part of
the protein that is lost in the Ubr2™”TT mouse may be important for TEX19.1
binding and may highlight an important role for the UAIN domain which
follows the RING domain in UBR2’s structure. Further characterisation of the
protein created in this mouse should be completed to confirm if this area of

the protein is important for TEX19.1 binding.

6.2 UBR2 and cohesin

Even though UBR2 has a role in protein turnover in a wide variety of tissues
from the innate immune response to neuron degeneration (Xu et al., 2019;
Eldeeb et al., 2022), only one phenotype thus far identified outside of the
TEX19.1 expression pattern is the misregulation of the acetylated SMC3
cohesin subunit in the splenocyte (Reichmann et al., 2020). An Ubr27- mouse
embryonic fibroblast (MEF) cell line, which also does not express Tex19.1,
exhibits nuclear localisation and chromatin-associated ubiquitination as a

result of DNA damage by UV radiation. This indicates a regulatory role for
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UBR2 in DNA damage response, possibly through regulatory
monoubiquitination of histone H2A (An et al., 2012) but this association is not
fully confirmed. One other explanation for the increased DNA damage could
be the misregulation of the cohesin complex. Cohesionopathies, such as
WABSs, have a DNA breakage phenotype resulting from the misregulation of
cohesin during S phase and replication fork instability (Cortone et al., 2018;
Pisani et al., 2018). To determine the cause of genomic instability in the
Ubr2’- MEFs, cohesin localisation or chromatin capture assays could be

assessed in these cells.

The role of Ubr2 in cohesin regulation is complex. The upregulation of the
chromatin-associated AcSMC3 subunit of cohesin in the spleen is Tex19.1-
independent, ESCs in culture express both Tex79.7 and Ubr2, and Ubr2-
ESCs exhibit a similar increase in chromatin-associated cohesin. Tex79.17
ESCs have a significant reduction in chromatin-associated AcSMC3 (Karen
Dobie, unpublished) so TEX19.1 may act to regulate UBR2’s control of
AcSMC3 levels in ESCs. The Ubr mutant ESCs in this thesis had detectable
levels of TEX19.1 protein so it would be worth identifying cohesin protein
levels to try identify which of UBR2’s protein-binding interfaces are important
for this role in the presence of TEX19.1. Also, it would be interesting to
investigate if the response to DNA damage in Ubr2- MEFs is the same in
Ubr2’- ESCs compared to MEFs or if having Tex79.1 expression alters

UBR2’s role in the DNA damage response.
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Ubr27- mice have increased levels of the AcSMC3-subunit of cohesin in
splenocytes (Reichmann et al., 2020) which is also observed in Ubr2-ESCs
(Karen Dobie, unpublished). Acetylation of the SMC3 subunit of cohesin
during mitotic S phase recruits cohesin maintenance factors like sororin,
which antagonises WAPL to maintain chromosome cohesion throughout G2
(Nishiyama et al., 2010; Losada, 2014). Therefore, AcSMC3 is seen as a
marker of cohesive cohesin on chromatin which is important for chromosome

cohesion during the cell cycle.

Ubr2RD/RD mice had an increase in AcSMC3-subunit to a similar to what is
observed in Ubr27 spleen but also had an increase in all other cohesin
subunits except RAD21. This suggests that UBR2 has a role in either
maintaining all cohesin levels not just the AcSMC3-subpopulation in
splenocytes or an increase in cohesin loading. RAD21 being unaffected in
this mutant was unexpected. Previously, the C-terminal separase cleavage
products of RAD21 were shown to be stable and long lived in mice unlike the
fragments meiotic RECS8 (Liu et al., 2016) indicating that RAD21 may have a

different pathway for its turnover from other cohesin subunits.

Previous work showed that the cohesin phenotype was not due to UBR2’s
role in N-end rule pathway (Eleanor Raymond, unpublished), UBR2’s role in
cohesin turnover may be a non-canonical function likely a non-N-end Rule
ubiquitination function. Yeast paralog of the mouse UBR family, Ubr1, has
been shown to bind ubiquitination targets such as the CUP9 transcriptional

repressor through an internal degron (Xia et al., 2008). Also, human UBR2
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was shown to have a role in ubiquitination of transcription factor ATF3
through an internal degron (Vu and Varshavsky, 2020) suggesting this
function is conserved between species. UBR2 may be binding to cohesin
directly or through intermediates via an internal degron site. Further work is
required to determine the location of the internal degron binding site within
UBR2 which could be done genetically or by breaking the UBR2 protein into
smaller regions and observing which region or combination of regions are

important for its role in cohesin turnover.

6.3 Localisation of UBR2 and identification of substrates

UBR2 has functions with many chromatin-associated proteins including
cohesin and histones. However, it remains unknown whether UBR2 directly
interacts with these proteins or through intermediates which could be
determined by identifying the localisation of UBR2 throughout the cell cycle.
An Ubr27- MEF cell line exhibited UBR2 nuclear localisation in interphase by
IF and a rapid increase in nuclear-associated UBR2 protein levels during
G2/M by cell fractionation and Western blotting (An et al., 2012). In Chapter
3, FLAG-UBR2 was localised to the nucleus during interphase but did not
colocalise with chromosomes during G2/M suggesting that UBR2 does not
directly bind to chromatin-associated proteins at this point in the cell cycle.
Future work should investigate the localisation of endogenous UBR2 in cells
that have phenotypes in Ubr27 context. Stable tagging of endogenous UBR2
with a fluorescent label in ESCs or MEFs would allow for live cell imaging
throughout the cell cycle to confirm localisation patterns which have been

contradictory.
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Mass spectrometry is a high-powered way of identifying significant changes
in the proteome and did lead to identification of potential substrates of UBR2
by comparing Ubr27-and Ubr mutants to wildtype Ubr2** ESCs. However,
these substrates still need to be verified. Mass spectrometry associated with
co-immunoprecipitation (colP) with the UBR2 protein may be better in
identifying UBR2 interactions, similar to what was done in Chapter 3.
Following transfection of FLAG-UBR2 or FLAG-ELL-UBR2 in HEK293Ts at
G2/M, there were ~700 proteins that were pulled down with either of the
UBRZ2 proteins indicating a large number of UBR2 interactors. To compile a
list of proteins that could be divided into N-end-rule, non-N-end rule and
interacting cofactors like TEX19.1, the FLAG-UBR2 mutants (T1, T2 and RD)
could be used in a FLAG-IP and MS experiment. To compile a more specific
list of potential UBR2 interactors for the essential roles in ESCs, a BiolD or
TurbolD fusion-UBR2 protein could be generated and expressed to allow
selective isolation and identification of more transiently interacting proteins,
like E2 ligases and short-lived substrates, with affinity capture and MS (Roux,
Kim and Burke, 2013; Doerr, 2018). This could be undertaken with the UBR2
protein in Ubr2RD/RD Ubr2™"/T1 and Ubr27272ESCs to assess more specific

Type |, Type Il or non-N-end rule interactions.
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6.4 Conclusion

Although the N-end Rule has long been recognised as a primary substrate
recognition pathway of the UPS and protein degradation, our current
understanding of E3 ubiquitin ligases is shifting towards non-canonical roles,
whether within regulatory functions of ubiquitination, or outside of the
ubiquitin-proteasome system altogether. The major finding of this thesis is
that UBR2 does appear to act through non-canonical roles, for a variety of
essential functions in testis and cohesin maintenance in splenocytes. Future
work must consider the possibilities of different molecular abilities within this

protein by combining both genetic and proteomic approaches.
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