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Abstract

The structural maintenance of chromosomes (SMC) complexes are a highly
conserved family of ring shaped ATPases which have many important functions in
maintaining genome stability. Whilst cohesin (SMC1/3) and condensin (SMC2/4)
have well characterised roles in cellular division, the precise functions of SMC5/6
are less well-defined, although the complex is believed to function primarily in DNA
repair and replication. SMC5/6 comprises of several subunits, including SMCS6,
SMC5 and a number of non-SMC elements (NSESs), six of which have been
identified in yeast (Nsel-6). Whilst only four NSE subunits have been identified in
human cells (NSE1-4), SLF1 and SLF2, functional paralogues of Nse5 and Nse6,
have been shown to promote the recruitment of SMC5/6 to damaged chromatin.
The importance of SMC5/6 for human development is highlighted by that fact that
mutations in SMC5/6 complex components are associated with two separate
childhood syndromes. Individuals with NSE2 variants present with primordial
dwarfism, extreme insulin resistance, and primary gonadal failure, whilst patients
with mutations in NSE3 exhibit structural chromosome abnormalities and pulmonary
disease. In this thesis | will explore the function of SMC5/6, and its impact on
human disease, further, by characterising patients with mutations in two SMC5/6
associated genes: SLF2 and SMC5. Using patient derived lymphoblastoid and
fibroblast cell lines, alongside U-2-OS SLF2 CRISPR mutants, | will show that SLF2
and SMC5 promote proper replication and repair and suggest novel functions for
these factors in mitosis and promoting efficient replication through G4-quadruplex

DNA secondary structures.
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1.1. Genomic instability

In order to maintain genomic integrity, a cell must coordinate the faithful replication
and transmission of two meters of DNA (Grosberg, 2012), whilst also protecting it
from the constant attack of mutagenic genotoxins. The accuracy of these processes
is essential, as errors can lead to genome alterations which, if left uncorrected, could
result in cell dysfunction or death (Lindahl, 1993, Aguilera and Gomez-Gonzalez,
2008, Lopez-Bergami and Ronai, 2011). Genomic instability refers to an increased
frequency of genome alterations and can be divided into three main subtypes which
describe their DNA consequences. The first is nucleotide instability (NIN), resulting in
the increased deletion, insertion or substitution of single bases- otherwise known as
point mutations. These are typically caused by errors in replication or DNA repair
(Pikor et al., 2013). Whilst these mutations generate only minor sequence changes
which are often neutral, nonsynonymous (and even synonymous) mutations can have
hugely detrimental impacts on gene expression and protein function. Consequently,
point mutations are associated with >60% of cases of inherited, genetic human
disease (Stenson et al., 2009). Another form of genomic instability is microsatellite
instability (MIN), which occurs when repetitive elements of DNA are lengthened or
shortened due to the formation of spontaneous replicative lesions which are then
misrepaired. MIN is elevated in 15% of colorectal cancers and has been causally
associated with tumorigenesis in many other cancer subtypes (Hampel et al., 2005,
Vilar and Gruber, 2010, Li et al., 2020b). The third form of genomic instability is
chromosome instability (CIN). This represents changes in both chromosome structure
and number and includes the insertion, deletion, translocation and inversion of DNA

sequences, as well as losses and gains of whole chromosomes. The causes of this
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type of instability are incredibly diverse but principally include errors in replication and
repair, as well as mitotic dysfunction (Taylor et al., 2019). Altered chromosome
architecture is a feature observed in >75% of solid tumours and is frequently
implicated in pathogenesis (Knouse et al., 2017, Taylor et al., 2018). Ultimately,
genomic instability can cause deleterious consequences on a cellular and organism
level and is directly associated, often causally, with human disease. As such, the cell
must coordinate numerous pathways which monitor and manage this instability to

ensure proper cellular function.

1.2. Replication

1.2.1. An overview of Eukaryotic Replication

DNA replication must occur accurately, efficiently and exactly once per cell cycle in
order to ensure the faithful transmission of our genome to daughter cells. The initiation
of this tightly controlled process begins at regions called replication origins, which
become primed for replication, or ‘licensed’, during late mitosis and early G1. This
occurs when the origin of recognition complex (ORC1-6) binds to the DNA replication
origin and recruits CDC6 and CDT1 (Siddiqui et al., 2013, Parker et al., 2017). These
factors cooperate to load two inactive MCM2-7 helicases, which form double
hexamers, and complete the pre-replication complex (pre-RC) (Remus et al., 2009,
Fernandez-Cid et al., 2013, Limas and Cook, 2019). During late G1 through to S-
phase, after the formation of the pre-RC, licensing factors become downregulated,
thereby preventing the re-licensing of origins later in the cell cycle. For example,
CDT1 can be inactivated either by proteolysis or upon interaction with Geminin, a

small protein which inhibits the interaction between CDT1 and MCM2-7 (Hodgson et
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al., 2002, Arias and Walter, 2007, Klotz-Noack et al., 2012). Furthermore, whilst low
cyclin-dependent kinase (CDK) activity in late M phase and early G1 stabilises
licensing factors, high CDK activity promotes progression into S-phase, replication
initiation and the degradation of ORC1-6 and CDC6 (Vas et al., 2001, Mimura et al.,
2004, Arias and Walter, 2007, Siddiqui et al., 2013). At the onset of S-phase, CDK,
alongside Dbf4/Drfl-dependent kinase (DDK) and the recruitment several other
factors, including CDC45, GINS, TOPBP1, Treslin and RECQL4, facilitates the
conversion of the pre-RC to the preinitiation complex (PIC) (Im et al., 2009, Aparicio
et al., 2009, Kumagai et al., 2010, llves et al., 2010, Kumagai and Dunphy, 2017),
with CDC45, GINS and MCM2-7 forming the active CMG helicase (CDC45-MCM-
GINS) (Aparicio et al., 2009, llves et al., 2010, Douglas et al., 2018). Finally, the
recruitment of numerous other replication factors, including RFC, PCNA, RPA, TIPIN-
TIMELESS, alongside the replicative DNA polymerases, allow for the assembly of two
functional replisomes that unwind the DNA duplex bi-directionally and initiate
replication, a process termed origin firing (O'Donnell and Li, 2016, Yeeles et al., 2017,

Douglas et al., 2018, Jones et al., 2021, Tanaka and Ogawa, 2022, Baris et al., 2022)..

To ensure that replication is completed rapidly, multiple origins are licensed and
initiate replication during each cell cycle. Super-resolution fluorescent microscopy has
revealed that most DNA replication occurs in ‘factories’- discrete nuclear sites where
replication likely originates from a cluster of origins (Hozak and Cook, 1994,
Cseresnyes et al., 2009, Gillespie and Blow, 2010). Without multiple origins being
fired simultaneously from different replication factories, it is estimated that it would
take at least 20 days for a human cell to complete S-phase (Mechali, 2010). However,

of the 50,000 replication origins across the human genome that assemble the pre-
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RC, only a small minority initiate replication (Woodward et al., 2006, Ibarra et al.,
2008, Mechali, 2010). In fact, very few replication origins are thought of as
constitutive, in that they fire every cell cycle, with most origins considered flexible,
firing stochastically in different cells, or dormant, firing rarely. In addition to this, origins
can also be categorized in terms of when they initiate replication, either defined as
early, mid or late firing (Mechali, 2010, Kaykov and Nurse, 2015, Valenzuela, 2012,
Boos and Ferreira, 2019). The temporal and spatial separation of origin firing allows
the cell to initiate replication flexibly. In response to different physiological conditions,
such as replication stress, this permits additional, dormant origins across the genome
to be fired later into S-phase, even when licensing factors have been downregulated
(Woodward et al., 2006, Ibarra et al., 2008, Valenzuela, 2012). As will be discussed,

this helps replication to be completed properly.

1.2.2. Replication Initiation and Elongation

The replisome comprises the CMG helicase and polymerases, alongside numerous
accessory proteins (O'Donnell and Li, 2016, Jones et al., 2021). Once the helicase
unwinds the DNA double helix at replication origins, RPA coats the ssDNA, preventing
it from reannealing or signaling DNA repair pathways (Burgers and Kunkel, 2017). In
eukaryotes, at least three DNA polymerases (a, & and ¢€) are then required for the
synthesis of new DNA in unperturbed conditions (Figure 1.1) These enzymes move
3’ to 5" across the DNA, replicating the parental DNA by catalyzing the addition of
nucleotides at the 3’ end of polynucleotide daughter chains. However, polymerases
are unable to initiate polynucleotide synthesis and so require a primer from which to
begin replication (Lujan et al., 2016, Guilliam and Yeeles, 2020). Primer synthesis is

accomplished by the polymerase a-primase complex, comprised of a polymerase
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PCNA

Leading Strand

CMG
helicase

Pol a
primase

RPA

Lagging Strand RNA
primer

Figure 1.1. Schematic of the DNA replication fork.

Active CMG helicases (CDC45-MCM-GINS) promote the unwinding of duplex
DNA and translocate across the DNA biodirectionally, with replication initiating
via DNA polymerase a-primase priming. The CMG helicase associates with the
leading strand, which is elongated by polymerase €. In contrast, on the lagging
strand the polymerase a-primase generates short RNA primers which are
synthesised discontinuously by polymerase 8. The PCNA sliding clamp increases
the processivity of the polymerases.
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subunit (p180) and a regulatory factor (B-subunit), alongside two primase subunits
(p49 and p58) which synthesize short 10-12 nucleotide RNA primers on both strands
of the denatured duplex (Copeland and Wang, 1993, Muzi-Falconi et al., 2003,
Nunez-Ramirez et al., 2011). Due to the limited processivity of polymerase a, the
primers are extended by only 20-40 nucleotides by the polymerase subunits of the
enzyme (Johansson and Macneill, 2010, Perera et al., 2013, Henninger and Pursell,
2014, Aria and Yeeles, 2018). The RFC-PCNA complex then loads PCNA onto the
parental and daughter DNA strands before RFC is ejected, allowing for the
recruitment of DNA polymerases which elongate the primers (Yao and O'Donnell,
2012, Schrecker et al., 2022). PCNA acts as a sliding clamp, increasing polymerase

processivity (Prelich et al., 1987, Mondol et al., 2019).

Once DNA replication has been initiated, the replisomes continue across the genome
bidirectionally, driven by the unwinding of the DNA double helix. This movement forms
structures called replication forks which represent the active region of DNA synthesis,
comprised of the replication machinery and the intersection between dsDNA and
denatured DNA (Figure 1.1) (Leman and Noguchi, 2013, Burgers and Kunkel, 2017).
Due to the antiparallel nature of the DNA duplex, the synthesis of daughter strands at
the replication fork is asymmetric (Lujan et al., 2016). The leading strand is replicated
parallel to the movement of the replication fork by polymerase €, which associates
directly with the CMG helicase (Georgescu et al.,, 2014, Daigaku et al., 2015).
However, the lagging strand is synthesized in the opposite direction, and as such is
replicated discontinuously. To achieve this, multiple DNA sequences of around 100-
200 nucleotides, called Okazaki fragments, are primed by polymerase a-primase,

elongated by polymerase ® and then ligated together (Ogawa and Okazaki, 1980,
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Zheng and Shen, 2011, Georgescu et al., 2014, Daigaku et al., 2015). However,
before a continuous DNA strand can be generated, the RNA-DNA primers must be
removed and replaced with deoxyribonucleotides in a process which is dependent on
the interaction of polymerase & with several endonucleases. Once each Okazaki
fragment has been sufficiently extended, polymerase & encounters the 5’ terminus of
the previously synthesized fragment and renders it single-stranded via displacement
synthesis. The displaced RNA-DNA flap structure is then removed by either DNA2 or
FEN1, or additional exonucleolytic digestion pathways, leaving DNA nicks which are
filled by the polymerase and sealed by DNA ligase (Ayyagari et al., 2003, Garg et al.,

2004, Liu et al., 2017, Sun et al., 2022).

1.2.3. Topoisomerases and the Resolution of Topological Stress

As DNA is unwound, the parental duplex ahead of the replisome can overwind,
resulting in positive supercoiling. If left to persist, these topological structures can
impede the movement of the replisome, prevent the denaturing of the DNA helix and
result in under-replicated regions of the genome (Deweese and Osheroff, 2009,
Keszthelyi et al., 2016). To counteract supercoiling, the fork can rotate clockwise
relative to the progression of replication. However, this generates pre-catenanes, in
which the newly replicated DNA helices behind the replisome become intertwined
(Postow et al., 2001, Cebrian et al., 2015). Once replication has completed, pre-
catenanes are converted into catenanes as the chromatids interlink together (Dewar
and Walter, 2017). If left unmanaged, these links can prevent the proper segregation
of sister chromatids and lead to DNA damage (DiNardo et al., 1984, Bermejo et al.,

2008).
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DNA topoisomerases are essential enzymes which resolve torsional stress by
generating transient DNA breaks. In eukaryotes, topoisomerases are divided into two
major classes: type 1 and type 2 (Topl and Top2, respectively) (Bush et al., 2015,
Keszthelyi et al., 2016, Pommier et al., 2022). Both types clamp around DNA and
catalyze the transient breakage of phosphodiester bonds via nucleophilic attack
(Redinbo et al., 2000, Champoux, 2001, McKie et al., 2020). However, they each use
this mechanism to alter DNA topology in distinct ways. In humans, Topl generates
breaks on a single strand of the DNA duplex and becomes covalently bonded to the
3’ end of the cleaved site. This single stranded nick can relieve supercoiling by
allowing the 5’ end of the break to freely rotate (Leppard and Champoux, 2005). In
contrast, Top2 can resolve catenation as well as supercoiling by catalyzing transient
double strand breaks (DSBs) through which an intact duplex can pass, altering the
writhe of the DNA (Lucas et al., 2001, McClendon et al., 2005, Bush et al., 2015).
Whilst Top1 doesn’t require an energy source, Top2 must hydrolyse ATP and bind
metal ion cofactors in order to catalyze the cleavage reaction before covalently
bonding to the 5’ end of the cleaved site (Baird et al., 1999, Bates and Maxwell, 2007,
Sissi and Palumbo, 2009). As replication terminates, the action of Top2 becomes
increasingly important (Fachinetti et al., 2010). Topoisomerase enzymes become
sterically excluded from converging forks, meaning that obstructive positive
supercoiling must be managed by compensatory rotation, generating cantenanes
dependent on Top2 activity (Baxter and Diffley, 2008, Keszthelyi et al., 2016, Dewar

and Walter, 2017, Heintzman et al., 2019).

After breaks are generated, the covalent bond between the topoisomerase and the

DNA protects the DNA from degradation and stores energy to later facilitate repair of
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the cleaved site. After the alleviation of torsional stress, Topl and Top2 catalyse the
religation of the DNA nick and DNA DSB, respectively, and the enzymes are released
from the DNA (Deweese and Osheroff, 2009, Nitiss, 2009, Bush et al., 2015).
However, under certain circumstances, the topoisomerase reaction mechanism can
become ‘abortive’- a state in which the topoisomerase becomes covalently linked to
the DSB, meaning religation of the break is not possible. In this case, the restoration
of the DNA backbone is initiated by the proteasomal degradation of the
topoisomerase (Mao et al., 2001, Sun et al., 2020), which leaves behind short peptide
fragments. These are then directly removed by phosphodiesterases which hydrolyse
the bond between the degraded topoisomerase and the DNA (Pommier et al., 2014).
Tyrosyl-DNA phosphodiesterase 1 (TDP1) acts on Topl (Yang et al., 1996), whilst
Tyrosyl-DNA phosphodiesterase 2 (TDP2) acts on Top2 (Cortes Ledesma et al.,
2009), generating breaks free for repair via DNA single strand break repair or NHEJ,

respectively (Strande et al., 2012, Gomez-Herreros et al., 2013).

1.2.4. Replication Termination

Replication termination is an incredibly complex yet relatively poorly understood
process which occurs throughout S-phase when neighboring replication forks meet
(Dewar and Walter, 2017). The forks approach one another from opposite directions,
encountering high levels of torsional stress. Supercoiled structures that build up
between the forks may impede the progress of replication, so must first be resolved
by compensatory rotation or the activity of topoisomerases (Baxter and Diffley, 2008,
Keszthelyi et al., 2016, Dewar and Walter, 2017, Heintzman et al., 2019). Once the
DNA has been relaxed, the approaching forks converge and the replisomes bypass

each other, encountering downstream Okazaki fragments and processing them.
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Studies on Xenopus egg extracts have demonstrated that this process is highly
efficient, with the rate of synthesis not significantly dropping throughout termination
(Dewar et al., 2015). This is facilitated by the replication fork architecture, in which the
CMG helicase is tightly associated with polymerase € on the leading strand (Langston
et al., 2014, Gambus, 2017). Whilst studies in yeast have indicated that polymerase
a-primase is weakly associated with the helicase (Bai et al., 2017), there is little
evidence that any of the other components of the lagging strand replication machinery
interact. During convergence, this means that the bulky CMG-polymerase ¢-
associated replisomes progress on opposing leading strands and can bypass each

other without fork collision or stalling (Dewar and Walter, 2017, Gambus, 2017).

Once the replication machinery encounters the 5’ terminus of the downstream lagging
strand, the final Okazaki primer must be displaced, filled and ligated. However,
research has not yet determined how the primer is processed, and which polymerase
is responsible (Gambus, 2017). On its own, polymerase € does not interact with either
of the Okazaki fragment maturation endonucleases, DNA2 and FEN1 (Bae and Seo,
2000, Liu et al., 2017, Devbhandari et al., 2017). This would suggest that either
polymerase & or the endonucleases themselves are recruited by leading strand
replisome components in the context of replication termination, or that polymerase ¢
displaces the RNA-DNA primer via an additional, unknown mechanism (Gambus,

2017).

Once replication has been completed, the replisome must dissociate from the DNA.
To prevent premature dissociation and replication stalling, this process is tightly
regulated and is believed to only occur when the CMG helicase loads onto dsDNA

(Dewar et al., 2015, Dewar and Walter, 2017). In mammalian cells, the initiation of
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replisome disassembly has been shown to be the polyubiquitylation of the MCM7
subunit of the CMG helicase by a cullin 2 E3-ligase called CUL2'RR (Moreno et al.,
2014, Sonneville et al.,, 2017, Dewar and Walter, 2017, Villa et al., 2021). These
modifications are then recognised by the ubiquitylation dependent segregase p97,
which uses ATPase activity to remove the CMG helicase and its associated

components from the chromatin (Sonneville et al., 2017, Villa et al., 2021).

1.2.5. Re-replication

Cells that cannot downregulate licensing factors during late G1 risk inducing re-
replication. For instance, in mammalian cells the deregulation of CDT1 or the loss of
the CDT1 inhibitory factor Geminin enables the pre-RC to assemble again at origins
during S-phase and re-initiate replication (Kerns et al., 2007, Truong and Wu, 2011,
Klotz-Noack et al., 2012, Zhou et al., 2020). As an unscheduled event, replication
forks that result from re-replication are slow moving and cannot replicate entire
chromosomes (Nguyen et al.,, 2001). However, even limited re-replication can
produce gene amplifications, whilst the re-replication of centromeres risks
chromosome breakage and missegregation, which could result in aneuploid daughter
cells (Arias and Walter, 2007, Green et al., 2010, Neelsen et al., 2013, Hanlon and
Li, 2015). Additionally, extensive re-replication generates increased levels of DSBs
via ‘head-to-tail’ fork collisions between original and re-replicated forks, as well as
persistently stalled forks (Davidson et al., 2006, Truong and Wu, 2011, Alexander et

al., 2015).

Studies have suggested that ATR (a checkpoint kinase that will be discussed in more

detail in the next section) signalling acts to sense re-replication and protect the cell
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from further dysfunction (Vaziri et al., 2003, Davidson et al., 2006, Liu et al., 2007).
Accordingly, re-replication is readily induced by licensing defects in tumour cells lines,
where replication checkpoints are defective (Truong and Wu, 2011). Re-licensed and
fired origins produce aberrant and unscheduled forks which readily accumulate
ssDNA through replication uncoupling, when the progression of the polymerase is
blocked but the helicase continues to unwind the DNA duplex (Liu et al., 2007). This,
alongside signals from stalled forks, activates ATR and triggers checkpoint responses
(Davidson et al., 2006, Liu et al., 2007, Truong and Wu, 2011). However, ATR also
phosphorylates downstream replication factors, including RPA and MCM2, to supress

further re-replication (Vaziri et al., 2003, Liu et al., 2007, Truong and Wu, 2011).

1.2.6. Replication Stress

Obstructions to, or errors in, the replication process can lead to replication stress; a
principal source of genomic instability. Replication stress is loosely defined as the
slowing or stalling of the replication machinery and has numerous causes (Zeman
and Cimprich, 2014, Gaillard et al., 2015, Techer et al., 2017), as will be discussed
later. If replication stress persists, DNA damage can accumulate as stalled replication
forks collapse and form DSBs. Improper replication may also result in under-
replicated regions or intertwined DNA. As the cell cycle progresses from S-phase into
G2 and mitosis, these replicative errors can lead to nuclease processing of aberrant
forks or incomplete chromatid segregation. With additional rounds of divisions these
errors may amplify and further increase mitotic errors and chromosome breakage
(Zeman and Cimprich, 2014, Gelot et al., 2015). To protect against this, stalled
replication forks trigger the replication stress response and S-phase checkpoints,

which centre around the activation of the ATR kinase (Flynn and Zou, 2011).
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The generation of ssDNA is critical to the initiation of the replication stress response
and can occur after replication uncoupling (Byun et al., 2005). When the entire
replisome pauses, enzymatic remodelling by helicases and nucleases also generates
ssDNA which could potentially activate ATR, although many fork remodelling factors,
including HTLF and SMARCAL1, have yet to be associated with ATR activation
(Blastyak et al., 2010, Nam and Cortez, 2011, Betous et al., 2012). ssDNA is rapidly
bound by RPA, which prevents the degradation of the DNA and formation of
secondary structures, whilst also acting as a scaffold for the assembly of additional
factors (Bhat and Cortez, 2018). This includes ATRIP, which is recruited to the fork
via a direct interaction with RPA and brings with it its binding partner, ATR (Zou and
Elledge, 2003, Namiki and Zou, 2006). However, ssDNA is not sufficient for ATR
activation (Byun et al., 2005), with studies suggesting that the loading of polymerase
a-primase and the synthesis of an RNA primer on the lagging strand is also necessary
(Michael et al., 2000, MacDougall et al., 2007). The RAD17-RFC complex recognises
the primer-template junction and is loaded onto the chromatin, promoting the
recruitment of the RAD9-HUS1-RAD1 (9-1-1) complex (Zou and Elledge, 2003,
Bermudez et al., 2003). TOPBPL1 interacts with Rad9 and is localised to the fork by
9-1-1. This is required for TOPBP1 to interact with ATRIP-ATR and stimulate the full
activity of the kinase (Kumagai et al., 2006, Delacroix et al., 2007, Liu et al., 2011b).
The indirect interaction of ATR and RPA, alongside the basal kinase activity of the
enzyme, allows ATR to autophosphorylate on T1989 (Liu et al., 2011b, Nam et al.,
2011). The importance of this event to the full activation of ATR is still debated
(Blackford and Jackson, 2017), with studies suggesting that it is critical to enable

TOPBP1 to stably engage with ATR (Liu et al., 2011b). ATR stimulation is achieved
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via TOPBP1’s Activation Domain (AAD), although the mechanism behind this is not
fully understood (Zhou et al., 2013). It is hypothesised that TOPBP1 may alter the
conformation of the ATR kinase to allow it easier access to substrates (Mordes et al.,

2008).

In the case of acute replication stress, 5 to 10-fold decreased replication fork
progression leads to the activation of ATR-induced checkpoint responses
(Koundrioukoff et al., 2013). However, in certain cases of mild to moderate replication
stress, despite the loading of ATR pathway sensors and mediators onto DNA, the
phosphorylation of important effectors can remain below a certain signal threshold,
essentially being undetectable. This leads to a failure to stimulate ATR-induced
checkpoint activities (Wang et al., 2011b, Koundrioukoff et al., 2013, Gelot et al.,

2015).

1.2.7. ATR Activation and Checkpoint Activity

After activation by stalled replication forks, ATR phosphorylates downstream targets
to initiate mechanistically distinct checkpoints. The S-phase replication checkpoint
blocks origin firing and prevents S-phase progression (Chastain et al., 2006, Seiler et
al., 2007, Karnani and Dutta, 2011, Saldivar et al., 2017), whilst the G2/M checkpoint
prevents premature mitotic onset (Saldivar et al., 2017). Although numerous ATR
substrates are involved in these regulatory processes, the mediator kinase CHK1 is
known to be critical (Zhang and Hunter, 2014, Blackford and Jackson, 2017). ATR
induced phosphorylation activates CHK1 and allows it to dissociate from the
chromatin where it can phosphorylate the CDC25a phosphatase, targeting it for

proteasomal degradation. As a result, CDC25a is prevented from dephosphorylating
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CDK/Cyclin complexes, thereby locking them in an inactive form (Xiao et al., 2003,
Patil et al., 2013). Although other mechanisms may be facilitatory, inhibition of the
CDK1/Cyclin B mitotic initiation complex via CDC25a degradation is implicated in the
activation of G2/M checkpoint during replication stress. This ensures that replication
is faithfully completed before mitosis can be initiated (Zeng et al., 1998, Mailand et

al., 2002, Shen and Huang, 2012).

During origin firing, the association of CDC45 with the pre-RC requires the
phosphorylation of the replisome component Treslin by the CDK2/Cyclin E complex.
As such, the inhibition of CDK2/Cyclin E via CDC25a degradation, as well as the
inhibitory phosphorylation of Treslin by CHK1, prevents CDC45 from loading onto
chromatin (Guo et al., 2015, Kelly et al., 2022). This blocks the initiation of replication
in new replication factories and prevents additional replication stress from being
generated by late-firing regions of the genome which haven’t undergone replication
yet. However, depending on the severity of the replication stress, local origins near
the stalled fork can continue to be active, thus allowing dormant ‘back-up’ origins to
initiate and replicate nearby regions where synthesis has been impeded (Ge and
Blow, 2010, Yekezare et al., 2013). The mechanism behind this spatial organisation

of origin firing is not currently understood.

ATR signalling and checkpoint activity has also been suggested to function in the
stabilisation of stalled replication forks. The inhibition of origin firing through ATR-
CHKZ1 signalling contributes to this by limiting the generation of further ssDNA, thus
preventing the depletion of nuclear pools of RPA which would render forks
unprotected and cause them to collapse (Toledo et al., 2013). In addition, ATR

signalling has historically been considered to promote replisome stability. Where
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dormant origins are unable to initiate and compensate for stalled forks, maintaining
the association of replisome components becomes crucial for the stalled fork to
restart. However, evidence for ATR’s role in this regulation remains indirect and
contradictory. For instance, immunoprecipitation studies using Saccharomyces
cerevisiae have shown that Mecl1A™® and Rad53¢"K! deficient cells treated with
replication stress inducing drugs undergo dissociation of the helicase and
polymerases (Lucca et al., 2004, Cobb et al., 2005). However, more recent
investigations have observed that these components actually remain stably
associated at the majority of replication forks and have reasoned that previous
contradictions to these observations may be explained by checkpoint activities at the
very earliest firing origins (De Piccoli et al., 2012, Liu et al., 2021). These more recent
findings have proposed that, for most origins, ATR induced phosphorylation of
replisome components does not affect fork stability (Dungrawala et al., 2015), but
more likely influences replisome function (De Piccoli et al., 2012), possibly to prevent
unwanted replication fork resection or unwinding (Saldivar et al., 2017, Liu et al.,

2021).

1.2.8. Mechanisms of Replication Restart

As previously mentioned, a small minority of licenced origins fire during S-phase, with
most serving as ‘back-up’ origins which can initiate at later timepoints, during
replication stress, to replicate through stalled regions (Woodward et al., 2006, Ibarra
et al., 2008, Mechali, 2010). The probability of dormant origin firing increases with
time as fork slowing or stalling reduces the rate of passive replication through dormant
origins, allowing them time to initiate (Courtot et al., 2018). In agreement with this,

computer modelling has shown that passive dormant firing produces similar levels of
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origin activation as seen in vivo (Blow and Ge, 2009). However, active pathways to
dormant origin activation also exist. In response to mild replication stress, FANCI, a
component of the Fanconi anaemia (FA) pathway, activates adjacent, dormant
origins, probably as a regulator of DDK activity. Conversely, during acute replication
stress, ATR becomes activated and phosphorylates FANCI. This inhibits FANCI,
blocking nearby origin firing and allowing collapsed forks time to repair or activate

DDR pathways (Chen et al., 2015, Chen et al., 2019).

To restart replication, lesions responsible for replication fork stalling can be bypassed
by specialised polymerases in a process called translesion synthesis (TLS). After the
replisome pauses, the replicative polymerase dissociates and is substituted by one of
the Y-family TLS polymerases which incorporates a nucleotide opposite the lesion
(Waters et al., 2009, Guilliam and Doherty, 2017). These polymerases have larger
active sites capable of accommodating bulky adducts, but usually specialise in
bypassing a specific type of obstruction. For instance, polymerase n is particularly
efficient at inserting nucleotides opposite cyclobutane pyrimidine dimers (Yoon et al.,
2009, Inomata et al., 2021). A further polymerase switching event causes the Y-family
polymerase to be displaced by polymerase (, which efficiently extends mismatched
primers in vitro (Johnson et al., 2001, Haracska et al., 2003). In yeast, polymerase (
can extend 200bp beyond the lesion until the replicative polymerase reengages,
although the same activity has yet to be shown in human cells (Waters et al., 2009,
Kochenova et al., 2015). Whilst studies on TLS have historically focused on Y-family
polymerases, more recent discoveries have identified a further eukaryotic primase,
PrimPol. Like Y-family polymerases, the polymerase activity of PrimPol means it may

be able to enact TLS to traverse lesions. However, its more significant function
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involves its additional primase activities, which allows it to skip past bulky
obstructions, re-anneal dNTP primers to downstream regions and continue with
replication, leaving ssDNA gaps which can be repaired post-replicatively (Guilliam et
al., 2015, Kobayashi et al., 2016, Guilliam and Doherty, 2017, Piberger et al., 2020).
Whilst the functions of TLS polymerases and PrimPol prevent fork collapse, they are
considered as ‘error prone’. Their lack of proof-reading domains mean they also lack
fidelity and, as such, incorporate an incorrect nucleotide on average every 10 to
10,000 replicated bases, as opposed to every 10° to 108 for replicative polymerases

(Waters et al., 2009, Guilliam et al., 2015, Guilliam and Doherty, 2017).

To facilitate replication restart, stalled forks may also be remodelled. This is achieved
by fork reversal, in which the fork moves backwards, opposite to the direction of DNA
synthesis. The nascent strands anneal together whilst the parental strands reanneal,
generating a four-way junction known a ‘chickenfoot’ structure (Figure 1.2). This
reduces the generation of ssDNA, thus stabilising the fork, and places the impeding
lesion back into dsDNA where DDR pathways can access it. As such, fork reversal is
believed to be important to promote genome instability and prevent chromosome
breakage (Petermann and Helleday, 2010, Ray Chaudhuri et al., 2012, Neelsen and
Lopes, 2015, Meng and Zhao, 2017, Mutreja et al., 2018). Conversely, however, in
certain contexts this reversal can act as an inducer of genomic instability, particularly
in highly repetitive regions where the structure can promote misalignment (McMurray,
2010). Additionally, when stabilising factors such as BRCA2 and BOD1L become
depleted reversed forks become degraded, leading to chromosomal breakage (Higgs
et al., 2015, Higgs and Stewart, 2016, Mijic et al., 2017, Kolinjivadi et al., 2017,

Lemacon et al., 2017).
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There are thought to be a number of different molecular outcomes to fork reversal
which mediate replication restart, including lesion removal, template switching and
the formation of Holliday junctions (HJs) (Figure 1.2) (Petermann and Helleday, 2010,
Neelsen and Lopes, 2015, Meng and Zhao, 2017). However, it is only relatively
recently that fork reversal has been shown to be a frequent physiological response to
numerous types of replication stress (Zellweger et al., 2015). As such, mechanisms
for replication restart via fork regression and the factors necessary for these
processes are poorly understood, although many proteins have been implicated.
Whilst yet to be confirmed in vivo, in vitro fork reversal is promoted by RecQ helicases,
including WRN and BLM, which unwind the stalled fork (Machwe et al., 2006, Ralf et
al., 2006), as well as recombinases RAD51 and RAD54, which catalyze regression
through branch migration activities (Bugreev et al., 2011, Zellweger et al., 2015).
Studies have also suggested that various translocases, including SMARCALL,
ZRANB3 and HLTF (Poole and Cortez, 2017), recognise different fork structures and
promote fork regression and restart in different contexts, whilst a number of factors,
like BRCA1 and BRCAZ2, prevent inappropriate resection of the ‘chicken foot’ structure
(Schlacher et al., 2011, Quinet et al., 2017, Mijic et al., 2017). Whilst electron
microscopy analysis has demonstrated no link between the phosphorylation of CHK1
and fork reversal (Zellweger et al., 2015), ATR has been shown to phosphorylate the
SMARCAL1 translocase, regulating levels of the protein, limiting its fork regression
activities and preventing the aberrant degradation of the stalled fork (Couch et al.,
2013). Consistent with this, ATR inhibition is associated with reduced levels of DNA

damage-induced fork reversal (Mutreja et al., 2018). Thus, the role the replication
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Figure 1.2. Mechanisms of replication fork restart following fork reversal.

Persistent stalled replication forks risk fork collapse and the generation of DNA
damage. To avoid this, forks can be restarted via fork reversal, generating a
‘chicken foot’ structure. (a) If the nascent 3’ end of the break is recessed
comparatively to the 5’ end, then synthesis can reprime, using this as a template,
causing a template-switch and replication restart following branch migration. (b)
Alternatively, fork reversal may protect the stalled fork from degradation whilst
DNA repair pathways, such as base excision repair, remove the impeding lesion.
(c) Reversed forks may also form Holliday junctions, enabling restart via HR, (d)
whilst single ended-DSBs induced by nucleolytic attack can allow for break
induced replication (BIR). Figure adapted from (Petermann and Helleday, 2010).
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checkpoint and ATR activation on the regulation of fork reversal is, as of yet, poorly

understood (Berti et al., 2020).

1.2.9. Collapsed Replication forks

Replication fork collapse can describe several different processes in which the
replication fork loses the ability to perform DNA synthesis (Zeman and Cimprich,
2014). This can occur if replication fork stalling is prolonged, with some studies
suggesting that this can lead to the dissociation or displacement of the replicative
machinery (Lucca et al., 2003, Cobb et al., 2005, Cortez, 2015). Alternatively,
persistently stalled or reversed forks may generate DSBs through the action of
endonucleases, including the MUS81-EME1 complex (Regairaz et al., 2011, Fugger
et al., 2013, Amangyeld et al., 2014). An unrepaired single stranded break may also
be directly converted into a single-ended DSB when the nick is traversed by the
replication fork (Cannan and Pederson, 2016). During S-phase, free ends of this type

trigger repair by homologous recombination (HR), as will be discussed.

Collapsed forks are very deleterious. Not only do they risk the incomplete synthesis
of the genome, but DSB formation can lead to chromosomal aberrations and, if left
unrepaired, can result in cellular senescence or cell death (Jeggo and Lobrich, 2007).
Accordingly, cell lines with replication checkpoint deficiencies exhibit increased levels
of DSB formation and chromosome breakage (Cha and Kleckner, 2002, Trenz et al.,
2006). However, controlled and timely DSB formation and subsequent HR has also
been shown to be important for replication restart in certain contexts (Petermann and
Helleday, 2010, Rickman and Smogorzewska, 2019). Evidence for this comes from

observations that mammalian cells display a fork restart defect after treatment with
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replication stress inducing drugs (Hanada et al., 2007, Regairaz et al., 2011, Pepe
and West, 2014). However, MUS81-mediated cleavage has also been associated
with an amplification of the replication checkpoint signal and the elimination of cells
experiencing significantly elevated levels of replication stress (Fugger et al., 2013).
Therefore, it seems likely that fork reversal and DSBs arising from fork collapse
represent a trade-off between the promotion of replication restart and the increased

risk of genomic instability.

1.3. Causes of Replication Stress

Replication stress can arise as a result of several pathological and physiological
processes. This includes the misincorporation of ribonucleotides, oncogene activation
and the depletion of dNTPs or replication factors (Zeman and Cimprich, 2014). Here

| will discuss in detail a few further, common causes.

1.3.1. DNA lesions

Unrepaired DNA lesions are a well-documented cause of replication stress, with
thousands of endogenously and exogenously generated lesions produced every day
in human cells (the formation and repair of different types of DNA damage is explored
in more detail in a later section) (Gaillard et al., 2015). Unrepaired DNA lesions, or
single stand breaks (SSBs) generated as repair intermediates, can present barriers
to replication fork progression. For instance, base lesions, bulky DNA adducts,
interstrand crosslinks or AP sites can directly block the replisome, leading to fork
stalling and, where leading strand synthesis is blocked, risking helicase and
polymerase uncoupling (Byun et al., 2005, Minca and Kowalski, 2011, Fu et al., 2011,

Hung et al., 2020). In the case of single strand lesions, it has been estimated that at
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least 1% of SSBs escape the activity of DNA repair pathways, even in healthy,
unperturbed human cells (Vilenchik and Knudson, 2003). During S-phase, these
impediments can cause replication fork stalling or collapse, generating approximately
50 single ended DSBs per cell cycle (Vilenchik and Knudson, 2003, Cannan and

Pederson, 2016).

1.3.2. Conflicts between transcription and replication

Both replicative and transcriptional machineries use the DNA duplex as a template
for the synthesis of nucleotides. During S-phase, these processes occur concurrently,
with R-loops, structures formed when newly transcribed RNA hybridises with the
denatured template strand, and transcription complexes acting as potential barriers
to replication (Azvolinsky et al., 2009, Gan et al., 2011, Kotsantis et al., 2016, Hamperl
et al., 2017, Gomez-Gonzalez and Aguilera, 2019, Lalonde et al., 2021). Like DNA
polymerases, RNA polymerases synthesise nucleotides in a 3’ to 5’ direction, thereby
encountering the replisome codirectionally on the leading strand and head-on on the
lagging strand. Whilst studies have suggested that both types of collisions may act as
obstacles for replication, it is widely established that head-on collisions have the most
deleterious impact, leading to replication fork stalling, DSB generation and hyper-
recombination (Prado and Aguilera, 2005, Gan et al., 2011, Hamperl and Cimprich,
2016, Hamperl et al., 2017). The reason behind this difference is yet to be fully
investigated in eukaryotes, but may be explained by positive supercoiling generated
ahead of the converging complexes (Hamperl and Cimprich, 2016), or topological
stress arising from tethering RNA transcripts to the nuclear pore impeding the

progression of the replication fork (Bermejo et al., 2011, Zeman and Cimprich, 2014).
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1.3.3. ‘Difficult-to-replicate’ regions

Certain regions of the genome are inherently difficult to replicate. Numerous factors
contribute to these problems, including repetitive elements and regions of highly
active transcription, both of which promote the formation of complex secondary
structures. If the frequency of these structures is increased or they are not properly
resolved during S-phase, they can impede the movement of the replisome. As such,
these regions exhibit increased levels of fork stalling or fork collapse (Bhowmick and
Hickson, 2017, Ozer and Hickson, 2018, Kaushal and Freudenreich, 2019). They also
frequently give rise to replication stress-associated ultra-fine anaphase bridges
(UFBs), which form when sister chromatids remain physically associated due to
unresolved replication intermediates or under-replicated DNA (Chan et al., 2009,
Naim and Rosselli, 2009, Sarbajna et al., 2014, Oestergaard and Lisby, 2017). The
genome is comprised of numerous ‘difficult-to-replicate’ loci, of which ribosomal DNA
(rDNA), telomeres and common fragile sites (CFSs) are the most well defined

(Oestergaard and Lisby, 2017, Ozer and Hickson, 2018).

Ribosome biogenesis is an incredibly demanding process. As such, rDNA represents
the most heavily transcribed region of the human genome, encompassing several
genomic loci consisting of hundreds of guanine-rich, repetitive genes (Warmerdam
and Wolthuis, 2019). To minimise head-on collisions between the replication fork and
the transcriptional machinery, eukaryotic rDNA repeats are separated by replication
fork barriers (RFBs) which inhibit the movement of replication forks progressing in the
opposite direction to transcription (Kobayashi et al., 1998, Kobayashi, 2003, Castan
et al., 2017, Gomez-Gonzalez and Aguilera, 2019). In Saccharomyces cerevisiae,

whilst most forks at RFBs remain stabilised (Brewer et al., 1992), presumably awaiting
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rescue by a converging fork, a minority of forks collapse (Fritsch et al., 2010), with
fork collapse increasing significantly when the barrier becomes dysfunctional
(Kobayashi, 2003). The active transcription of ribosomal genes means these regions
are also prone to forming obstructive DNA:RNA R-loop hybrids (Hamperl et al., 2017,
Warmerdam and Wolthuis, 2019), whilst their high GC content promotes the formation
of G4-quadruplexes: a complex architecture in which repetitive guanine motifs stack
together and become stabilised (described in more detail below) (Datta et al., 2021).
As such, elevated levels of replication instability at these regions contributes to
aberrant recombination and the hypervariability of ribosomal gene copy numbers

(Kobayashi et al., 1998, Salim et al., 2017).

Like rDNA, telomeres are very large and repetitive. These specialised nucleoprotein
structures occur at each chromosome end and consist of a tandem array of
hexanucleotide repeats, bound by a six-protein complex called shelterin. This
assembly protects the ends of the chromosomes from degradation and aberrant
repair (Denchi and de Lange, 2007, Pitt and Cooper, 2010, Sfeir and de Lange, 2012,
Lim and Cech, 2021). Whilst heterochromatic, telomeres can be transcribed by RNA
polymerase Il to produce long non-coding RNA, TERRA, which forms DNA:RNA R-
loop hybrids at chromosome ends and contributes to telomere protection (Balk et al.,
2013, Lopez de Silanes et al., 2014, Montero et al., 2016). Telomeres also have a
high GC skew, which facilitates G4-quadruplex formation (Paeschke et al., 2005),
and, together with TERRA-associated R-loops and the tightly bound shelterin
complex, lead to obstruction of the replisome and fork stalling (Ohki and Ishikawa,
2004, Pan et al., 2019, Matmati et al., 2020, Feretzaki et al., 2020). In addition to this,

telomeres frequently form T-loop structures in which the terminal ssDNA overhang
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invades the upstream, double stranded telomeric DNA (Griffith et al., 1999, Doksani
et al., 2013). It is hypothesised that these structures protect the chromosome end
from aberrant repair (Griffith et al., 1999, Van Ly et al., 2018), with super-resolution
imaging revealing an association between linearized telomeres and the activation of
the DNA damage response (Van Ly et al.,, 2018). Components of the shelterin
complex recruit the helicase RTEL1 to telomeres during S-phase to promote T-loop
unwinding and facilitate unimpeded replication, but dysfunctions in this pathway can
cause the T-loop structure to persist and become obstructive during replication

(Vannier et al., 2012, Sarek et al., 2016).

Fragile sites represent large, repetitive regions of the genome, spanning hundreds to
thousands of kilobases, which are characterised by the presence of replication stress-
induced chromosomal aberrations. These regions are characterised as ‘common’ or
‘rare’ depending on their prevalence in the general population (Zlotorynski et al., 2003,
Oestergaard and Lisby, 2017). Whilst CFSs exist in all individuals, rare fragile sites
are observed in only 5% of the population (Zlotorynski et al., 2003). Numerous
intrinsic factors are believed to contribute to the fragility of these sites. Notably, these
repetitive regions are often very AT-rich, which makes them highly flexible, with
reduced helix stability, and are thereby prone to form stable, complex secondary
structures (Mishmar et al., 1998, Irony-Tur Sinai et al., 2019, Kaushal et al., 2019, Li
and Wu, 2020). In addition, CFSs are frequently located in large, actively transcribed
genes which take a full cell-cycle to transcribe (Helmrich et al., 2011, Pentzold et al.,
2018). This makes collisions between replication and transcription machineries
inevitable and can increase the frequency of obstructive R-loops (Helmrich et al.,

2011). These factors, alongside a characteristic lack of replication origins which could
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otherwise rescue stalled forks, increase fork collapse at these regions (Helmrich et
al., 2011, Miotto et al., 2016, Neil et al., 2018, Sugimoto et al., 2018, Gomez-Gonzalez
and Aguilera, 2019). Accordingly, CFSs are associated with breakpoints and genome
deletions in cancers (Hellman et al., 2002, Finnis et al., 2005, Bignell et al., 2010,

Glover et al., 2017).

1.3.4. R-loops

R-loops form when newly transcribed RNA hybridises with the denatured template
strand, causing the non-template strand to be displaced. Regions with a GC-skew
and strand asymmetry in base pair distribution increase the likelihood for R-loop
formation, particularly when the cytosine-rich strand serves as a transcription
template (Allison and Wang, 2019). These structures have been shown to have
important cellular functions, particularly at gene promoters and terminators where
they can influence epigenetic mechanisms of gene regulation (Ginno et al., 2013,
Niehrs and Luke, 2020). However, when they form aberrantly, they can, as discussed,
impede replication, and are associated with genome instability (Gan et al., 2011,
Hamperl and Cimprich, 2014, Hamperl et al., 2017, Parajuli et al., 2017, Allison and
Wang, 2019). Increased supercoiling behind the transcription fork also promotes the
formation of R-loops by increasing the opportunity for interactions between the RNA
and the template strand, with head-on-collisions between transcription and replication
machineries likely exacerbating R-loop formation by increasing this torsional stress
(El Hage et al., 2010, Kuzminov, 2018, Allison and Wang, 2019). In addition to this,
the displaced non-template is prone to forming additional secondary structures which
may stabilise the DNA:RNA hybrid and act as further barriers to replication (Hamperl

and Cimprich, 2014).
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The cell protects against R-loops in humerous ways. For instance, topoisomerases
have been observed to alleviate torsional stress and prevent the formation of R-loops
at rDNA (El Hage et al., 2010). RNA-binding protein complexes which associate with
the nascent RNA and couple transcription with swift nuclear export are also believed
to be important for regulating R-loops, preventing the transcript from interacting with
the template DNA. Consistent with this, the depletion of the THO/TREX transcription
export complex leads to increased levels of hyperrecombination which can be
reduced upon R-loop disruption (Huertas and Aguilera, 2003, Gomez-Gonzalez and
Aguilera, 2007). When they do form, R-loops are more stable than dsDNA so must
be enzymatically dissembled. This can be achieved by RNase H enzymes, which
eliminate ribonucleotides within  DNA:RNA hybrids through 5’-3’ exonuclease
activities (Cerritelli and Crouch, 2009, Parajuli et al., 2017), although R-loops have
also been suggested to be removed via helicases, which unwind the structure (Mischo
et al., 2011, Chang et al., 2017). The FA complex, which enables the replication fork
to bypass ICLs, has also been associated with R-loop resolution and the proper
progression of the replication fork through transcription-replication conflicts (Schwab

et al., 2015, Liang et al., 2019).

1.3.5. G4-quadruplexes

G-quartets assemble when four guanines interact in a cyclical arrangement, stabilised
by Hoogsteen bonds. These quartets can then stack together in three or more layers,
called G4-quadruplexes (Figure 1.3). These structures can be extremely polymorphic,
with their precise architecture depending on strand length and direction (Rhodes and
Lipps, 2015, Lerner and Sale, 2019). The opportunity for G4-quadruplex formation is

increased when ssDNA becomes available, with the bonds between duplex strands

46



Figure 1.3. Schematic of G-quartets and G4-quadruplexes

The structure of a G-quartet (a), the basic structural motif of G4-quadruplexes,
formed by four Hoogsteen bonded guanines and stabilised by a central cation
(shown in green). G-quartets can stack in various arrangements to form G4-
quadruplexes. Depicted are (b) parallel, (c) anti-parallel, and (d) hybrid
intramolecular G4-quadruplexes, with arrows indicating strand direction. Figure
adapted from (Spiegel et al., 2020).
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no longer impeding the interactions between repetitive guanines (Lerner and Sale,
2019). Accordingly, G4-quadruplexes are thought to preferentially form at the 3
overhang of telomeres (Tang et al., 2007), as well as ssDNA generated from

replication and transcription bubbles (Zhang et al., 2014).

However, these structures can also form on dsDNA, particularly at gene regulatory
elements (Huppert and Balasubramanian, 2007, Hansel-Hertsch et al., 2016). In fact,
42% of human genes contain at least one G4 motif at their promoters (Huppert and
Balasubramanian, 2007). The stability of G4-quadruplexes depends on a number of
factors, including the number of G-quartets and their topology (Pandey et al., 2013).
However, these structures have also been shown to be spatially and temporally
regulated by specific helicases, which unwind them in vivo. In human cells, a number
of helicases have been associated with the resolution of G4-quadruplexes, including
WRN, BLM, FANCJ and ATRX (Sauer and Paeschke, 2017), with WRN and BLM-
mediated unwinding of these structures implicated in gene expression changes
(Johnson et al., 2010, Nguyen et al., 2014, Tang et al., 2016). This is consistent with
genome wide gene expression studies which show significant changes in numerous
G4-promoter enriched genes after the addition of G4-quadruplex stabilising ligands
(Verma et al., 2009). Together, this suggests that G4-quadruplexes have distinct
functional roles in controlling gene transcription at regulatory gene elements where
they may act to recruit transcription associated factors, exclude nucleosomes or block
the RNA polymerase (Kim, 2019). Alongside the 3’ overhang, the guanine-rich nature
of telomeres is also believed to contribute to an increased formation of G4-
guadruplexes at chromosome ends (Granotier et al., 2005, Muller et al., 2010, Bryan,

2020). Like T-loops, it may be that the architecture of G4-quadruplexes prevents the
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telomeric ends associating with DNA repair proteins or nucleases which could
degrade the terminal sequences or cause aberrant fusions. However, experimental
evidence for this function is very limited (Bryan, 2020). Instead, it has been proposed
that G4-quadruplex formation has dynamic roles in the regulation of telomere
extension. On one hand, it has been suggested that these structures may act
antagonistically to POT1, a ssDNA binding protein which promotes the recruitment of
telomerase, the enzyme responsible for telomeric extension (Zaug et al., 2005, Wang
etal., 2011a). However, more recent research suggests that G4-quadruplex formation
in telomerase product DNA may positively regulate telomere extension by increasing

telomerase processivity (Jansson et al., 2019, Patrick et al., 2020).

Although G4-quadruplexes appear to have numerous important cellular functions,
they have also been shown to contribute to genome instability. Extensive in vitro
experimentation has demonstrated that persistent G4-quadruplexes can stall
replication forks (Castillo Bosch et al., 2014, Edwards et al., 2014, Lee et al., 2021),
interrupting replication on both the leading and lagging strands (Lerner and Sale,
2019). In support of a similar function in vivo, genomic fragility and replication stalling
is exacerbated upon treatment with G4-quadruplex stabilising drugs and the depletion
of G4-quadruplex unwinding helicases in many cellular models (Kruisselbrink et al.,
2008, London et al., 2008, Dahan et al., 2018, Obi et al., 2020). Whilst replication
forks can encounter and become stalled by pre-formed structures, G4-quadruplexes
can also form within the replisome as ssDNA is generated (Lerner and Sale, 2019).
Recent work has demonstrated that these persistent structures can prevent RPA from
binding to the replisome’s ssDNA, leading to the silencing of replication stress

signalling and replication fork collapse (Lee et al.,, 2021). Consistent with G4-
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guadruplexes being more frequent at telomeric sequences, telomere replication
appears to be particularly impacted by the presence of G4-structures (Crabbe et al.,
2004, Rizzo et al., 2009, Zhang et al., 2019), with breakage at these loci leading to
dramatic telomere loss and deleterious fusions upon G4-quadruplex stabilisation

(Tahara et al., 2006, Zhang et al., 2019).

1.4. Mitosis

Mitosis describes a dynamic phase of the cell cycle in which newly duplicated genetic
material is divided equally into daughter cells. As will be discussed in more detail in
later sections of the introduction, this requires the actions of condensin, which
condenses the DNA into chromosomes (Paul et al., 2019), and cohesin, which
topologically entraps sister duplex DNA together after replication, dissociating from
the chromatin in a timely manner to enable sister chromatids to segregate

successfully (Peters et al., 2008).

In higher eukaryotes, mitosis begins with prophase, when the CDK1 kinase
phosphorylates condensin Il, causing the condensin complex to load onto the
chromatin and trigger chromosome compaction (Abe et al., 2011). At the same time,
cohesion starts to dissociate from the sister duplex DNA, an action initiated via Polo-
like kinase 1 (PLK1)-mediated phosphorylation (Sumara et al., 2002, Hauf et al.,
2005). Centrosomes, which are replicated during S-phase, travel to opposite ends of
the cell where they form microtubule-based bipolar spindles (Conduit et al., 2015),
whilst late prophase sees kinases such as CDK1 and PLK1 trigger the breakdown of
the nuclear envelope (Guttinger et al., 2009, Linder et al., 2017, Martino et al., 2017).

In the second phase of mitosis, prometaphase, the microtubules extend from the
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centrosomes, undergoing successive rounds of GTP-dependent polymerisation and
depolymerisation, alternating between growth and shrinkage (Gudimchuk and
Mclintosh, 2021). Extension of a subset of microtubules into the nuclear space
facilitates their attachment to the chromosomes’ kinetochores- protein complexes
assembled at the centromere (Rusan et al., 2002, Gudimchuk and Mclintosh, 2021).
Proper microtubule-kinetochore attachment is vital to make sure that sister
chromatids can become properly bioriented, so iterative rounds of error correction,
mediated in part by Aurora B, are employed to destabilise incorrect attachments

(Cimini et al., 2006).

During this period, inappropriate or early chromosome segregation is blocked by the
spindle assembly checkpoint (SAC), which detects these improper microtubule-
kinetochore attachments. Several proteins have been identified as components of the
mitotic checkpoint complex (MCC) (BUBR1, BUB3, CDC20 and MAD2), whose
concerted actions, alongside the regulatory proteins PLK1, Aurora B, TRIP13 and
CDK1, impose the SAC by inhibiting the anaphase-promoting complex/cyclosome
(APC/C) (Liu and Zhang, 2016, Ma and Poon, 2016). As chromosomes become
amphitelically attached to the microtubules, they line up along the spindle equator-
forming the metaphase plate. Once the microtubules are correctly attached, the
metaphase to anaphase transition is initiated (Etemad et al., 2015). SAC-mediated
inhibition is alleviated, allowing the APC/C to activate and polyubiquitylate its mitotic
substrates, including CDK1/Cyclin B and securin, targeting them for degradation
(Thornton and Toczyski, 2003). The loss of securin and disruption of CDK1/Cyclin B

relieves the inhibition of seperase, which can then bind and cleave centromeric

51



cohesin, causing it too to dissociate from the sister chromosomes (Gorr et al., 2005,

Rosen et al., 2019).

The complete removal of cohesin triggers anaphase (Wirth et al., 2006), in which the
microtubules depolymerise and shorten, generating pulling forces which separate the
sister chromatids to opposite sides of the cell (Gudimchuk and Mcintosh, 2021).
During telophase, the chromatids reach the spindle poles and begin to decondense
(Antonin and Neumann, 2016), whilst the nuclear envelope also starts to reassemble,
forming two daughter nuclei (Guttinger et al., 2009). This is followed by cytokinesis,
in which the cytoplasm around the two nuclei furrows, eventually dividing the cell in
two (Bringmann and Hyman, 2005, Barr and Gruneberg, 2007). Whilst mitosis is
highly regulated, numerous errors, including improper chromosome condensation,
SAC signalling or microtubule-kinetochore attachments, can prevent the proper
biorientation of chromosomes, which can cause them to missegregate into daughter
cells and give rise to aneuploidies (Matsuura et al., 2006, Samoshkin et al., 2009,
Bakhoum et al., 2009, Potapova and Gorbsky, 2017, Carvalhal et al., 2022). Equally,
if chromosome disjunction fails to occur successfully then cytokinesis can abort,

producing binucleated, polyploid cells (Potapova and Gorbsky, 2017).

To ensure proper chromosome segregation, the cell employs checks to make sure
that replication has successfully completed prior to mitosis. As previously discussed,
ATR induced CHK1 signalling disrupts the CDK1/Cyclin B complex and triggers the
G2/M checkpoint, preventing cells with damaged or under-replicated DNA from
entering mitosis and allowing time for replication and repair (Zhang and Hunter, 2014).
However, mild or moderate replication stress can escape checkpoint activation,

leading to under-replicated DNA persisting through to mitosis (Wang et al., 2011b,

52



Koundrioukoff et al., 2013, Gelot et al., 2015). Whilst the precise links between
replicative dysfunction and mitosis are undefined, mild replication stress has been
shown to induce segregation defects by promoting the premature disengagement of
centrioles, the core centrosome components, leading to transient multipolar spindles
(Wilhelm et al., 2019a). In addition to this, centrosome duplications have been
observed upon replication stress in HR-deficient cells (Daboussi et al., 2005, Wilhelm

et al., 2014).

Persistent under-replicated DNA, recombination intermediates and catenated
chromosomes that are not resolved before the metaphase to anaphase transition can
also generate chromatin bridges or UFBs, the latter of which form at regions of
genomic fragility (centromeres, telomeres and chromosome fragile sites) (Chan et al.,
2009, Fernandez-Casafias and Chan, 2018, Chan et al., 2018). It is not yet known
how chromatin bridges may resolve, although immunofluorescent staining of UFBs
reveals that these structures become decorated with BLM and PICH helicases, which,
alongside Top2, are implicated in their resolution. However, unresolved bridging can
lead to subsequent missegregation events when the interlinked sister chromatids
attempt to separate (Chan et al., 2007, Chan and West, 2018). Furthermore, under
the stress of the mitotic apparatus and cell cleavage, these structures can break,
giving rise to DNA damage and chromosome fusions which can then enter into

breakage-fusion-bridge cycles (Umbreit et al., 2020).
1.5. DNA damage

It is estimated that human cells are subject to approximately 70,000 DNA damaging

events per day (Tubbs and Nussenzweig, 2017). These events induce lesions which
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change the basic structure of DNA and, if left unrepaired, can impede important
cellular processes, including replication, and introduce deleterious mutations that
threaten cell viability. Common types of lesions include the chemical alteration or
misincorporation of DNA bases, as well as breaks in the DNA phosphate backbone

(Chatterjee and Walker, 2017).

DNA damaging events can be triggered by either endogenous or exogenous sources.
Those classed as endogenous primarily occur due to normal metabolic processes in
which DNA engages in hydrolytic or oxidative reactions (Tubbs and Nussenzweig,
2017, Chatterjee and Walker, 2017). For instance, reactive oxygen species, by-
products of cellular respiration, can attack DNA bases and the DNA backbone,
leading to several types of lesions including oxidized bases, as well as single- and
double-strand breaks (Lindahl, 1993, Shokolenko et al., 2009, Poetsch, 2020).
Random errors in DNA replication and repair, or the abortive activity of
topoisomerases, can also introduce DNA damage via normal cellular mechanisms

(Kunkel, 2009, Gomez-Herreros et al., 2014, Gomez-Herreros, 2019).

In contrast, DNA damage can also occur exogenously following exposure to
environmental, physical, and chemical agents. This includes ionizing radiation (IR),
which occurs naturally from rocks and soils, as well as medical devices. Comprised
of X-rays and gamma rays, IR can impact DNA directly by inducing base lesions as
well as single- and double-strand breaks. Further, indirect damage is also caused by
IR-induced free radicals which can attack DNA to produce base damage (Gulston et
al., 2002, Spitz et al., 2004, Reisz et al., 2014, Chatterjee and Walker, 2017).
Ultraviolet (UV) radiation, a component of sunlight, generates covalent linkages

between adjacent pyrimidines, forming various types of bulky lesions, such as
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cyclobutane pyrimidine dimers and pyrimidine (6 — 4) photoproducts (Rastogi et al.,
2010, Hung et al., 2020). Finally, chemical agents, including aromatic amines and
polycyclic aromatic hydrocarbons, both found in cigarette smoke, form persistent

bulky DNA adducts (Barnes et al., 2018).

At significant levels, the accumulation of DNA damage can induce cellular
senescence or death (Surova and Zhivotovsky, 2013). To avoid this, the cell employs
numerous, and often overlapping, DNA damage detection, signalling and repair
pathways which aim to respond to the many types of DNA lesions that can arise.
These responses typically induce cell-cycle arrest, preventing mitosis until the
damaged DNA has been repaired, thus ensuring the faithful inheritance of genomic
information (Sancar et al., 2004, Chatterjee and Walker, 2017). In this section | will

discuss in more detail some of the major DNA repair pathways.

1.5.1. Double strand break repair

1.5.1.1. Double strand breaks

DSBs represent breakages in the sugar-phosphate backbone of both DNA strands.
These lesions are considered to be particularly genotoxic if unrepaired, risking
mutagenesis, chromosome rearrangements, and aberrant recombination (Jackson,
2002). Alongside exogenous damages, they can form as by-products of cellular
processes, such as abortive topoisomerase action or the collision of the replication
machinery with SSBs, subsequently generating single ended DSBs (Cannan and
Pederson, 2016, Mehta and Haber, 2014). Whilst rare, a single DSB can be sufficient
to trigger cell death (Jackson and Bartek, 2009). Therefore, it's extremely important

for these lesions to be repaired. To do so, the cell employs a number of double strand
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break repair (DSBR) mechanisms, of which nonhomologous end joining (NHEJ) and

HR represent two major repair pathways.

The choice between NHEJ and HR is determined primarily by cell-cycle stage (Saleh-
Gohari and Helleday, 2004, Brandsma and Gent, 2012). NHEJ is a relatively simple
mode of DSBR which occurs throughout the cell-cycle, being particularly important
during G1, in which blunt DNA ends are ligated together (Lieber, 2010). During this
process, the DSB is first sensed by the Ku70/Ku80 heterodimer, which binds to either
free end of the break (Walker et al.,, 2001). Ku70/80 recruits the NHEJ complex,
including the Artemis:DNA-PKcs nuclease and the ligation complex (DNA ligase V-
XRCC4-XLF) (Drouet et al., 2005, Yano et al., 2009). Together, Ku70/80 and DNA-
PKcs form a synaptic complex which bridges the DNA DSB ends together and
activates DNA-PKcs'’s kinase activities (DeFazio et al., 2002, Chen et al., 2021, Yue
et al., 2020), allowing the kinase to autophosphorylate and activate Artemis (Ma et
al., 2002, Gu et al., 2010, Yue et al., 2020). To produce blunt DNA ends, DNA
overhangs can then be processed, either via Artemis mediated nucleolytic cleavage
or DNA polymerase gap filing (Ma et al., 2005, Lieber, 2010, Ramsden, 2011).
Finally, these blunt ends are joined by the ligation complex and the NHEJ machinery

dissociates from the DNA (Lieber, 2010).

The other major DSBR pathway, HR, is restricted during G1, but is active during S/G2
phase, when DNA has been replicated, as it uses homologous sister chromatids as
templates for repair (Krejci et al., 2012). Whilst Ku70/Ku80 still senses and binds to
the break, the complex is replaced by MRN (MRE11-RAD50-NBS1), which removes
the complex via endonucleolytic cuts (Myler et al., 2017). MRN then promotes the

resection of the DSB ends, thus preventing the simple re-ligation of the lesion and
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committing pathway choice to HR (Brandsma and Gent, 2012, Shibata et al., 2014).
This action is regulated by a number of mechanisms, including the activities of CDKs

which target components of the HR resection machinery (Ferretti et al., 2013).

1.5.1.2. Initiation of homologous recombination

Once recruited to the lesion, MRN tethers the broken DSB ends together (Williams et
al., 2008b). Following the detection of the break, CtIP, together with RAD50, promotes
the endonuclease activity of MRE11, causing cleavage of the 5’-terminated DNA
strand (Sartori et al., 2007, Anand et al., 2016). The cleaved site is then bidirectionally
resected, 3’-5’ by MRE11’s exonuclease activity and 5’-3’ by the nuclease activities
of EXO1 or DNAZ2, the latter in complex with BLM or WRN (Nimonkar et al., 2011,
Sturzenegger et al., 2014). This generates long 3’-ssDNA overhangs, often kilobases
in length (Daley et al., 2015). MRN also recruits ATM via an interaction with NBS1,
thus initiating a signalling cascade, resulting in cell-cycle arrest via intermediates like

p53 (Uziel et al., 2003).

The single stranded DNA overhangs are rapidly coated by RPA, which prevents
further nuclease activity and inhibits the formation of secondary structures (Chen et
al., 2013, Dueva and lliakis, 2020). RPA is subsequently displaced by the RAD51
recombinase, an action promoted by the pro-recombinogenic factor BRCA2 (Davies
etal., 2001, Liu et al., 2010, Dueva and lliakis, 2020). The recombinase bound ssDNA
forms the presynaptic filament, the 3’ end of which then probes for homologous
sequences on the intact, complementary sister chromatid (Li and Heyer, 2008, Liu et
al., 2011a). Once located, the 3’ ended tail invades the DNA duplex, generating a

displacement-loop (D-loop). Using the sister chromatid as a template, polymerase d
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mediated DNA synthesis is primed from the 3’ end of the invading strand and restores

the DNA sequence lost by resection (Li and Heyer, 2008, Liu et al., 2011a).

The D-loop intermediate structure generated by strand invasion can be resolved by
various pathways to reinstate the DNA duplexes, as will be discussed. Pathway
choice determines if genetic information is exchanged between the interacting
chromatids, generating either a noncrossover or crossover product. Whilst crossovers
are important during meiosis to promote proper chromosome segregation and genetic
diversity (Cole et al., 2010), elevated levels of these events during mitosis risks a loss
of heterozygosity (LOH) (LaRocque et al., 2011). As such, HR is regulated to favour

noncrossover events (Sanchez et al., 2021).

1.5.1.3. Double Holliday junction resolution

Following D-loop formation, the capture of the second end of the DSB can generate
a double Holliday junction (dHJ) if DNA ligation occurs, meaning that sister chromatids
become linked (Nimonkar and Kowalczykowski, 2009). dHJs are primarily resolved
by ‘dissolution’, in which only noncrossover products are produced (Figure 1.4)
(Matos and West, 2014). This process is mediated by the ‘dissolvasome’, or BTR
complex, which is comprised of the BLM helicase (Sgsl in yeast) and topoisomerase
3a, alongside the ‘RecQ-mediated instability factors’, RMI1 and RMI2 (Wu and
Hickson, 2003, Manthei and Keck, 2013). To initiate the process, BLM catalyses the
migration of the HJs towards each other where they collapse to form a hemicatenated
structure (Karow et al., 2000, Manthei and Keck, 2013). This is then decatenated by
topoisomerase 3a in a BLM-dependent manner. Whilst the functional role of the

helicase at this point is still poorly understood, it could be that BLM is important for
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mediating strand passage, or for unwinding the hemicatenated structure into a
topoisomerase-accessible conformation (Wu et al., 2005, Plank et al., 2006, Bizard
and Hickson, 2014). dHJs which escape the BTR complex can be processed later in
the cell cycle by ‘resolution’, a pathway which uses structure specific endonucleases,
termed resolvases, to cleave the HJs in an unbiased manner (Matos and West, 2014,
Wyatt and West, 2014). This means that, depending on the orientation of the
cleavage, either noncrossover or crossover events can be produced (Figure 1.4)
(Wyatt and West, 2014). In mammalian cells, several resolvases have been identified.
SLX1-SLX4 has been shown to cooperate with MUS81-EMEL1 to initiate resolution,
with SLX1 cleaving the DNA first, followed by the endonuclease activity of MUS81 on
the opposite strand (Wyatt et al., 2013). In a distinct pathway, the GEN1 resolvase
also cleaves HJs (Rass et al.,, 2010, Wyatt et al.,, 2013), although epistasis
experiments have suggested that the enzyme acts as a backup pathway for the
activities of SLX1-SLX4/MUS81-EME1, which are more efficient (Wechsler et al.,

2011, Garner et al., 2013).

1.5.1.4. Synthesis dependent strand annealing

Synthesis dependent strand annealing (SDSA) is thought to represent a major
mechanism of DSBR in mammalian cells, which may be because the pathway limits
potentially deleterious crossover events. (Zapotoczny and Sekelsky, 2017). During
SDSA, after strand invasion and extension, the migrating D-loop structure becomes
unstable, unwinds, and the invading ssDNA disassociates before second end capture
can occur. Thus, dHJs are not generated and SDSA avoids the action of crossover-

promoting resolvases, biasing repair towards noncrossover events and avoiding LOH
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Figure 1.4. Molecular model of crossover and noncrossover pathways.

During HR, DSBs are detected and resected to produce 3’ overhangs. This is
followed by strand invasion, in which RAD51-ssDNA 3’ presynaptic flaments
invade homologous DNA on the opposing DNA duplex, generating a D-loop from
which DNA synthesis can prime. During synthesis dependent strand annealing
(SDSA), the elongated 3’ end of the invading DNA dissociates from the D-loop
and reanneals with the second free 3' end of the break site. The resulting ssDNA
gaps are filled, generating a non-crossover product. In contrast, D-loops can also
be captured by the second DSB end and ligated to produce a double Holliday
junction structure, which can then be resolved by a dissolution or resolution sub-
pathway. During dissolution, the Holliday junctions migrate towards each other
and the hemicatenated sister chromatids are then separated in a BLM-TOP3a-
RMI1 dependent process which produces non-crossover products. However,
during resolution, the nonbiased cleavage of the Holliday junctions by structure-
specific endonucleases, termed resolvases, generate either crossover or non-
crossover events.
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(Morrical, 2015). Instead, the newly synthesised and dissociated DNA anneals to
thecomplementary end of the break where the resulting SSBs can be repaired with
gap-filling DNA synthesis and ligation (Verma and Greenberg, 2016, Wright et al.,
2018). Whilst the precise dynamics of downstream SDSA are poorly understood,
studies in fruit flies have suggested that FANCM and BLM helicases may be integral
for this mode of repair, with the loss of either factor inducing SDSA defects,
accompanied by deletions on either side of the DSB in BLM mutants (McVey et al.,
2004, Romero et al., 2016). These observations are consistent with a role for both

proteins in promoting SDSA via D-loop disassembly.

1.5.1.5. Break induced replication

Most models of HR involve two ended-DSBs, which enable second end capture and
reannealing of the invading ssDNA. Contrastingly, break induced replication (BIR)
acts as a repair pathway when only one DSB end is present (Malkova and Ira, 2013,
Kramara et al., 2018), such as single-ended DSBs which are generated when a
replication fork collapses. During this process, the intermediate D-loop structure
migrates across the DNA, allowing repair synthesis to continue until it meets with the
next converging replication fork (Saini et al.,, 2013). Whilst BIR is important for
replication restart, particularly in regions that lack replication origins, it is also highly
mutagenic, with BIR-associated mutations 1000-fold higher compared to normal S-
phase replication (Deem et al., 2011, Saini et al., 2013). This is likely caused, at least
in part, by replication within the translocating D-loop, which leads to the increased
dissociation of polymerase & from the template DNA, subsequent template switching,
strand slippage and frameshift mutations (Smith et al., 2007, Deem et al., 2011,

Malkova and Ira, 2013, Jalan et al., 2019). The rapid dissociation of newly synthesised
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DNA from the migrating structure also interferes with MMR, which is no longer able
to sense and correct nucleotide misincorporations (Deem et al., 2011, Sakofsky et al.,

2012).

1.5.1.6. Single strand annealing

Single strand annealing (SSA) describes the repair of DSBs flanked by long,
homologous sequences (Bhargava et al., 2016). These sequences are resected and
annealed together, thus avoiding the need for a homologous sister chromatid
template. As described for previous modes of HR, resection of the DNA ends is
mediated by the nuclease activities of MRE11, EXO1 and DNA2. During SSA, RAD52
then promotes the annealing of the resulting homologous 3’ ssDNA overhangs (Van
Dyck et al., 2001), leaving the non-homologous ends as free tails that need to be
removed. Their cleavage is believed to be catalysed by the ERCC1/XPF complex, a
structure-specific endonuclease, before the gaps are filled by DNA polymerase

(Sargent et al., 2000, Al-Minawi et al., 2008).

It's likely that SSA is important for promoting DSBR in situations where resection has
been initiated, but no homologous template is available. However, the pathway is
error-prone, generating a deletion rearrangement between flanking homologous
regions (Bhargava et al., 2016). Therefore, to prevent excessive SSA-mediated
mutagenesis, RAD51 acts as a negative regulator of the pathway. By binding to the
3’ ssDNA overhangs, the recombinase limits the DNA annealing activity of RAD52

and promotes other mechanisms of repair (Stark et al., 2004, So et al., 2022).
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1.5.2 The Fanconi anaemia pathway

DNA interstrand crosslinks (ICLs) covalently link opposing DNA strands. During S-
phase, these lesions act as potent blocks to the replication machinery and
transcription machinery. As such, their removal is important for maintaining genome
stability, and is coordinated by the Fanconi anaemia (FA) pathway, comprising of 22
identified FA or FA-like proteins (FANCA-W) that work together alongside several HR
factors (Deans and West, 2011, Ceccaldi et al., 2016, Michl et al., 2016). The FA
pathway is activated when converging replication forks stall due to an impeding ICL
(Zhang et al., 2015a), with the lesion then recognised by the FANCM-FAAP24—
MHF1-MHF2 anchor complex (Ceccaldi et al., 2016). This anchor complex then
recruits the 9-protein FA core complex, including FANCL, an E3 ubiquitin ligase, to
the chromatin (Kim et al., 2008). Together with the E2 enzyme UBE2T, FANCL
mediates the mono-ubiquitination of FANCI and FANCD2, a heterodimer otherwise
known as the ID2 complex (Smogorzewska et al., 2007, Longerich et al., 2009, Li et
al., 2020c). Whilst little is conclusively understood about the structure and function of
the other FA core complex proteins, some studies have suggested that these subunits
are also required for the successful mono-ubiquitination of the ID2 complex (Garcia-

Higuera et al., 2001, Kottemann and Smogorzewska, 2013, Rajendra et al., 2014).

Mono-ubiquitinated FANCD2 acts as a platform for DNA repair factors, including
nucleases which initiate the removal of the ICL. Nucleases implicated in this process
include XPF, MUS81, SLX4, and FAN1 (Yamamoto et al., 2011, Kim et al., 2013,
Klein Douwel et al., 2014, Chaudhury et al., 2014). Together, these factors are
thought to cleave DNA surrounding the ICL on one of the two parental strands,

‘unhooking’ the lesion on one end so it remains attached to the other. This then
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enables the replication machinery to bypass the damage using TLS, with ligation
restoring the DNA duplex (Kim and D'Andrea, 2012). The DSB generated on the other
DNA duplex can then be processed as it would during HR, via resection, strand
invasion and homology searching (Michl et al., 2016). Having said this, research has
also suggested that up to 60% of replication events occurring around ICLs are actually
mediated via replication traverse, a pathway promoted by the DNA translocase,
FANCM. In these situations, replication encounters the lesion and restarts on the
distal side of the ICL, with repair pathways presumably removing the ICL from the

DNA duplex post replication (Huang et al., 2013).

1.6. The SMC5/6 complex

1.6.1 SMC complexes

Highly conserved across all kingdoms of life, the structural maintenance of
chromosomes (SMC) complexes are a family of ATPases which coordinate
chromosome organisation. In eukaryotes, three distinct SMC complexes have been
identified: condensin (SMC2/4), cohesin (SMC1/3) and SMC5/6 (Hirano, 2002,
Uhlmann, 2016). All three SMC complexes share a ring-shaped structure, comprised
of a core heterodimer of SMC proteins alongside several additional subunits (Figure
1.5). Both condensin and cohesin have well defined roles, establishing DNA
condensation and chromosome cohesion, respectively. However, the precise
functions of SMC5/6 are far less well understood (Hirano, 2002, Uhlmann, 2016,
Aragon, 2018). SMC monomers are long molecules with nucleotide binding motifs at
the termini, known as Walker A and B box-sequence motifs. These are separated by

two coil-coiled regions and a central globular hinge domain. Each individual SMC
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Figure 1.5. The basic structures of the human SMC complexes.

Cohesin (SMC1/3), condensin (SMC2/4) and SMC5/6 belong to a family of
ATPases, all of which comprise of a heterodimer of two SMC proteins. Each SMC
protein consists an ATPase head domain, and a globular hinge domain, where
the SMC proteins dimerise, separated by an intramolecular coiled-coil. The head
domains are bridged by additional accessory subunits which are thought to aid
the complex’s interaction with DNA. SMC5/6 has four non-SMC elements (NSE1-
4), including NSE2, which docks onto the coiled-coil of SMC5 and has distinct
SUMOylation activities. The architecture of the SMC complexes enables them to
form a characteristic open, ring-like structure upon ATP binding, facilitating their
interaction with DNA.
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protein self-folds at the hinge, forming an ATP-binding cassette (ABC)-type ATPase
head domain where the Walker A and Walker B motifs interact (Lowe et al., 2001).
This is separated from the distant hinge domain by the ~ 50 nm flexible, anti-parallel
arrangement of coiled-coils. Dimerization between SMC proteins occurs via the
interaction of hydrophobic residues between hinge domains (Hirano and Hirano,
2002, Haering et al., 2002, Yatskevich et al., 2019), whilst the ATPase heads are
asymmetrically connected by an additional ‘kleisin’-type subunit (Schleiffer et al.,
2003, Nasmyth and Haering, 2005, Yatskevich et al., 2019). The binding of ATP to
the Walker B box- sequence motifs also initiates dimerization by stimulating the

transient interaction of both head domains (Hirano, 2002, Lammens et al., 2004).

The ring-shaped structure of SMC complexes enables them to interact with DNA.
Prior to ATP binding, the coiled-coil regions of cohesin, condensin and SMC5/6 have
been shown to interact from hinge to head, forming a closed rod-like structure (Lee et
al., 2020, Yu et al., 2021). ATP binding engages the head domains and is thought to
disrupt the interaction of the coiled coils, promoting an open formation (Nasmyth and
Haering, 2005, Lee et al., 2020, Adamus et al., 2020). Recent cryo-EM studies of
condensin and cohesin have shown that these protein rings clamp DNA, in an

interaction that requires the binding of ATP, as well as the interaction of chromatin

with DNA-sensing residues on the HEAT domains of SMC accessory subunits (Collier
et al., 2020, Lee et al., 2022). SMC5/6 is believed to employ a similar mechanism of
DNA interaction, with the interactions of NSE3 and NSE4 with DNA promoting the
association of the complex with chromatin (Zabrady et al., 2016, Yu et al., 2022). For
cohesin, ATP binding and subsequent hydrolysis promotes a conformational change

in the complex, allowing it to transiently open at either the SMC1/3 hinge region or
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the SMC3/RAD21 interface. These changes generate DNA transport gates through
which DNA can enter and become topologically entrapped, and then later exit (Gruber

et al., 2006, Murayama and Uhimann, 2015).

1.6.2. Condensin (SMC2/4)

In preparation for cell division, DNA is compacted into chromosomes. Alongside the
essential activity of Top2, which decatenates sister chromatids before mitosis
(Uemura et al., 1987, Nielsen et al., 2020), this is mediated by the action of
condensins. Most higher eukaryotes, including humans, have two isoforms:
condensin | and Il. Both complexes consist of five subunits- a core heterodimer of
SMC2 and SMC4, alongside three accessory proteins (Condensin I: CAP-D2, CAP-
G, and CAP-H, condensin Il: CAP-D3, CAP-G2, and CAP-H2) (Figure 1.5) (Hirano,
2012). These accessory subunits dictate the localisation and function of the
complexes. Whilst condensin | is restricted to the cytoplasm during interphase,
loading to chromatin only after the nuclear envelope breaks down during
prometaphase, condensin Il is nuclear and initiates chromosome condensation during
prophase (Ono et al., 2004, Thadani et al., 2012). The association of condensin with
chromatin is regulated by a number of mitotic factors. For instance, the interaction of
condensin | with chromatin is mediated by Aurora B (Kagami et al., 2017), whilst the
phosphorylation of CAP-H2 by PLK1 regulates CAP-H2 expression and condensin Il

function (Kagami et al., 2017).

In vitro experiments in yeast have suggested that condensin drives changes in
chromosome architecture through loop extrusion, in which the condensin complex

encircles a single DNA duplex, reeling the strand through its ring to create loops and
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simultaneously linking distal elements (Goloborodko et al., 2016, Ganji et al., 2018).
Loop extrusion has been observed to be mediated differently by each condensin, with
condensin Il promoting the formation of far larger loops of around 400kbp in length
which condensin | then divides into further smaller, 80kbp loops (Gibcus et al., 2018).
Combined, a nested-loop structure is formed, promoting extensive chromosome
compaction. Whilst it is not yet understood how condensin drives loop extrusion, in
vitro single-molecule studies have demonstrated that the complex translocates along
DNA, with ATP hydrolysis acting as a mechanochemical motor (Terakawa et al.,

2017).

1.6.3. Cohesin (SMC1/3)

The cohesin complex uses its ring-shaped structure to encircle sister chromatids
together (Haering et al., 2008), mediating their cohesion from DNA replication until
their eventual separation during anaphase. In doing so, the complex prevents
premature chromatid separation and ensures proper biorientation during segregation,
thereby avoiding subsequent mis-segregation events and aneuplodies (Brooker and
Berkowitz, 2014). However, the complex has also been implicated in the regulation of
several other cellular processes, including condensation, transcription and DNA
repair (Mehta et al., 2013). In human cells, cohesin is enriched proximally to DSBS,
where the co-entrapment of sister duplexes promotes efficient HR whilst also
preventing the joining of distal breaks (Potts et al., 2006). However, as with condesin,
in vitro experiments have demonstrated that cohesin behaves as an ATPase-
dependent loop extruding factor, during interphase (Davidson et al., 2019, Golfier et

al., 2020). Whilst little is understood of cohesin’s role in transcription, it may be that it
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relates to the complex’s ability to mediate physical interactions between distal

intrachromosomal elements (Kagey et al., 2010, Mehta et al., 2013).

Cohesin is comprised of core SMC1 and SMC3 proteins, alongside the ‘kleisin’-like
protein RAD21 which links the ATPase heads (Brooker and Berkowitz, 2014). RAD21
acts as a docking protein for several other subunits, including WAPL, STAG1/2 and
PDS5 (Figure 1.5) (Cheng et al., 2020). The concerted action of the NIPBL/MAU2
loading complex, alongside ATP hydrolysis, targets cohesin to chromatin and
mediates the entrapment of DNA within the complex (Arumugam et al., 2003,

Hinshaw et al., 2015, Collier et al., 2020).

Cohesin interacts with DNA throughout the cell cycle. During G1, cohesin loading is
dynamic, with a large fraction of complexes remaining only transiently associated with
DNA, presumably a single duplex. Cohesin is unloaded and reloaded repeatedly,
associating with chromatin for less than 25 minutes at a time (Gerlich et al., 2006).
This rapid dissociation is coordinated by the WAPL-PDS5 complex (Gandhi et al.,

2006), possibly by promoting cohesin’s ATP hydrolysis activity

and the opening of cohesin’s DNA transport gate, facilitating DNA exit (Elbatsh et al.,
2016). In order to establish sister chromatid cohesion during S-phase, however, the
association of cohesin with DNA changes. Firstly, cohesin topologically entraps sister
chromatids together. To achieve this, it's thought that some complexes are
accommodated by the migration of the replication fork through its ring, whilst others
are loaded de novo, unloading and reloading behind the replication machinery
(Srinivasan et al., 2020). In addition to this, the cohesin complex become protected

from WAPL'’s activity. The precise mechanism by which this happens is not yet known,
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although experimental evidence suggests that this requires the establishment
of cohesion 1 homologue 1 and 2 (ESCO1 and ESCO2) acetyltransferases, which
acetylate SMC3 (Nishiyama et al., 2010, Kawasumi et al., 2017), as well as the S-
phase expression of soronin, which prevents WAPL and PDS5 binding in vertebrates
(Nishiyama et al., 2010, Ladurner et al., 2016). Together, this stabilises cohesin,
allowing the complex to reside on chromatin for longer (Nishiyama et al., 2010,

Ladurner et al., 2016, Kawasumi et al., 2017).

During mitosis, cohesin must be removed in a timely manner to enable proper
chromosome segregation. In vertebrates, the majority of cohesin complexes are
permanently removed during prophase via PLK1 and Aurora B mediated
phosphorylation (Sumara et al., 2002, Gimenez-Abian et al., 2004, Nishiyama et al.,
2013, Haarhuis et al., 2014). However, cohesin bound around heterochromatin,
including centromeric regions, remains tightly associated, holding the sister
chromatids together as they biorientate themselves (Gimenez-Abian et al., 2004,
Haarhuis et al., 2014). Finally, during the metaphase-to-anaphase transition, the
remaining cohesin is removed by the separase caspase (Hauf et al., 2001). This is
triggered by the activity of the APC/C which signals for separase’s inhibitory partner,
secruin, to be degraded. Once active, separase cleaves RAD21, causing the cohesin
ring to open and dissociate (Hauf et al., 2001, Luo and Tong, 2021). In contrast to this
two-step removal of cohesin in vertebrates, in yeast most, if not all, cohesin is retained
on chromosome arms until the onset of anaphase, when it is removed via separase

(Haarhuis et al., 2014).
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1.6.4. SMC5/6

Of the SMC complexes, SMC5/6 is the least well understood. The complex was first
identified in fission yeast as an important factor in the repair of IR-induced DNA
damage (Lehmann et al., 1995). However, since its discovery, research has
implicated its involvement in numerous cellular processes. Its major function is
thought to be in HR and replication, although it has emerging roles in the maintenance

of rDNA and telomere elongation (Aragon, 2018).

The complex is comprised of a heterodimer of SMC5 and SMC6, alongside 4 non-
SMC elements (NSE1-4). NSE4, the kleisin subunit which connects the complex’s
head domains, forms a subcomplex with NSE1 and NSE3. Whilst biochemical
activities for NSE3 and NSE4 have not yet been identified (Aragon, 2018), NSE1
contains a RING-like domain characteristic of ubiquitin E3 ligases. However, evidence
regarding the activity of the subunit is controversial, with no in vivo targets yet
identified (Pebernard et al., 2008a, Doyle et al., 2010, Kolesar et al., 2022). In
contrast, the SUMO E3 ligase activity of NSE2, which docks onto the middle of
SMC5’s coiled-coil arm, is well established, through which the complex can
SUMOylate SMC6 and SMC5, whilst also targeting downstream substrates (Zhao and
Blobel, 2005, Potts and Yu, 2005, Andrews et al., 2005, Kliszczak et al., 2012, Bonner
et al., 2016). In yeast, additional subunits Nse5 and Nse6 form a heterodimeric
subcomplex that interacts with the arms of Smc5 and Smc6 (Adamus et al., 2020),
and is believed to promote the loading of Smc5/6 to DNA (Oravcova et al., 2019,
Hallett et al., 2021b). Interestingly, yeast 3D modelling of Smc5/6 has shown that
Nse2, Nse5 and Nse6 all bind in close proximity to Smc5 and Smc6’s SUMOylated

regions (Yu et al., 2021). A collaborative role for Nse5/6 and Nse2 is suggested by
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the observation that mutations in Nse5’s SUMO-interacting motifs are associated with

decreased levels of Smc5 and Smc6 Nse2-dependent SUMOylation (Yu et al., 2021).

Whilst Nsel-4 are highly conserved across all kingdoms of life, Nse5 and Nse6 have
only weak sequence similarity to their mammalian functional paralogs, SMC5/6
localisation factor 1 and 2 (SLF1 and SLF2, respectively), which were identified in a
proteomic screen (Raschle et al., 2015). Using knockdown experiments, both SLF1
and SLF2 were shown to coordinate a linear pathway responsible for recruiting
SMC5/6 to damaged chromatin. Upon DNA damage, it is known that ubiquitin ligases
such as RNF8, MDC1 and RNF168, signal DNA lesions by catalysing the poly-
ubiquitylation of histones (Stewart et al., 2009, Coster and Goldberg, 2010, Bohgaki
et al., 2013, Uckelmann and Sixma, 2017). The UBZ domain of RAD18 recognises
these modifications and is recruited to the damage. RAD18 then, via an interaction
with SLF1, acts to recruit SLF2 and the rest of the SMC5/6 complex, enabling its

subsequent interactions with DNA (Raschle et al., 2015).

As with condensin and cohesin, SMC5/6 interacts with DNA by encircling chromatin
within its proteinaceous ring (Yu et al., 2022). Work in Saccharomyces cerevisiae has
proposed that SMC5/6 works similarly to cohesin, by linking sister chromatids
together in an intermolecular fashion to promote proper replication and segregation
(Kanno et al., 2015). Although the precise mechanism by which this may occur isn’t
well studied, the topological interaction of Smc5/6 with DNA has been shown to be
promoted by ATP binding and hydrolysis, with yeast Smc5/6 mutants lacking ATPase
activity showing significantly reduced chromatin binding (Kanno et al., 2015,
Etheridge et al., 2021). Nse5/6 has been shown to modulate this activity by either

preventing the interaction between ATP and the SMC5/6 head domains or the
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engagement of ATP bound heads. This inhibition is released when the complex
interacts with DNA (Taschner et al., 2021). Interestingly, the SUMOylation activity of
Nse2 also relies on ATP hydrolysis, which promotes the activity of the subunit via a
conformational change in the Smc5 coiled-coil domains where the protein is docked
(Bermudez-Lopez et al., 2015). Thus, the Nse5/6 heterodimer may regulate the
interaction of Smc5/6 with DNA, as well as the complexes’ SUMO ligase activities, by
mediating timely ATP hydrolysis. However, analogous functions for SLF1/2 in ATP

hydrolysis or NSE2-mediated SUMOylation have yet to be identified.

1.6.4.1. Functions of SMC5/6 in recombination and replication fork stability

Studies in yeast and human cell lines have demonstrated that defects in SMC5/6 are
associated with elevated levels of unresolved DNA damage and chromosome breaks,
suggesting that SMC5/6 is important for efficient DNA repair (Torres-Rosell et al.,
2005). Early experiments in Schizosaccharomyces pombe suggested that the
complex is epistatic with factors involved in HR, including rhp51RAP51 which promotes
homology searching. This is indicative of a role for the complex in HR, although the
precise mechanism behind this function remains elusive (McDonald et al., 2003,

Murray and Carr, 2008).

Epistasis experiments in both yeast and human cells have indicated that SMC5/6 and
cohesin work in the same pathway (Potts et al., 2006, Strém et al., 2007). Although
the loss of SMC5/6 does little to impact cohesin’s genome wide localisation (Potts et
al., 2006, Strom et al., 2007), the complex has been shown to promote the recruitment
of cohesin to DSBs (Potts et al., 2006), where SMC5/6 and cohesin both localise

during G2/M and are required for repair (Betts Lindroos et al., 2006). Experimental
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evidence suggests that the interplay between these two complexes is mediated by
SMC5/6’'s NSE2 SUMO-ligase, which SUMOylates cohesin’s RAD215¢¢! subunit
(Potts et al., 2006, McAleenan et al., 2012). Consistent with this, Nse2 knockout yeast
exhibit decreased levels of Scc1RAP21 SUMOylation, as well a reduction in Scc1RAP?L
binding to DNA damage (McAleenan et al., 2012). Thus, early models exploring
SMC5/6’s role in HR focus on the complex’s function in promoting sister chromatid
cohesion during HR strand invasion (Potts et al., 2006, Almedawar et al., 2012). In
agreement with this, the loss of SMC5/6 complex components has been associated
with hypo-recombination and enhanced gene targeting in several cellular models
(Potts et al., 2006, De Piccoli et al., 2006). Furthermore, whilst Nse2’s SUMO-ligase
activity is not essential in yeast, SUMO mutants exhibit hypersensitivity to DNA
damaging agents, slow growth, and elevated levels of mis-segregation, consistent
with the SUMOylation activity of the complex being important for proper DNA repair
(Stephan et al., 2011b). In fact, the loss of NSE2’s SUMO-ligase functions is
associated with the development of human disease, giving rise to a genome instability
syndrome characterised by primordial dwarfism and insulin resistance (Payne et al.,

2014).

These results, however, appear to conflict with additional studies which have
observed elevated levels of SCEs in cell lines depleted of SMC5/6 components
(Stephan et al., 2011a, Kliszczak et al., 2012). Whilst these findings may be explained
by variations between model organisms and experimental set ups, research has
suggested that they reflect an additional layer of NSE2-mediated regulation on HR.
Alongside cohesin, Smc5/6’s SUMO-ligase subunit regulates the activity of Sgsl-

Top3—-Rmil (STR) (BLM-Top3a—RMI1-RMI2 (BTR) in mammalian cells), a complex
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that promotes dissolution during HR. In yeast, in response to the accumulation of
recombination intermediates, Smc5 interacts with Sgs1, localising it to DNA, and
SUMOylates all three STR subunits, stimulating the complex’s enzymatic activities
(Bonner et al., 2016, Bermudez-Lopez et al., 2016). Disruption of the Smc5-Sgsl
interaction, as well as the mutation of Sgs1’s SUMOylation sites, results in the
accumulation of X-shaped DNA structures, suggesting that the Nse2 SUMO ligase
promotes the resolution of recombination via Sgs18M (Bermudez-Lopez et al., 2016,

Bonner et al., 2016).

Smc5/6 has also been shown to be recruited to collapsed replication forks, where the
complex is believed to promote fork rescue (Betts Lindroos et al., 2006). Consistent
with this, the loss of S-phase Smc5/6 has been shown to be synthetic lethal/sick with
factors that promote replication restart, including Mus81 and the STR complex,
implicating the Smc5/6 in HR-mediated replication fork recovery (Menolfi et al., 2015).
Furthermore, two-dimensional gel electrophoresis has demonstrated that, even under
unperturbed conditions, yeast Smc5/6 mutants are slow growing and accumulate X-
shaped DNA structures at collapsed replication forks, likely representing unresolved
recombination intermediates, including reversed forks, dHJs and hemicatenanes
(Branzei et al., 2006, Sollier et al., 2009, Agashe et al.,, 2021). During normal
replication, recombinant structures promote the restart of the replication fork.
However, if allowed to accumulate, these covalent linkages can escape the G2/M
checkpoint and give rise to under-replicated DNA. Consistent with a collaborative or
facilitatory role for Nse2 in Sgsl-mediated replication restart and repair at damaged

replication forks, the association between Sgsl and Smc5 increases upon S-phase
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stalling, with Sgsl SUMO mutants also accumulating X-shaped structures at

damaged forks (Bermudez-Lopez et al., 2016).

As previously discussed, the genome contains numerous ‘difficult-to-replicate’
regions which the replication fork struggles to traverse. Studies have shown that
Smc5/6 localises to many repetitive loci, including telomeres, centromeres, transfer
DNA, and rDNA arrays (Torres-Rosell et al., 2005, Betts Lindroos et al., 2006, Menolfi
et al., 2015), with the loss of Smc5/6 complex components associated with elevated
levels of X-shaped structures and chromosome missegregation at these loci (Torres-
Rosell et al., 2005, Betts Lindroos et al., 2006). Thus, it has been proposed that
Smc5/6 may be important for the negative regulation of HR in certain contexts. At
these ‘difficult-to-replicate’, repetitive regions, for instance, it appears that Smc5/6 not
only promotes proper replication-linked recombination, but also ensures faithful

mitosis by mediating sister chromatid interactions.

At rDNA specifically, fork stalling can be promoted by obstructive R-loops, replication-
transcription collisions and RFBs (Kobayashi, 2003, Garcia-Muse and Aguilera,
2016), which are established in yeast by the replication fork block protein Fobl
(Kobayashi, 2003). Fork stalling in these tandem repetitive regions can be particularly
deleterious as copy number repeats can be lost during HR-mediated DSB repair
(Warmerdam et al., 2016). Studies in Saccharomyces cerevisiae have demonstrated
that Smc5/6 plays a critical role in the regulation of recombination at rDNA arrays,
located on chromosome 12. Cells depleted of Smc5 and Smc6 via auxin inducible
degron tag, which causes rapid protein degradation, exhibited a replication defect
specifically in chromosome 12, in the first cell cycle (Peng et al., 2018). Loss of Smc5

and Smc6 is also associated with an increase in persistent recombination
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intermediates at these sites, which can be rescued by the individual or combined
deletions of Fobl and Mphl, a prorecombinogenic factor (Peng et al., 2018).
Together, this suggests that Smc5/6 is important for preventing potentially deleterious
recombinogeneic events via Mph1 at chromosome 12’s RFBs in yeast. Interestingly,
the SUMO-independent interaction of Smc5 and Mphl is also implicated in the
suppression of recombination intermediates outside of rDNA arrays, as well as the
promotion of proper centromeric segregation (Chen et al., 2009) Thus, it may be that
Smc5/6 promotes proper replication via Mphl in an Nse2 independent manner, with
this function being particularly important at fragile sites. One hypothesis is that
Smc5/6 regulates Mph1 upstream of Sgs1’s functions in HR, by preventing the

replication fork regression activities of the Mph1 helicase (Palecek, 2018).

Having said this, SMC5/6 has also been linked to other specific HR regulatory
functions at rDNA. In yeast, for instance, the proper repair of rDNA DSBs has been
shown to be promoted by the Smc5/6 dependent relocalisation of these breaks
outside of the nucleolus, where rDNA is usually compartmentalised. Accordingly,
mutations in Smc6 are associated with aberrant HR foci inside the nucleolus, as well
as rDNA hyperrecombination (Torres-Rosell et al., 2007). Similarly, work in
Drosophila has suggested that SMC5/6 promotes the relocalisation of
heterochromatic DSBs to the nuclear periphery and away from repetitive sequences
which may generate chromosome rearrangements upon aberrant HR (Chiolo et al.,
2011, Ryu et al., 2015, Caridi et al., 2018). Thus, it may be that SMC5/6 has important

roles in mediating repair by spatially regulating HR.
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1.6.4.2. Functions of SMC5/6 at telomeres

SMC5/6 is enriched at some telomeres; repetitive nucleoprotein structures, 5-15kb
long, which cap chromosome ends and protect them from aberrant degradation or
repair (Torres-Rosell et al., 2005, Betts Lindroos et al., 2006, Moradi-Fard et al.,
2016). In most germline cells, telomerase catalyses the extension of these regions to
prevent their loss over successive rounds of division (Tomita, 2018). However, in
certain tumours, including glioblastomas and osteosarcomas, telomeric repeats are
maintained by an alternate pathway, known as the alternative lengthening of
telomeres (ALT) (Dilley and Greenberg, 2015). When ALT is activated, telomeres
become localised to ALT-associated promyelocytic leukaemia (PML) bodies (APBSs),
where they are thought to be extended via HR between telomeric repeats. This
generates considerable heterogeneity in chromosome lengths (Cesare and Reddel,

2010).

SMC5/6 is implicated heavily in the regulation of ALT, where the complex promotes
the association between telomeres and PML bodies (Chung et al.,, 2011). The
complex has been shown to localise to these bodies, where NSE2 promotes the
SUMOylation of several telomeric proteins, including TRF1 and TRF2. Mutation of
either protein’s SUMOylation sites prevents NSE2-mediated SUMOylation and
inhibits the recruitment of TRF1 and TRF2 to PML bodies, where they are required
for APB formation (Potts and Yu, 2007). Accordingly, the loss of SMC5, SMC6 or
NSE2 leads to reduced levels of sister chromatid exchange events in ALT-positive
MEF and SUSM1 cell lines. This is associated with increased levels of end-to-end

fusions and telomere shortening (Potts and Yu, 2007).
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Whilst the function of SMC5/6 at telomeres in ALT-negative cells is less understood,
Nse2 mutants in Saccharomyces cerevisiae demonstrate abnormal telomere
clustering and nucleolar structures, suggesting that SMC5/6-mediated SUMOylation
may be important for telomere organisation in noncancerous cells, also (Zhao and
Blobel, 2005, Moradi-Fard et al., 2016). In addition to this, a recent BiolD study using
ALT-negative HEK293 cells has demonstrated that SLF2 interacts with ATRX, a
chromatin remodeller required for the deposition of histones at telomeres, through
which it mediates telomere replication and HR events (Scott et al., 2021). Considering
that SLF2 and SMC5’s subcellular localisation overlaps strongly at telomeres (Scott
et al., 2021), this may suggest that SMC5/6 has emerging functions in regulating
recombination in these regions in telomerase positive cells. However, whether this
relates to SMC5/6’s putative functions in the nuclear organisation of telomeres is

unknown.

1.6.5. Pathogenic diseases associated with the SMC complexes

1.6.5.1 Diseases associated with condensin

Autosomal recessive primary microcephaly describes a rare genetic condition
characterised by a significant reduction in head circumference (less than 3 SDs below
that of the age and sex matched mean), which can present alongside a broad
spectrum of additional, typically neurodevelopmental, phenotypes, including seizures
and mental retardation. Microcephaly is associated with defects in a number of genes
required for faithful replication and chromosome segregation (Jayaraman et al., 2018,
Tingler et al., 2022), although pathogenic mutations that cause microcephaly were

first identified in Microcephalin (MCPH1) (Jackson et al., 1998). Since this time,
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MCPHL1 has been shown to be a negative regulator of condensin Il (Trimborn et al.,
2006), binding to the complex’s CAPG2 subunit and regulating the SMC2-CAPH2
interface to prevent aberrant association of condensin Il with DNA (Houlard et al.,
2021). Through this, MCPH1 can limit chromosome condensation until prophase and
mediate timely decondensation post mitosis. Accordingly, metaphase spreads
generated from patients with MCPH1-type microcephaly exhibit premature

chromosome condensation (Trimborn et al., 2004).

Further cases of microcephaly and neurodevelopmental disorder have also been
reported in patients with de novo or autosomal recessive deletions across condensin
| or Il component genes, including CAPH, CAPD2, CAPH2, CAPD3 and CAPG2
(Chen et al., 2010, Matrtin et al., 2016, Khan et al., 2019). Similar to dysfunctions in
MCPHL1, defects in these genes impair chromosome compaction, leading to
decatenation failure and errors during chromosome segregation. Together, these
dysfunctions have been shown to impact cell division, reducing cell proliferation and
increasing cell death in the cerebral cortex, resulting in reduced brain size (Martin et
al.,, 2016). Interestingly, premature chromosome condensation associated with
defects in MCPH1 may also be associated with the disruption of gene expression

during G2, also impeding proper brain development (Pang et al., 2022).

1.6.5.2 Diseases associated with cohesin

Mutations in cohesin and cohesin-related genes lead to pathologies collectively
referred to as cohesinopathies (Piché et al.,, 2019). Of these, the most well
characterised is Cornelia de Lange syndrome, caused primarily by mutations in

NIPBL, a component of the cohesin loading complex (Hinshaw et al., 2015), although
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defects in RAD21, SMC3 and SMC1 have also been associated with Cornelia de
Lange syndrome-like probands (Ansari et al.,, 2014). Patients present with
microcephaly, short stature and mental retardation, alongside other varying
phenotypes including frequent limb, craniofacial, heart and gastrointestinal defects
(Kline et al., 2018, Piché et al., 2019). Similarly, Roberts syndrome is caused by
mutations in ESCO2, an acetyltransferase which promotes the retention of cohesin
on chromatin. Like Cornelia de Lange syndrome, patients present with severe growth
deficiency, microcephaly, mental retardation and limb malformations, although heart
and gastrointestinal defects are not usually associated with the condition (Vega et al.,

2005b, Piché et al., 2019).

Less well characterized cohesinopathies include Warsaw Breakage Syndrome
(WABS), caused by mutations in DDX11, a helicase which promotes the association
of cohesin with chromatin during replication (van Schie et al., 2020, Faramarz et al.,
2020), and facilitates DSB repair via HR (Abe et al., 2018). Individuals with WABS
present similarly to those with Roberts and Cornelia de Lange syndrome, although
cell lines derived from these patients also exhibit extreme chromosome breakage in
response to treatment with mitomycin C (MMC), a DNA cross-linking agent (van der
Lelij et al., 2010a, Piché et al., 2019). This cellular phenotype is uniqgue among
cohesinopathies, instead comparable to patients with mutations in FA pathway
proteins, and likely reflects DDX11’s additional functions in DNA repair (van der Lelij

et al., 2010b, Piché et al., 2019).

Consistent with cohesion dysfunction, cell lines derived from patients with Roberts
syndrome exhibit railroad chromosomes (Schulz et al., 2008, da Costa Almeida et al.,

2020), in which the centromere prematurely separates, alongside mitotic failure and
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decreased proliferation. Similarly, Cornelia de Lange syndrome and WABS are
associated with premature chromatid separation, in which cohesion is prematurely
lost from both the centromeres and arms (Kaur et al., 2005, van Schie et al., 2020).
However, as of yet there is no direct evidence that cohesion defects lead to the clinical
phenotypes observed in these syndromes. Considering that cohesion has important
functions in both DSBR and transcription, it may be that these clinical phenotypes
arise due to defects in other cellular pathways (Piché et al., 2019). For instance, in
the case of Cornelia de Lange syndrome, genome-wide transcriptional microarrays of
patient cell lines have uncovered changes in the expression of specific genes (Liu et
al., 2009, Garcia et al., 2021), with animal modelling implicating transcriptional
changes in disease progression (Kawauchi et al., 2016). These observations have
led to claims that Cornelia de Lange syndrome should be redefined as a
transcriptomopathy, and question whether similar cellular defects drive the disease

phenotype of other conditions currently classed as cohesinopathies.

1.6.5.3 Diseases associated with SMC5/6

Currently, there are two known syndromes associated with the SMC5/6 complex. The
first has been observed in two patients with compound heterozygosity for frameshift
mutations in NSE2, giving rise to a disease characterised by primordial dwarfism,
insulin resistance and primary gonadal failure. Both patients, who exhibited a dramatic
decrease in NSE2 protein expression, showed a mild increase in SCEs following UV
irradiation of patient LCLs, and displayed HU induced nuclear abnormalities which
could be rescued upon re-expression of the wild-type protein (Payne et al., 2014). As
is well documented for cases such as ATR-seckel syndrome, diseases associated

with increases in replication stress are frequently accompanied by global growth
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defects, with slower replication and increased cell death. Thus, these patient
phenotypes are consistent with the proposed role for SMC5/6-mediated SUMOylation
activity in replication and fork restart. Increases in SCEs in patient cell lines has also
mimicked previously explained research implicating SMC5/6 SUMOylation in limiting

hyper-recombination (Payne et al., 2014).

The second of the known SMC5/6-linked syndromes arises from mutations in NSE3,
a member of the melanoma-associated antigen (MAGE) protein family with unknown
functions. Nine patients with homozygous and compound heterozygous NSE3
mutations have been identified, all of whom suffered from immune deficiencies and
paediatric pulmonary disease (van der Crabben et al., 2016, Willemse et al., 2021).
Cell lines derived from these patients exhibited significantly reduced expression of
NSE3, as well as SMC5 and SMCB6, thus destabilising the complex. In the patient
fibroblasts, this was associated with elevated markers of DNA damage, alongside a

delay in recovery from S-phase damage (van der Crabben et al., 2016).
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General aim of thesis

The major aim of this thesis was to question how the SMC5/6 complex promotes
genome stability and prevents human disease. Prior to this study, SMC5/6 had only
been linked with the development of two genetic syndromes with very different clinical
presentations, caused by mutations in NSE2 and NSES3. Firstly, by identifying and
characterising mutations in SLF2 and SMCS5 in patients presenting with microcephaly,
short stature, cardiac abnormalities and anaemia, | hoped to further understand the
clinical spectrum of syndromes associated with SMC5/6, as well as the significance
of these specific factors to normal human development. The SMC5/6 complex is
thought to have important cellular functions in replication fork stability and HR-
mediated repair, as well as emerging roles in telomere maintenance. Therefore, my
second aim was to investigate how the loss of SLF2 and SMC5 impacts these putative
functions. This was carried out by studying the cellular phenotypes of fibroblast and
lymphoblastoid cell lines derived from SLF2 and SMC5 patients, as well as SLF2 U-
2-OS CRISPR mutant cells. Finally, | aimed to investigate a possible function for
SMC5/6 in promoting replication through certain ‘difficult-to-replicate’ regions.
Although RNF168, a ubiquitin ligase involved in the recruitment of SMC5/6 to
damaged chromatin, has been implicated in signalling the presence of stabilised G4-
quadruplexes, a role for SMC5/6 in relation to these structures has yet to be shown.
To test for this, the G4-stabilising drug CX-5461 was used to investigate the impact

of persistent G4-quadruplexes on replication and chromosome stability.
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Chapter Two:

Materials and methods

85



2.1 Mammalian cell culture

2.1.1 Maintenance of cell lines

All cell lines were maintained at 37°C and 5% CO:2 in a humidified tissue culture
incubator. Lymphoblastoid cell lines (LCLs) were cultured in suspension in RPMI-
1640 with L-glutamine (Gibco, 21875034), supplemented with 10% Fetal Bovine
Serum (FBS) (Gibco, 10270106) and 5% Penicillin/Streptomycin (PS) (Sigma-Aldrich,
P4333). Fibroblasts immortalised with human telomerase reverse transcriptase
(hTERT) were grown and maintained in DMEM with 4.5g/L D-glucose, L-glutamine
and pyruvate (Gibco, 41966029) supplemented with 20% FBS and 5% PS. Both
RPE1 and U-2-OS cell lines were obtained from ATCC. RPE1ls were cultured in
DMEM with 4.5¢g/L D-glucose, L-glutamine and pyruvate supplemented with 10% FBS
and 5% PS, whilst U-2-OS cells were cultured in McCoys 5A (modified) media with L-

glutamine supplemented with 20% FBS and 5% Gibco PS.

Complementation of fibroblast and U-2-OS cell-lines was carried by re-expressing
Myc-tagged WT-SLF2 or untagged WT-SMC5 using the pLVX-IRES-Neo lentiviral

vector (Takara Bio).

For routine cell culture maintenance and harvesting cells for experiments, adherent
cells were disassociated from tissue culture plasticware by trypsination using
TrypLE™ Express trypsin (Thermofisher Scientific, 12605010). Cell concentrations of
LCLs and U-2-OS cells were determined using the Countess™ 3 Automated Cell
Counter (Invitrogen). For human fibroblasts, cell concentrations were calculated using
a hemocytometer. For experiments with exogenous DNA damage treatments, patient-

derived cells were incubated with Mitomycin-C (MMC) (Sigma-Aldrich, M4287), CX-
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5461 (Selleck Chemicals, S2684), Wiskostatin (Abcam, 141085), aphidicolin (APH)
(Sigma-Aldrich, A4487), or BMH21 (Bio-Techne, 5417), at the concentration stated in

the figure legends.

For long term storage of cell lines, cells were pelleted by centrifugation at 1,200 rpm
and resuspended at around 5.0- 7.5x10° cells/ml in FBS containing 10% DMSO
(Sigma-Aldrich, D650). 1ml aliquots of the cellular suspension were transferred to
cyrovials and stored short term at -80°C using a Mr. Frosty™ freezing container
(Thermofisher Scientific, 5100-0001) for at least 24 hours before permanent storage
in liquid nitrogen. To thaw cells after storage in liquid nitrogen, cryovials were warmed
in a 37°C water bath. The cell suspension mix was then added to 10ml of appropriate
media before being pelleted by centrifugation at 1,200 rpm and resuspended in fresh

media.

2.1.2 Plasmid transfection

For transfection of plasmid DNA into cells, 2.5x10° cells were first seeded into 6cm
dishes. After 24 hours, cells were transfected in 1ml of antibiotic-free media with 9ug
of DNA in a 3:1 ratio of FUGENE® HD Transfection Reagent (Promega, E2311) to
DNA, prepared in 1ml of Opti-MEM reduced serum medium (Gibco, 31985062). After
6 hours, the Opti-MEM was replaced with fresh media. Cells were sorted around 48

hours later.

2.1.3 Fluorescence-activated cell sorting
Cells to be sorted based on the presence of GFP expression were first resuspended
in PBS with 1% FBS at a concentration of approximately 1x108 /ml. The cells were

then filtered through a 50uM mesh (CellTrics, 04-0042-2317) and sorted into 96-well
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dishes based on GFP expression using the BD FACS Aria Cell-Sorting System. U-2-
OS cells were recovered in McCoys 5A (modified), and RPE1s with DMEM with 4.5g/L

D-glucose, both supplemented with 20% FBS and 5% Gibco PS.

2.2 Chromosome analysis

2.2.1 Metaphase Spreads

LCLs were seeded at a density of 5x10° cells/ml in a volume of 10ml of media. For
the analysis of human fibroblasts or U-2-OS cell lines, 1x10° cells were seeded in a
10cm tissue culture dish. 48 hours after seeding, karyoMAX colcemid (Gibco, 15212-
012) was added at a final concentration of 0.2 pg/ml for 4 hours. Following this
incubation, LCLs were collected and adherent cells were harvested via trypsinisation.
All types of cells were pelleted by centrifugation at 1,200 rpm before being
resuspended with PBS and pelleted again. The cells were then subjected to hypotonic
shock by gently resuspending with hypotonic buffer (10 mM KCI, 15% FCS) and
incubating at 37°C for 30 minutes. Cells were fixed using methanol/acetic acid (ratio
3:1) fixative solution. First, 1ml of methanol/acetic acid fixative solution was added to
the hypotonic cell suspension, which was then centrifuged at 1,200 rpm. Most of the
supernatant was removed, leaving the pellet in approximately 1ml of solution, which
was resuspended gently with approximately 10ml of methanol/acetic acid fixative
solution. This cell suspension was again centrifuged at 1,200 rpm and resuspended
with another approximately 10ml of methanol/acetic acid fixative solution. Finally, the
cell suspension was pelleted and stored in 1ml of methanol/acetic acid fixative

solution at -20°C for at least 24 hours.
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To prepare metaphase spreads, fixed cell suspensions were dropped onto glass
microscope slides and allowed to air dry overnight, before being stained for 15
minutes in Giemsa-modified solution (5% v/v in ddH20; Scientific Laboratory Supplies
GS500) and destained in water for 5 minutes. After allowing to dry overnight,
coverslips were mounted onto the microscope slides using Entellan™ mounting
medium (Sigma-Aldrich, 107961). The slides were analysed via brightfield

microscopy using a Nikon Eclipse Ni microscope and a 100x oil immersion objective.

For the analysis of cohesion fatigue in LCLs, the metaphase spread protocol was
followed as above. However, instead of using karyoMAX colcemid, 25uM MG132

(Sigma-Aldrich, M7449) was added 4 hours before harvesting.

To prepare metaphase spreads from peripheral blood samples, whole blood was
diluted in RPMI 1640 and 180ug/ml phytohaemagglutinin (Thermo Fisher Scientific,
R30852701) was added for 48-72 hours at 37°C. The metaphase spread protocol was
followed as above, although hypotonic shock was reduced to a 10-minute 37°C

incubation using 75mM KCI as hypotonic buffer.

2.2.2 Sister Chromatid Exchange Analysis

To study sister chromatid exchange events, LCLs were seeded at 5x10° cells/ml and
incubated with 10 yM BrdU (Thermo Fisher Scientific, B23151) for 48 hours (two cell
population doubling times). 3 hours prior to harvesting, karyoMAX colcemid (Gibco,
15212-012) was added to LCLs at a final concentration of 0.2ug/ml. Following this,
cells were pelleted by centrifugation at 1,200 rpm and washed with PBS. After being
spun at 1,200 rpm, cells were gently resuspended in 75mM KCI hypotonic buffer, to

a total volume of approximately 10ml and incubated at 37°C for 20 minutes. After
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incubation in hypotonic buffer, cells were spun at 1,200 rpm and were fixed by
resuspending in ethanol/acetic acid (ratio 3:1) fixative solution. Fixed cell suspensions
were pelleted by centrifugation at 1,200 rpm, resuspended in approximately 10ml of
ethanol/acetic acid fixative solution, before being pelleted again. Fixed cell

suspensions were stored at -20°C in 1ml of in ethanol/acetic acid fixative solution.

After being at -20°C for at least 24 hours, metaphase spreads were prepared by
dropping the cell suspension onto glass microscope slides and allowed to air dry
overnight. To differentially stain the two sister chromatids, slides were first incubated
in Hoescht 33258 (10ug/ml in ddH20; Sigma-Aldrich-Aldrich, 861405) for 20 minutes
followed by a 5 min incubation in 20x SSC buffer (3M NaCl; 300mM trisodium citrate,
pH7) and then exposure to UVA light for an hour. Slides were then incubated in 20x
SSC buffer for 1 hour at 60°C, washed in water, and stained for 15 minutes in Giemsa-
modified solution (5% v/v in ddH20; Scientific Laboratory Supplies, GS500) and

destained in ddH20 for 3 minutes.

2.2.3 Fluorescence in situ hybridization

Centromeric fluorescence in situ hybridization (FISH) was carried out on metaphases
prepared from peripheral blood lymphocytes harvested as described above.
However, after being dropped onto glass microscope slides and air dried for 24 hours,
the microscope slides were rehydrated with PBS, dehydrated in a series of ethanol
dilutions (70%, 90%, 100%) and air dried again. The slides were prewarmed to 37°C
and then incubated with CENPB-Alexa488-conjugated PNA probe (PNA Bio, F3001,
1:1000) made up according to the manufacturer’s instruction in hybridization solution
(20 mM Tris, pH7.4, 60% formamide, 0.5% blocking reagent [Roche, 11096176001]).

Incubation with the PNA probe was conducted first at 85°C for 10 minutes before the
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slides were transferred to a dark, humidified chamber for a further 2 hours. The slides
were then washed twice in wash buffer (70% formamide, 10mM Tris), each time for
15 minutes with gentle agitation at room temperature. This was followed by three PBS
washes, each for 5 minutes with gentle agitation at room temperature. The slides
were then mounted using ProLong™ Gold Antifade Mountant (ThermoFisher
Scientific, P36930) and sealed with nail varnish. Images were visualised using a
Nikon Eclipse Ni microscope with NIS-Elements software (Nikon Instruments) and

captured using a 100x oil immersion objective.

2.3 Analysis of cellular extracts by immunoblotting

2.3.1 Preparation of total cellular protein extracts

Whole cell extracts were obtained by lysis cell pellets in either RIPA buffer (150mM
NaCl, 5mM EDTA, 50mM TRIS, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS)
or UTB (8M Urea, 50mm TRIS, 150mM B Mercaptoethanol). For lysis in RIPA buffer,
cell pellets were resuspended and then rotated for 30 minutes at 4°C. For lysis in UTB
buffer, cell pellets were resuspended and sonicated. In both cases, samples were
then centrifuged at 16,000 rpm for 20 minutes. The supernatant was then retained,

and its protein concentration determined by Bradford Assay (Bio-Rad, #5000006).

2.3.2 SDS- Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Protein samples were denatured at 95 "C in Laemmli sample buffer (2% SDS, 10%
glycerol, 5% 2-mercaptoethanol, 0.002% bromphenol blue and 0.0625 M Tris HCI, pH
approx. 6.8) for 5 minutes. Denatured samples were loaded onto an 8% SDS
polyacrylamide gel (44ml final volume: 11ml 30% acrylamide, 25ml ddH20, 4ml 1M

Tris/Bicine, 1ml 10% SDS, 0.1ml TEMED, 0.2ml 10% APS) and subjected to
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electrophoresis. A full range Amersham™ ECL™ Rainbow™ Marker (Sigma-Aldrich-

Aldrich, GERPN8OOE) was used as a protein ladder.

2.3.3 Immunoblot analysis

Following SDS-PAGE, proteins were transferred onto a nitrocellulose membrane via
wet transfer using a TE42 Standard Transfer Tank (Hoefer) in transfer buffer (20mM
Tris, 150mM glycine, 10% v/v methanol) for 18 hours. Non-permanent staining with
0.1 % (w/v) Ponceau S in 5% acetic acid (Biotium, 22001) was used to verify protein
transfer before destaining with a 5 minute wash in 1x TBST (10mM Tris, 140mM
sodium chloride, 0.1% v/v Tween 20, pH 7.9). The nitrocellulose membrane was then
subjected to blocking by incubation with 5% (w/v) milk in 1x TBST for an hour.
Membranes were then incubated with the appropriate primary antibody overnight with
gentle agitation (Table 2.1). All antibodies were diluted in 5% (w/v) milk in 1x TBST.
Following incubation in primary antibody, the membrane was washed three times in
1x TBST for 5 min each, and then the membrane was incubated with the relevant
HRP-linked secondary antibody for 1hr at room temperature (Table 2.1). Following
three further 5-minute washes in 1x TBST, the membrane was incubated in Immobilon

Western HRP Substrate (Millipore, WBKLS0500) for 1 minute and
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Ant|bod¥ (And host Purpose Concentration | Manufacturer
animal)
Primary antibodies
anti-SLF2 (Rabbit) Immunoblotting 11,000 | OMed oy Niels
Mailand
. . . Genetex:
anti-NBS1 (Mouse) Immunoblotting 1:10,000 GTX70224
) . . ) Genetex:
anti-GAPDH (Rabbit) Immunoblotting 1:1,000 GTX100118
BD
anti-Myc (Mouse) Immunoblotting 1:1,000 Biosciences:
551101
BD
anti-Mitosin (Mouse) | Immunofluorescence 1:500 Biosciences:
610768
Novus
anti-53BP1 (Rabbit) | Immunofluorescence 1:1,000 Biologicals:
NB100-304
Immunofluorescence
) on interphase cells ) Abcam:
anti-CENPA (Mouse) and metaphase 1:750 Ab13939
spreads
e Immunofluorescence 1:4,000 Sigma: B-5-1-2
(Mouse)
anti-PLK1 (Mouse) Immunofluorescence 1:200 Abcam-
) Ab17056
anti-RAD51 (Rabbit) | Immunofluorescence 1:500 Merck: PC130
anti-
Sodium/potassium- . Abcam:
transporting ATPase | 'mmunofiuorescence 1:500 Ab76020
(Rabbit)
Immunofluorescence Novus
anti-SMC2 (Rabbit) on metaphase 1:200 Biologicals:
spreads NB100-373
. Bethyl
ant‘éﬁf&:? B Imm_unoﬂuorescence 1:500 Laboratories:
on interphase cells A300-431A
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and metaphase

spreads
anti-PCNT1 (Rabbit) | Immunofluorescence 1:100 Abcam:
) Ab4448
Immunofluorescence Merck:
anti-Toplla (Rabbit) on metaphase 1:200 SAB4502998
spreads
anti-BrdU (recognises Abcam:
CldU) (Rat) DNA fibres 1:500 Ab6326
Clone BU1/75, ICR1
anti-BrdU (recognises Biosciences:
IdU) (Mouse : :
) ( ) DNA fibres 1:500 347583
Clone B44, BD
Secondary antibodies
. . . . Agilent Dako:
anti-Rabbit-HRP Immunoblotting 1:3000 P0260
. . . Agilent Dako:
anti-Mouse-HRP Immunoblotting 1:1000 P0447
Immunofluorescence
anti-Rabbit- Alexa on interphase cells 1-1000 Invitrogen:
Fluor 488 and metaphase ) 11070
spreads
Immunofluorescence
anti-Mouse- Alexa on interphase cells 1:1000 Invitrogen:
Fluor 594 and metaphase ) 11032
spreads
anti-Rat- Alexa Fluor . Invitrogen:
555 DNA fibres 1:500 21434
anti-Mouse- Alexa . Invitrogen:
Fluor 488 DNA fibres 1:500 11029
Table 2.1

The source, type and concentration of antibodies used for immunoblotting and

immunofluorescence.
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signal was visualised by exposure to Amersham Hyperfilm MP (GE Healthcare,

28906845).

2.4 Immunofluorescence analysis

2.4.1 Immunofluorescence analysis of interphase and mitotic cells

For the analysis of adherent cells, such as human fibroblasts or U-2-OS CRISPR cell
lines, 1x10° cells were seeded in a 10cm dish onto glass coverslips and harvested 48
hours later. 22x22mm square coverslips were used for the analysis of interphase cells
and Poly-L-Lysine coated 12mm round coverslips (Scientific Laboratory Supplies Ltd,
354085) were used for the analysis of mitotic cells. Interphase cells were pre-
extracted for 5 minutes with ice cold extraction buffer (25 mM HEPES, pH 7.4, 50 mM
NaCl, 1 mM EDTA, 3 mM MgCI2, 300 mM sucrose and 0.5% Triton X-100) and fixed
with 4% paraformaldehyde in PBS for 10 minutes. For analysis of mitotic cells in

adherent cell lines, cells were fixed with ice cold 100% methanol for 15 minutes.

For the analysis of LCLs, approximately 200ul of a 1x108 cells/ml suspension was
pipetted onto Poly-L-Lysine coated coverslips (Scientific Laboratory Supplies Ltd,
354085) where cells were allowed to adhere to the coverslips for 20 minutes before

being fixed with methanol, as above.

In all cases, after fixation the coverslips were washed for with PBS three times, and
then blocked for 1 hour with 10% FBS (Gibco, 10270106) in PBS at room
temperature. The coverslips were then incubated in the appropriate primary
antibodies, diluted in 2% FBS in PBS (as detailed in Table 2.1), for 1 hour being

washed three times with PBS. Coverslips were then incubated with the relevant
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secondary antibodies conjugated to either Alexa Fluor-488 or -594, diluted in 2% FBS
in PBS (Table 2.1). The coverslips were washed a further three times in PBS before
being mounted onto microscope slides using Vectashield Antifade Mounting Medium
with DAPI (Vectorlabs, H-1200-10) and sealed using nail varnish. Microscope slides
were viewed using fluorescent microscopy using a Nikon Eclipse Ni microscope with
NIS-Elements software (Nikon Instruments), and images were captured using either
a 60x or a 100x oil immersion objective and analysed using FIJI version 2.1.0/153.c

(Schindelin et al., 2012).

2.4.2 Immunofluorescence microscopy of metaphase spreads

To perform immunofluorescent imaging of chromosomes within metaphase spreads,
LCLs were first incubated with 0.2 pg/ml KaryoMAX colcemid (Gibco, 15212-012) for
3 hours. Cells were then harvested by centrifugation at 1,200 rpm and subjected to
hypotonic shock with 756mM KCI for 20 minutes at 37 "C. The cells were resuspended
at approximately 5x10° cells/ml in PBS and 125ul of the cell suspension was spun
onto glass coverslips at 1150 rpm for 10 minutes using the Thermo Scientific™
Cytospin™ 4 Cytocentrifuge. The cells were immediately incubated in 1x KCM buffer
(200mM KCI, 30mM CacClz, 50mM MgClz) for 10 minutes before being fixed with 100%
methanol for 20 minutes, permeabilised with 0.5% triton in PBS for 20 minutes and
finally blocked in 3% BSA in PBS, all on ice. Antibody staining and PBS washes were
carried out as for interphase and mitotic cells as detailed in the previous section,
although incubation with primary antibodies was carried out overnight (Table 2.1).
Coverslips were mounted onto microscope slides using ProLong™ Gold Antifade
Mountant (ThermoFisher Scientific, P36930) and sealed with nail varnish. Images

were visualised in the same manner as above.
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2.5 Molecular cloning

2.5.1 sgRNA design

In order to design guide RNAs for use in the CRISPR-Cas-9 system, the CHOPCHOP
v2 web tool was first used to locate pairs of CRISPR target sites within SLF1 and
SLF2 genes (Labun et al., 2019). Using these sequences, CLC Main Workbench 7
(QIAGEN) was then used to design guide oligonucleotides which would target these
sites (Table 2.2). The complementary forward and reverse oligonucleotides were
purchased from Sigma-Aldrich-Aldrich and annealed at 16°C. The oligonucleotides

designed for SLF1 and SLF2 targeting are detailed in Table 2.

2.5.2 Ligation

Pairs of CRISPR Cas-9 sgRNA oligos were ligated into the GFP All-in-One Cas9P10A
nickase vector (Gifted from Prof. Stephen Jackson) separately, at the plasmid’s
unique Bbsl and Bsal restriction sites. 1jug of plasmid DNA was digested using either
Bbsl (NEB, R0539S) or Bsal-HF®v2 (NEB, R3733S) restriction enzymes at 37°C for
1 hour, and then incubated with 1U of calf-intestinal alkaline phosphatase (CIP)
(ThermoFisher Scientific, 18009019) for 1 hour to prevent the cut vector from self-
ligating. The CIP was heat inactivated at 80°C for 15 minutes and the vector was
purified using the QIAquick PCR Purification Kit (QIAGEN, 28104). sgRNA
oligonucleotides were hybridised together by heating the forward and reverse oligos
at 95°C for 5 minutes, followed by slow cooling to room temperature. The sgRNAs
were then ligated into the GFP All-in-One Cas9D10A nickase vector using a 1:3 molar
ratio of vector to insert. 50ng of plasmid was incubated with the appropriate amount
of sgRNA oligo and 1U of T4 DNA Ligase (NEB, M0202S) in a total volume of 20ul

overnight at room temperature.
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Target and
Construct

Oligonucleotide

Sequence (5'-3")

SLF1-
CRISPR
plasmid 1

(1.1)

sgRNA 1 Forward

ACCGGACAACTTTCCATCTGTGGA

sgRNA 1 Reverse

AAACTCCACAGATGGAAAGTTGTC

sgRNA 2 Forward

ACCGAGCGAAGTGATTCTCTTATA

sgRNA 2 Reverse

AAACTATAAGAGAATCACTTCGCT

SLF1-
CRISPR
plasmid 2

(1.2)

sgRNA 1 Forward

ACCGTGTCAGTCACAAAGGAATTT

sgRNA 1 Reverse

AAACAAATTCCTTTGTGACTGACA

sgRNA 2 Forward

ACCGAGGAAAGTGGATACTAACCA

sgRNA 2 Reverse

AAACTGGTTAGTATCCACTTTCCT

SLF2-
CRISPR
plasmid 1

(2.1)

sgRNA 1 Forward

ACCGAGTTTCATCACTCGGTTCCT

sgRNA 1 Reverse

AAACAGGAACCGAGTGATGAAACT

sgRNA 2 Forward

ACCGGGCTTGGCACCTTCAAATTC

sgRNA 2 Reverse

AAACGAATTTGAAGGTGCCAAGCC

SLF2-
CRISPR
plasmid 2

(2.2)

sgRNA 1 Forward

ACCGCCGATTCTAATGTATCTTCA

sgRNA 1 Reverse

AAACTGAAGATACATTAGAATCGG

sgRNA 2 Forward

ACCGGTGCCATATTCTGAGCGCAA

sgRNA 2 Reverse

AAACTTGCGCTCAGAATATGGCAC

Table 2.2

The DNA sequence of complimentary forward and reverse oligonucleotides used to

generate CRISPR nickase vectors targeting either SLF1 or SLF2.
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2.5.3 Transformation into chemically competent bacteria

1-10ng of plasmid DNA was added to 50ul of chemically competent 5-alpha E. coli
(NEB, C2987H) cells which were placed on ice for 30 minutes. The cells were then
heat shocked at 42°C for 45 seconds before being placed back onto ice for a further
5 minutes. The cells were then incubated with 950ul SOC in a 37 °C shaking incubator
for 1 hour. 20-200ul of the transformed mixture was spread onto warmed LB agar

plates containing the relevant antibiotic and the plates were incubated overnight 30°C.

After transformation, single bacterial colonies were picked from LB agar plates. To
generate a master stock of plasmid, each colony was grown in 200ml LB overnight in
a 37°C shaking incubator and plasmid DNA was purified using the PureLink™ HiPure
Plasmid Maxiprep Kit (Invitrogen, K210006). To prepare plasmids for sequencing,
individual colonies were grown in 5ml LB overnight in a 37°C shaking incubator before
purification with the QIAprep Spin Miniprep Kit (QIAGEN, 19064). DNA concentration

was determined using the UV5Nano Spectrophotometer (Metter Toledo).

2.5.4 Genomic DNA extraction
Cells were lysed in lysis butter (100 mM Tris/HCI pH 8.5, 5 mM EDTA, 0.2% SDS,
200 mM NaCl, 100 pg Proteinase K/ml) and the DNA was precipitated with

isopropanol before being resuspended in 10 mM Tris/HCI, 0.1 mM EDTA, pH 7.5.

2.5.5 PCR analysis
SLF2 fragments were amplified from genomic DNA using Q5® Hot Start High-Fidelity
Master Mix (NEB, M0494S). 20ng of template DNA was amplified by PCR using

0.5uM of relevant primers (Table 2.3) with an extension time of 1 min for 45 cycles.
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2.5.6 RT-PCR analysis

Total RNA was extracted from cell lines using RNeasy Mini kit (Qiagen, 74004)
according to the manufacturer's instructions. DNA was removed by treatment with
DNase | (Qiagen, 74004), and cDNA was generated using Superscript Il (Invitrogen,
18064071), primed with oligo-dT (Invitrogen, 18418012). RT-PCR was carried out
with relevant primers using Phusion Hot Start Il (Thermo Life Science, F549L) (Table

2.3).

2.5.7 DNA agarose gel electrophoresis

DNA agarose gels were prepared using 1% w/v agarose (Sigma-Aldrich-Aldrich,
A9539) in 1x TAE buffer (Invitrogen, 24710030) with 0.5pug/ml SYBR Safe stain
(Invitrogen, S33102). DNA samples were made up with DNA gel loading dye (Thermo
Scientific, R0611) and ddH:0, loaded onto the gel alongside a 1Kb Plus DNA Ladder
(Invitrogen, 10787018), and subjected to electrophoresis. DNA was then visualised

using UV transillumination.

2.5.8 DNA sequencing

Genomic, cDNA and plasmid DNA was sequenced by Source BioScience, using
standard or specific primers, as detailed in Table 2.3. Specific primers were designed
using NCBI PrimerBlast alongside CLC Main Workbench 7 (QIAGEN) and purchased

from Sigma-Aldrich.
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Sequencing primers

SLF2 cloning primers

Forward 5-AACCGCUAGCUCCACGACAAA-3’
Reverse 5'-CAAGACGTGATTCATGAAGTA-3'
SMCS5 cloning primers
Forward 5-GTTGTTGCGGCCGCGCCACCATG
GCGACTCCGAGCAAGAAGACGTC-3
Reverse 5-GTTGTTGCGGCCGCAAGAAGCTT

GAGTGAATGTAATACGGCGGC-3

CRISPR mutagenesis ge

nomic sequencing primers

SLF2 Forward

S-TTTCTGCAACCAGGTAGTCCT-3

SLF2 Reverse

5-AGTTCCGATAATCCACCCCTT-3’

SLF1 Forward

5-ACAAGGAAAACACTTGCATTCG-3

SLF1 Reverse

5-ACCCTTAATTTGTGTGCATGTT-3’

SLF2 cDNA sequencing primers

760 Forward

5-AAGGAGCAAATGGAGCAGAGAA-3

1624 Forward

5-TGCGCTCAGAATATGGCACT-3

2556 Forward

5-GTCTGATGTAGCAGCTGTGTT-3’

2961 Forward

5-TGAACTCTCCAGTCATCCCCA-3

1768 Reverse

5-GGCTTTATCTGAAGGTGCTGC-3

2575 Reverse

5’-ACACAGCTGCTACATCAGACA-3’

3437 Reverse

5-CTGGCGACCAAGTCTTTCAC-3

TOPO vector sequencing primers

M13 Forward

5-GTAAAACGACGGCCAG-3°

M13 Reverse

5-CAGGAAACAGCTATGAC-3"

Table 2.3

The DNA sequences of primers used for sequencing or cloning.
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2.5.9 TOPO™ Cloning
PCR products were A-tailed using Taq DNA Polymerase (NEB, M0267) according to

NEB’s standard protocol, and then TOPO™ cloned into the TOPO® vector using the
TOPO™ TA Cloning™ Kit for Sequencing (Invitrogen, 450030). The TOPO™
plasmids were transformed into chemically competent 5-alpha E. coli (NEB, C2987H)
as described above. To identify bacterial colonies possessing plasmids with the
desired PCR products, bacteria were spread onto X-gal/lPTG LB agar plates
(supplemented with 20 mg/ml X-gal, ImM IPTG and 50 pg/ml ampicillin) and
screened by blue-white screening. After incubation overnight at 30°C, blue colonies
(indicating that the TOPO® vector had re-ligated without a PCR product) were
avoided, whilst white colonies (indicating that the TOPO® vector contained a PCR
product) were picked and, miniprepped and sequenced across the insert site using

the primers detailed in Table 2.3.

2.6 DNA fibre spreading assay

For the analysis of DNA fibres derived from patient-derived fibroblasts or U-2-OS
cells, 1x10° cells were seeded in 10cm dishes 48 hours prior to harvesting so that
they reached around 70% confluency. Cells were incubated with 25mM CldU for 30
minutes, washed with media containing 250mM IdU (with or without drug treatments)
and incubated with 250mM IdU (with or without drug treatments) for a further 30
minutes. Cells were then harvested by trypsinization, pelleted by centrifugation at
1,200rpm and washed with PBS. For patient-derived LCLs, cells were seeded at
5x10° cells/ml and harvested 24-48 hours later. Cells were incubated with 25mM CldU

(with or without drug treatments) for 20 min, washed with media containing 250mM
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IdU (with or without drug treatments), and incubated with 250mM IdU for 20 minutes.

As before, cells were then pelleted via centrifugation and washed with PBS.

Cells were resuspended at a concentration of 5x10° cells/ml in PBS. 2ul of cellular
suspension was pipetted directly onto a glass microscope slide and lysed by the
addition of 7pl lysis buffer (200 mM Tris-HCI, pH 7.5, 50 mM EDTA, 0.5% SDS). The
mixture was allowed to air dry for 4 minutes before the DNA fibres were spread down
the slide by gravity. The slides were incubated in methanol/acetic acid (ratio 3:1)

fixative solution, before being air dried for 15 minutes and stored at 4 °C until staining.

To immunostain, slides were rinsed with H20 and the DNA denatured with 2.5M HCI
for 75 minutes. Slides were then rinsed with PBS and incubated in blocking solution
(1% BSA, 0.1% Tween20, in PBS) for 30 minutes. For primary antibody staining, CldU
was detected with rat anti-BrdU antibody, and IdU with mouse anti-BrdU antibody,
diluted in blocking solution, as detailed in Table 2.1. After incubation for 1 hour with
primary antibodies, the slides were rinsed with PBS and fixed with 4%
paraformaldehyde for 10 minutes. Following a further wash in PBS, and then blocking
solution, the slides were incubated for 1.5 hours in secondary antibodies conjugated
to Alexa-Fluor-594 and Alexa-Fluor-488, as detailed in Table 2.1, diluted in blocking
solution. Finally, the slides were rinsed with PBS and blocking solution before being
mounted by Anti-Fade Fluorescence Mounting Medium (Abcam; ab104135). DNA
fibres were visualised by fluorescent microscopy using a Nikon Eclipse Ni microscope
with either a 100x oil immersion objective, images were captured with NIS-Elements
software (Nikon Instruments), and analysed using FIJI version 2.1.0/153.c (Schindelin

et al., 2012).
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2.7 LCL proliferation assay

LCLs were seeded at a density of 0.25x108 cells/ml and incubated with increasing
concentrations of CX-5461 (Selleck Chemicals, S2684). When the untreated cells
reached a concentration of 2.0x108 cells/ml (after three population doublings), the cell
concentration of the treated cells was counted. The viability of the treated cells was

expressed as a percentage of the untreated cell count
2.8 Statistical Analyses

Statistical analyses were carried out as detailed in the figure legends. N refers to
number of independent experiments. Any error bars represent the standard error of
the mean (SEM). A p-value of less than 0.05 represents a statistically significant

result. * = P<0.05; ** = P<0.01, ** = P<0.001.
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Chapter Three:

SLF2 and SMC5 mutations are associated with human
disease and cellular dysfunction

105



3.1 Introduction

The SMC5/6 complex comprises of a heterodimer of SMC5 and SMCB6, alongside
additional subunits NSE1, NSE2 (also called MMS21), NSE3 and NSE4, all of which
are highly conserved from yeast to higher eukaryotes (Fousteri and Lehmann, 2000,
Taylor et al., 2001, Taylor et al., 2008, Aragon, 2018, Hallett et al., 2021a). The
complex has numerous roles in genome stability and chromosome biology, including
the stabilisation and recovery of stalled replication forks and the regulation of HR
(Aragon, 2018, Palecek, 2018). The importance of SMC5/6 is highlighted by the fact
that inherited mutations in two components of complex, namely NSE2 and NSE3, are
associated with two autosomal recessive diseases (Payne et al., 2014, van der

Crabben et al., 2016, Willemse et al., 2021).

Two NSE2 variants, p.Serll6Leufs*18 and p.Ala234Glufs*4, have been causally
linked to two cases of primordial dwarfism in which patients presented with extreme
insulin resistant diabetes, including severe fatty liver and dyslipidemia, alongside
primary gonadal failure (Payne et al., 2014). NSE2 possesses E3 SUMO-ligase
activity via the presence of a C-terminal Siz/PIAS -RING (SP-RING) domain, enabling
the SMC5/6 complex to promote auto-SUMOylation, as well as target several
downstream substrates (Potts and Yu, 2005, Zhao and Blobel, 2005, Andrews et al.,
2005). The identified mutations led to a drastic decrease in total protein levels of
NSEZ2 in patient-derived lymphoblastoid cell lines (LCLS), although protein expression
levels of SMC5 and SMC6 were only mildly decreased (Payne et al., 2014).
Characterisation of the individual mutations revealed that the p.Serl16Leufs*18 was
completely defective in auto-SUMOylation activity, comparable to a ligase dead

mutant, but the p.Ala234Glufs*4 possessed wildtype (WT) levels of auto-
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SUMOylation activity. Consistent with the known role for SMC5/6 in replication and
recombination, patient-derived LCLs exhibited delayed S-phase progression and
increased levels of UV-induced sister chromatid exchanges. Furthermore, increased
levels of HU-induced nuclear abnormalities in patient-derived fibroblasts, such as
micronuclei and nucleoplasmic bridges, could be rescued by re-expression of WT
NSE2 but not a ligase dead mutant, demonstrating that functional E3 SUMO-ligase

activity was required to protect genome stability (Payne et al., 2014).

More recently, mutations in NSE3 have been identified in two separate studies,
together describing nine patients from four families, all of whom who died during
childhood with chronic lung disease (van der Crabben et al., 2016, Willemse et al.,
2021). The immunological phenotypes of the five patients identified by Willemse et al
were variable. However, all four individuals identified by van der Crabben et al had
immune deficiencies, presenting with B and T cell abnormalities. Karyotypic analysis
of three of these patients also revealed that a small proportion of cells had
chromosome abnormalities, including structural changes and de novo supernumerary
marker chromosomes; small, structurally abnormal chromosomes which originate
from copied regions from other chromosomes. Of the four patients reported by van
der Crabben et al, further analysis revealed that two individuals from one family were
homozygous for p.Leu264Phe, whilst the other two patients, identified from an
additional family, were compound heterozygous for p.Pro209Leu and p.Leu264Phe.
Both p.Leu264Phe and p.Pro209Leu mutants were found to significantly destabilise
NSE3, as well as SMC5 and SMC6. Cells from affected individuals exhibited
hypersensitivity to a range of DNA damaging agents, as well as delayed clearance of

yH2AX foci in G2, but not G1, cells after IR, suggesting the presence of a HR defect.
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Furthermore, NSE3 patient-derived fibroblasts showed a delayed recovery of
replication following a HU-induced S-phase arrest, similar to the phenotype seen in

NSE2 mutated patient cells.

It is striking that mutations in two subunits of the same complex can result in such
differing clinical presentations. One notable difference between the two diseases is
that mutations in NSE3, which together with NSE1 and NSE4 forms a bridge between
the SMC5 and SMC6 subunits (Palecek et al., 2006, Hudson et al., 2011, Guerineau
et al., 2012), causes a much greater destabilisation of the SMC5/6 complex than
loss/mutation of NSE2 (Payne et al., 2014, van der Crabben et al., 2016). As the
SMC5/6 complex has functions that do not require E3 SUMO-ligase activity, this may
partly explain the differences in clinical features (Andrews et al., 2005, Rai et al.,

2011).

In yeast, additional Smc5/6 subunits Nse5 and Nse6 form an obligate heterodimer
which facilitates the loading of the complex onto DNA and promotes its functions in
DNA repair (Pebernard et al., 2006, Duan et al., 2009b). Whilst these subunits show
little sequence similarity across other species, they are regarded as functionally
equivalent to mammalian SLF1 and SLF2 (Raschle et al., 2015). Work in human cell
lines has shown that the SMC5/6 complex is localised to sites of DNA damage via a
protein-protein interaction cascade pathway involving RAD18, SLF1 and SLF2
(Raschle et al., 2015). The recruitment of this pathway requires RNF8, MDC1, and
RNF168, which promote the ubiquitination of histones around DNA lesions. This
ubiquitination then acts as a docking site for DNA repair factors (Schwertman et al.,
2016), including RAD18 which binds ubiquitin via its UBZ domain (Huang et al., 2009).

Via an interaction between SLF1 and RAD18, SMC5/6-SLF2-SLF1 is then recruited
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to the site of DNA damage (Raschle et al., 2015). At present, very little is known about
the function of these proteins, other than in the recruitment of SMC5/6 within the

SMC5/6-SLF2-SLF1-RAD18 protein pathway.

Interestingly, mutations in RNF168 have also been linked with human disease.
RNF168 variants were first identified in a single individual with RIDDLE syndrome; a
genetic condition characterised by radiosensitivity, immunodeficiency, dysmorphic
features, and learning difficulties (Stewart et al., 2007, Stewart et al., 2009), a
markedly different clinical presentation to that seen in patients with mutations in NSE2
and NSE3. Cells derived from patients with RIDDLE syndrome show defective
recruitment of 53BP1 and BRCA1 to DNA DSBs, a hypersensitivity to IR and cell cycle
checkpoint defects (Stewart et al., 2009). Since this discovery, three further patients
with defects in RNF168 have been identified, from two unrelated families, presenting
with radiosensitivity and immunodeficiency, alongside telangiectasia and ataxia
(Devgan et al., 2011, Pietrucha et al., 2017). Interestingly, one of these patients also
exhibited microcephaly and pulmonary failure (Devgan et al., 2011), phenotypes
common to patients with mutations in NSE3 (van der Crabben et al., 2016, Willemse

et al., 2021).

3.1.2 Aims

The identification of distinct clinical diseases associated with mutations in NSE2 and
NSE3 raises the question of whether mutations in the other components of the
SMC5/6 complex are associated with human disease, and, if so, what the clinical
presentations of such diseases would be. Therefore, the purpose of this chapter was

to determine if mutations in different subunits of the SMC5/6 complex contribute to a
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common clinical and cellular phenotype, and to better understand the spectrum of

clinical phenotypes associated with defects in the SMC5/6 complex.

Following the identification of SLF2 variants in a previously undiagnosed patient with
microcephaly and short stature via whole exome sequencing, the first aim of this
chapter was to identify other patients with mutations in SLF2 and/or other components
of the SMC5/6 complex. The second aim was to analyse the impact of any identified
mutations on both a protein and cellular level using patient-derived fibroblasts and
LCLs, with a particular focus on the replication stress response due to the critical role

of the SMC5/6 complex in maintaining genome stability during S-phase.

3.2 Results

3.2.1 Clinical and genetic features of SLF2 and SMC5 patients

Whole exome sequencing was performed on an initial undiagnosed patient who
presented with microcephaly and short stature, alongside other clinical phenotypes,
such as recurrent bacterial infections, immunodeficiency, learning difficulties and
speech delays. The patient also exhibited café-au-lait spots, brown oval birthmarks
that are observed in several genetic conditions associated with defects in DNA
damage repair, including Ataxia—Telangiectasia and Fanconi anemia (FA) (Lalor et
al., 2020). Whilst no de novo mutations were observed, analysis under a recessive
model of inheritance identified heterozygous or homozygous mutations in several
genes. A detailed consideration of these genes within previous studies and genetic
databases suggested that the homozygous frameshift SLF2 variant (c.1006dup;
p.Arg336LysfsTer27) was likely to be responsible for the clinical phenotype that was

observed. Having concluded this, a search was extended to try to find other patients
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with mutations in the same gene. Using the GeneMatcher web tool (Sobreira et al.,
2015), six additional patients from five different families were identified, all of whom
possessed biallelic mutations in SLF2 and also presented with microcephaly and
short stature (Figure 3.1, Table 3.1, Figure 3.2a). As SLF2’s currently only known
function is within the SMC5/6 complex, GeneMatcher was used to try and identify
further patients with mutations within this complex. Four patients from three unrelated
families were found, all of whom were confirmed to harbour biallelic mutations in the
SMC5 gene (Table 3.1, Figure 3.2b). As with the SLF2 patients, these individuals

presented with microcephaly and short stature (Figure 3.1, Table 3.2).

Of particular interest, all the SMC5 patients, alongside two of the SLF2 patients
(SLF2-P4-2, SLF2-P5), had cardiac abnormalities, including atrial and ventricular
septal defects, heart murmurs and supravalvular pulmonic stenosis- a narrowing of
the pulmonary artery (Table 3.3). Whilst cardiac problems are often observed in
human diseases associated with the defective repair of DNA interstrand crosslinks,
principally FA complementation groups, this clinical presentation is atypical when
considering the spectrum of other DNA repair or replication stress linked conditions.
Similarly, patients with FA frequently exhibit gross anaemia and bone marrow failure,
a clinical finding that is far less common amongst other replication stress associated
diseases (Oostra et al., 2012, Reynolds and Stewart, 2018). Strikingly, five out of the
eleven individuals presented with anaemia (SLF2-P3, SLF2-P4-1, SLF2-P4-2, SLF2-
P5, SMC5-P9-2), with SMC5-P9-2 eventually developing myelodysplastic syndrome,
a type of blood cancer which affects the bone marrow (Hofmann and Koeffler, 2005).

As the surviving SLF2 and SMC5 patients are all very young, it remains to be seen
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Figure 3.1. Microcephalic dwarfism in patients with mutations in SLF2 and
SMCS.

The head circumference (occipital frontal circumference; OFC) and height of
SLF2 and SMC5 patients at birth and at age of last examination, presented as z-
scores (standard deviations (SD) relative to age and sex matched mean). SMC5
patients are in orange and SLF2 patients are in blue. The dashed line (-3 SD)
indicates the cut off for normal distribution.

112



Individual | Ancestry | Gene Mutation 1 Mutation 2
P1 UK SLF2 ¢.1006dup; p.Arg336LysX27 ¢.1006dup; p.Arg336LysX27
P2 France SLF2 ¢.2444C>G; p.Ser815X ¢.3486G>C (ss); p.GIn1162His
P3 Netherlands | SLF2 ¢.3330G>A (ss); p-Arg1110Arg ¢.3330G>A (ss); p-Arg1110Arg
P4-1 Japan SLF2 c.2582A>T; p.Asn861lle ¢.2719dup; p.Ser907Phefs5X
P4-2 Japan SLF2 ¢.2582A>T; p.Asn861lle ¢.2719dup; p.Ser907Phefs5X
P5 Saudi Arabia| SLF2 | ¢.2347_2348del; p.Asp783Serfs53X | ¢.2347_2348del; p.Asp783Serfs53X
P6 German | SLF2 ¢.568C>T; p.Arg190X ¢.568C>T; p.Arg190X
P7 Spain SMC5 ¢.1110_1112del; p.Arg372del c.1273C>T; p.Argd25X
P8 us SMC5 ¢.2970C>G, p.His990Asp ¢.2970C>G, p.His990Asp
P9-1 us SMC5 €.2970C>G, p.His990Asp €.2970C>G, p.His990Asp
P9-2 us SMC5 ¢.2970C>G, p.His990Asp €.2970C>G, p.His990Asp

Table 3.1: Biallelic SLF2 and SMC5 mutations in 11 individuals.
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SLF2-P1 )
p.Arg336LysX27 ) 363aa
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p-GIn1162His
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p.Arg1110Arg
Asng61lle
SLF2-P4-1 and -P4-2
p.Asngé1lle , 1173aa
p.Serg07Phefs5X ) ‘ 100288
Ser907Phe
SLF2-P5
p. Asp783Serfs53X ) ) 836aa
Asp783Ser
SLF2-P6 )
p.Arg190X ) 190aa
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207-446 446-646 646-828 888-927
SMC5 WT 1001aa
SMC5-P7 R372del
p.Arg372del ' 1000aa
SMC5-P8, -P9-1 H990D
P RS D )
p.His990Asp 1001aa

Figure 3.2. SLF2 and SMC5 mutations found in individuals with
microcephalic dwarfism

(a) Cartoon schematics of full-length wildtype SLF2 and SLF2 patient variants,
including known/predicted domains and interacting sites. APIM, atypical PCNA
binding motif. Nonsense sequences are depicted in grey. A single allele is
shown for homozygous mutations, and two for compound heterozygous
mutations.

(b) Cartoon schematics of full-length wildtype SMC5 and SMC5 patient variants.
CC, coiled-coil region. A single allele is shown for homozygous mutations, and
two for compound heterozygous mutations.
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Birth Current Exam
Gestn | \yatig OFCIchLgthIcm Age at [Wgt/kg| OFc/iem | Hgtiem
Patientj Gene | (weeks + | " gn\" |”op) | (sD) | exam | (sD) | (sD) | (sD)
days)
2280 22k 47cm  |116.5cm
P1 |str2| 40+3 91 na | na [BYIOf 559
(-2.78) m |(-1.70)| (-5.12) | (-2.67)
2230 31cm | 45cm 49¢cm 154cm
po | sLr2 38 g 19y 4 |45.2kg
(-2.09) | (-2.33)| (-2.2) m |(-3.00)| (4.82) | (-3.34)
35cm
1380g | 27cm | 40cm |10y 11]13.2kg 104.5cm
P3 | SLF2 40 ; (-11.88) at
(-4.91) | (-6.44)| (-5653)| m |[-11.23 6.5 v (-5.82)
1270g |26.5cm| 36cm 9.0kg | 43.3cm | 83.8cm
P4-1 | SLF2 33 7y0m
(-1.86) | (-2.53) | (-2.92) (-3.40)| (-6.59) | (-7.39)
1412 27cm | 37cm 36.9cm | 55.5cm
P4-2 | sLF2| 3742 9 1y3m[*+479Kg
(-3.85) | (-4.75) | (-6.03) (-5.00)| (-8.85) | (-8.39)
1.88kg
845¢g 25cm | 34cm (-3.00)
P5 |SLF2| 35+6 oy2m|\y: NA NA
(-5.07) | (-5.63) | (-7.16) at217
days
2060g |33.5cm| 46cm 38cm 53cm
P6 | SLF2 39 0y 4 m| 3580g
(-2.89) | (-0.86) | (-2.11) (-3.81) | (4.82)
1480g | 30cm | 39em 133kg| P22 | 97.4cm
P7 |sMmc5| 38+5 g8ydam|, > (-5.66) at
(-4.25) | (-3.06) | (-5.5) (-270)| 2 (-5.7)
7y 6m
2409.7g | 29cm | 47cm 12.5kg 46.5cm | 97.2cm
P8 |smc5| 38 4y9m| <
(-1.45) | (-3.51) | (-0.87) (-2.92)| (4.23) | (-2.25)
4953
2551 45.5cm 90cm
Po-1 |smcs| 42 91 na | em [5yam|10-7k
(-2.87) (-5.33)| (4.88) | (4.7)
(-1.59)
41.275
g 16449 16.6kg| 45cm 114.3cm
P9-2 [SMCS| 34 156 | N (-2622) 10y |(433)| 694) | (38

Table 3.2: Measurements detailing the severity of microcephaly and short
stature in patients with mutations in SLF2 and SMCS5.

Length (Lgth), height (Hgt) weight (Wgt) and occipital frontal circumference (OFC)
at birth and last exam are shown. The number of standard deviations (SD) from
age and sex matched means are shown in brackets.
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. Central nervous Haematology and Abnormalities of . o
Patient | Gene system Immunology organs Facial abnormalities | Deceased
Recurrent infections.
Combined
Developmental delay. | immunodeficiency with Microcephaly.
P1 SLF2 Leaming difficulties. impaired T cell None Irregular teeth. Feeding
Mild neonatal proliferative response to difficulties. Narrow, long B
hypotonia. CD3 and immune face.
dysregulated T cell
spectratype.
. Microcephaly.
Mild developmental "
P2 SLF2 delay. Leamning NA None dgﬁnéz:lﬁzet&':?grsge -
difficulties. - -arg '
small ears.
Moderate to severe Recurrent infections. - Microcephaly.
P3 SLF2 | developmental delay. Thrombopenia, Octlisgfb:‘:gg ;Ig'es' Feeding difficulties in aD: (;: :Ziede
Leaming difficulties. | leukopenia and anemia p . early life. g
Mild developmental |Anaemia during neonata . Microcephaly
- . . Calcification abnormality
P4-1 SLF2 delay. Learning period. No anaemia None -
" ° of teeth. Narrow, long
difficulties. currently. f
ace.
Sideroblastic anaemia.
’ Died with interstitial . e
P4-2 SLF2 — de(;l;l;)pmental pneumonia triggered by C:E:csgb{\ac:r(r’rgfzggtes, Microcephaly aozzef Sg?n
Y- infection at the age of 1y P } g y
3m.
Moderate Anaemia, required 3 Cardiac abnormalities; Microcephaly
developmental delay. | weekly transfusions. | ventricular septal defect | Toothless. Swallowing
P5 Skl Moderate Neutropenia, resolved | (closed spontaneously). | abnormalities. Long Deceased
hypotonia/hypertonia. later. Ocular abnomalities. | philtrum and small chin.
Severe developmental .
P6 SLF2 delay. Hypotonia. NA. None Microcephaly Deceased
Microcephaly.
Cardiac abnomalities; |Upper incisors diastema.
. - 5 neonatal persistent Delayed adult tooth
P7 SMC5 nLea?m?_ dlfﬁculngs dute NA. ductus arteriosus and | eruption. Narrow, long -
0 attention impairment. pulmonary stenosis (self-] face, slight epicanthal
corrected). folds, beaked prominent
nose.
Low relative Cardiac abnomalities;
Mild motor delays lymphocytes, elevated V bratory systolic
P8 SMC5 related to blindness, no| relative eosinophils and | ejection murmur Ocular | Microcephaly. Bilateral
intellectual disability. low absolute abnormalities. Legally microphthalmia. -
History of seizures. lymphocytes at last blind. Kidney
exam. abnormalities
Low platelets. low
Behavioural anomalies:|relative lymphocytes, low] Cardiac abnommalities;
P9-1 SMC 5 | anxiety, startled easily | absolute lymphocytes | Innocent heart murmur, Microcephaly. -
as an infant. and elevated relative | normal ECG and echo.
eosinophils at last exam.
Cardiac abnomalities;
Mild motor delays Anaemia. Neutropenia. IM'Id suprtavalvgr Al Mi h
P9-2 SMC5 Jresolved, no intellectual] Myelodysplastic puimonary SIEnosis. Icrocep a_ly. Deceased
disability syndrome resolved. Eulmqnaw flow| Micrognathia.
. ’ murmur, likely innocent.
Ocular abnommalities.

Table 3.3: Details of the clinical symptoms present in patients with mutations in
SLF2 and SMC5.
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whether the anaemia present in the other affected individuals will also progress and
have similar, serious consequences. In contrast to cardiac abnormalities and
anaemia, immunodeficiency is seen more frequently in patients with mutations in DNA
replication genes, such as NBS1, BLM, GINS1, polymerase & and MCM10 (Gennery
et al., 2000, Wolska-Kusnierz et al., 2015, Cottineau et al., 2017, Schoenaker et al.,
2018, Conde et al., 2019, Mace et al., 2020, Redmond et al., 2022). At least five of
the eleven SLF2 (SLF2-P1, SLF2-P3, SLF2-P4-2) and SMC5 (SMC5-P9-1, SMC5-
P9-2) patients exhibited evidence of immunodeficiency, such as recurrent bacterial
infections and neutropenia, and SLF2-P4-2 died due to interstitial pneumonia

triggered by infection (Table 3.3).

3.2.2 SLF2 and SMC5 mutations impact protein stability

To begin to understand how the SLF2 variants may impact the function of the protein
and the integrity of the SMC5/6-SLF2-SLF1-RAD18 pathway, | first considered the
patient mutations in the context of SLF2’s interacting domains; the minimal regions
required for binding to SMC5/6 (residues 589 - 810) and SLF1 (residues 754-1100),
as mapped by our collaborator, Prof. Neils Mailand (Grange et al., 2022) (Figure
3.2a). Five SLF2 variants, p.Arg336Lysfs25X (present as a homozygous variant in
SLF2-P1), p.Ser815X (present in trans with the p.GIn1162His mutation in SLF2-P2),
p.Ser907Phefs5X (present in trans with pAsn861lle in SLF2-P4-1 and SLF2-P4-2),
p.Asp783Serfs53X and p.Arg190X (present as homozygous variants in SLF2-P5 and
SLF2-P6, respectively) all led to premature stop codons which truncated key SLF1
and/or SMC5 binding sites. This suggested that even if these proteins were expressed
and stable, the loss of these regions would likely abrogate the interaction between

SLF1 and the SMC5/6 complex. pAsn861lle, a missense mutation present in SLF2-
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P4-1 and SLF2-P4-2, also occurred within SLF2’s putative SLF1 binding region.
Whilst it’s difficult to predict the impact of this change, multiple sequence alignments
showed that the residue was highly conserved in higher eukaryotes, suggesting that

the alteration may likely be deleterious (Figure 3.3).

| next sought to investigate the SLF2 variants, p.GIn1162His (present in SLF2-P2)
and p.Arg1110Arg (present as a homozygous variant in SLF2-P3). Work done by our
collaborator Prof. Cedric Le Caignec, using splice-site analysis software, predicted
that the ¢.3486G>C (p.GIn1162His) mutation, present in patient SLF2-P2, would
impact splicing at the exon 19 donor site in the most abundant SLF2 mRNA transcript
(NM_018121). RT-PCR and western blotting indicated that the isoform-specific splice
defect led to decreased mMRNA and protein stability (Prof. Cedric Le Caignec; data not
shown). Similarly, the ¢.3330G>A (p.Arg1110Arg) variant in SLF2-P3 presented with
a nonsense mutation adjacent to exon 17’s donor site. cDNA sequencing confirmed
that this change also impacted splicing, leading to an in-frame deletion of exon 17
and the loss of 23 residues within a highly conserved region that lies proximal to the

predicted SLF1 binding region (Figure 3.3, Figure 3.4).

Having considered SLF2 patient mutations in the context of the minimal binding
regions of SLF2-interacting partners, western blots were carried out using cell extracts
derived from available patient LCLs to determine if these variants impacted protein
stability. In all of the SLF2 patients that were analysed, there was either a significant
decrease or a complete loss of full-length SLF2 protein expression (Figure 3.5a). This
suggested that all the tested mutations destabilised the SLF2 protein and were

therefore also likely to lead to disruption of the SMC5/6-SLF2-SLF1-RAD18 protein
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Asn861lle

Human 908
Chimpanzee 908
Dog 905
Mouse 898
Chicken 924
Zebrafish 708
Human Y®D ILMLFEKM QLEKQIPLV 968
Chimpanzee F4OIRR ILMLFEM: QLRQIPLV. 968
Dog ) ILMLFEKM QLEKQIPLV 965
Mouse Y 8D TILMLEFKM. LEQIPLV: 958
Chicken D LLLLFKI QLKHVSLI 984
Zebrafish Y -H LAVVCRI HFQLLPTG. 768
Human KHED ASNLQ HR | DI KKMVLKKKAEQPDGIIDDSLHL 1088
Chimpanzee KHED ASNLQ HR | DILKKMVLKKKAEQPDGIIDDSLHL 1088
Dog KHEDTI)ENASNIOT HR | DI KKMVLKKRAEQPNGTIDDSLHL 1085
Mouse KHEDT)IENANNLOT HR | DI KKMVLKKRAEQPNETIDDSLHL 1078
Chicken KHTRIIEDDCDKOQ! HQ | EKMRKEEQQONVSEEHTEERINT 1104
Zebrafish TCTYNJESGTDFKL KPEMP Q! SIKSLSSARGSE-———————— DCDA! 879
Exon 17
Human G 1148
Chimpanzee G. 1148
Dog G. 1145
Mouse G 1138
Chicken G 1164
Zebrafish S 939
Human = GERREEITIQONCIHPTOEOME FINV)EDS ———————————— == —— e e — 1173
Chimpanzee = GRQOEIIQNC/HPTOECIESFRVIEDS ——————————————————————————————————— 1173
Dog = GREEEITIQONCIPTOEOMES VDS ——————————————————————————————————— 1170
Mouse = GERQYEEITONCIPTOEOMH F VDS ——————————————————————————————————— 1163
Chicken Re} EEF RN DS — — —— — —————— = — 1189
zebrafish PPEDELPSSPQGQTCIKAQDPQESPEEAPTPEWSSSE 999

GIn1162His

Figure 3.3. Multiple sequence alignments of SLF2 showing the conservation
of patient point mutations

Amino acid alignment of the SLF2 protein from different species showing the
degree of evolutionary conservation of disease causing SLF2 point mutations,
generated using Clustal Omega. The red highlight and arrows indicate the
location of missense variants present in SLF2-P2 (p.GIn1162His) and SLF2-P4-1
and SLF2-P4-2 (p.Asn861lle). The red line indicates the region that exon17
encompasses (which is lost due to splicing defects in the p.Arg1110Arg variant in
SLF2-P3). Black shading indicates positions which have a single, fully conserved
residue, grey shading indicate conservation between groups of strongly similar
properties.
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Figure 3.4. Mutations in SLF2-P3 disrupt mRNA splicing

(a) Agarose gel electrophoresis showing PCR amplification products of cDNA
extracted from SLF2-P4-1, SLF2-P3 and unrelated, healthy individuals (WT).

(b) cDNA sequencing indicating the loss of exon 17 in SLF2-P3. Chromatograms
generated using QIAGEN CLC Genomics Workbench.
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Figure 3.5. Protein expression of SLF2 and SMCS in patient-derived
lymphoblastoid cell lines

(a) Representative immunoblots of whole cell extracts from SLF2 patient
lymphoblastoid cell lines (LCLs), using the indicated antibodies, depicting the
stability of SLF2 and its interacting proteins. Whole cell extracts from
unrelated, healthy individuals (WT2 and WT6) and an ATR Seckel syndrome
patient are also included as controls. ATR is used as a loading control.

(b) Representative immunoblots of whole cell extracts from SMCS5 patient LCLSs,
using the indicated antibodies, depicting the stability of SMC5 and its
interacting proteins. Whole cell extracts from unrelated, healthy individuals
(WT3 and WT)) are also included as controls. ATR is used as a loading
control.

Experiments in (a) and (b) were carried out by Prof. Grant S Stewart and are

representative of two independent biological replicates in which similar results

were achieved.
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pathway. This includes the p.GIn1162His and p.Arg1110Arg variants, which despite
residing outside of the SLF1 and SMC5/6 binding regions, are still likely to impact on

SLF2 function due to their impact on SLF2 protein stability.

In contrast, western blotting of SMC5 patient LCLs revealed that the p.His990Asp
SMC5 homozygous variant present in SMC5-P8 , -P9-1 and -P9-2 had no observable
impact on full length protein expression (Figure 3.5b). Only cell extracts generated
from SMC5-P7 patient LCLs exhibited a mild decrease in the levels of SMC5 protein.
In all cases, western blotting also showed that, despite any changes in SLF2 or SMC5
expression, levels of SMC6 and RAD18 were unaffected in patient LCLs, indicating
that mutations in neither protein resulted in loss of stability of other components of the

pathway.

Patient SMC5-P7 presented with two variants: p.Arg425X and p.Arg372del.
p.Arg425X possesses a premature stop codon, causing a severe protein truncation
that is likely to significantly disrupt function as it deletes the protein’s hinge and
secondary coiled coil regions. This is most likely the predominant cause of the
decrease in levels of full length SMC5 protein seen in SMC5-P7 patient-derived LCLSs.
Conversely, p.Arg372del represents only a single amino acid deletion. Whilst the
residue is conserved in higher eukaryotes (such as human, chimpanzee, dog, mouse
and zebrafish), it is amongst a region of weak overall conservation (Figure 3.6). To
better understand the impact of this deletion, | turned to existing structural models of
the SMC5/6 complex. Lys368, which is the Saccharomyces cerevisiae functional
equivalent of human SMC5 Arg372, is proximal to Smc5’s Nse2’s binding site in yeast

(Figure 3.6). This presents the possibility that the loss of Arg372 in humans disrupts
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Nse2 interacting site

Human 344
Chimpanzee 344
Dog 348
Mouse 344
Chicken 323
Zebrafish 333
Drosophila LEKTRLLENZ 302
S.Cerevisiae LKTDEFLF 340
S.Pombe 309
Human L-D--RORRI-GNTREMIEDLONELKTTEN-————— 392
Chimpanzee L-D-—-ROQRRI-GNTRKMIEDLONELKTTEN-—-———— 392
Dog H-D--ROQRRI-SNTRKMIEDLONELKTTEN-—-———— 396
Mouse L-D--RQKRI-SNTRKMIEDLQSELKTAEN-—-———— 392
Chicken —D—-—REKRKKI-LSAYRMIDEWNNELNTVTD-————— 371
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S.Pombe TNRTLLRNANLTLNEAQQSVKSLTERQGPRP 362
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Human R 1007
Chimpanzee 1007
Dog 1011
Mouse 1007
Chicken 971
Zebrafish 982
Drosophila 955
S.Cerevisiae 1002
S.Pombe 982
Human 1067
Chimpanzee 1067
Dog 1071
Mouse 1067
Chicken 1031
Zebrafish 1042
Drosophila 1015
S.Cerevisiae 1062
S.Pombe 1042

Figure 3.6. Multiple sequence alignments of SMC5 showing the
conservation of patient point mutations

Amino acid alignment of the SMC5 protein from different species showing the
degree of evolutionary conservation of disease causing SLF2 point mutations,
generated using Clustal Omega. The red highlight and arrows indicate the
location of missense variants present in SMC5-P7 (p.Arg372del) and SMC5-P8,
SMC5-P9-1 and SMC5-P9-2 (p.His990Asp). SMCS’s Saccharomyces cerevisiae
NSE2 and NSE1 interacting sites and ABC-signature motif are highlighted. Black
shading indicates positions which have a single, fully conserved residue, grey
shading indicates conservation between groups of strongly similar properties.
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NSEZ2’s interaction with SMC5, and/or the SUMO-ligase activities of SMC5/6 (Duan

et al., 2009a, Hallett et al., 2021a).

In addition to this, SMC5’s structure showed that His990, a residue with high
conservation in higher eukaryotes, is positioned directly adjacent to the ATP-binding
cassette (ABC) transporter signature motif (QSGGE), a region important for
promoting ATP binding (Figure 3.6). The alteration of the overall charge of the region,
by replacing an aromatic amino acid with a negatively charged one in the His990Asp
point mutation (SMC5-P8, SMC5-P9-1 and SMC5-P9-2), could potentially disrupt the
ATPase activity of SMC5/6. In turn, this could affect the complex’s ability to both load
and disassociate chromatin (Duan et al., 2009a, Hallett et al., 2021a, Etheridge et al.,
2021). Therefore, it is likely that all three SMC5 patient mutations will impact the

function of the SMC5/6 complex to some extent.

3.2.3 SLF2 and SMC5 patient cells exhibit spontaneous S-phase associated

DNA damage and genomic instability

Considering that the primary function of SMC5/6 is believed to occur during DNA
replication (Venegas et al., 2020), it was pertinent to understand how the SLF2 and
SMCS5 variants would impact replication dynamics. To question this, the DNA fibre
assay was utilised. Using this method, asynchronous cells are sequentially pulsed
with thymidine nucleotide analogues, CldU and IdU, which become incorporated into
nascent DNA (Nieminuszczy et al., 2016) (Figure 3.7a). The cells are then lysed, and
the DNA is spread onto microscope slides before two different antibodies raised
against thymidine that differentially bind to CldU and IdU are used to immunostain the

regions of the DNA fibres that contained newly replicated DNA (CldU in red and IdU
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Figure 3.7. SLF2 and SMCS patient lymphoblastoid cell lines exhibit
replicative dysfunction

(a) Experimental outline of the DNA fibre assay. Lymphoblastoid cell lines (LCLSs)
were sequentially labelled with two different thymidine analogs, CldU (red) and

IdU (green) for 20 mins each, as shown.

DNA fibre analysis of (b) SLF2 and (c) SMC5 patient LCLs, in comparison to a
LCLs derived from an unrelated, healthy individual (WT2 and WT5) and an ATR
seckel syndrome patient. The percentage of ongoing forks (red and green tracks)
and stalled forks (red-only tracks) were quantified. n=4 independent experiments.
A minimum of 750 fork structures were counted. Statistical differences were
determined with an unpaired, 2-tailed, student’s t-test. Experiments carried out by
Dr John Reynolds and Dr Robert Hollingworth.
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in green). This staining technique can indicate the direction of replication and can also
reveal additional DNA structures, such as stalled forks (a red only track) and new

origins (a green only track).

The DNA fibre assay, which was performed on patient LCLs, demonstrated
spontaneous increases in the levels of stalled replication forks, as well as decreases
in ongoing forks, across all SLF2 and SMC5 patients in comparison to WT controls
(Figures 3.7b and 3.7c). Not only did this indicate that SLF2 and the integrity of the
SMC5/6-SLF2-SLF1-RAD18 complex is important for efficient replication, but it also
demonstrated that the mutations in SMC5 were sufficient to adversely affect these
functions, too. In particular, the data supported the prediction that the homozygous
His990Asp mutation would negatively impact the function of SMC5/6 despite not

affecting protein expression.

Importantly, these findings were verified in complemented cell lines by generating
patient-derived fibroblasts infected with a lentivirus encoding either Myc-tagged WT
SLF2/SMC5 or an empty vector (Figure 3.8). However, SMC5 patient fibroblasts
became inviable upon the re-expression of the Myc-tagged SMC5 protein and were
instead complemented with untagged SMC5 (Figure 3.8b). DNA fibre analysis using
these cells showed that levels of stalled forks significantly decreased upon
complementation with either WT SLF2 or SMC5, demonstrating that mutations in
these genes are responsible for the replicative dysfunction observed in these patient
cell lines (Figure 3.9). Having established that SLF2 and SMC5 patient derived cell
lines exhibit problems with replication, | sought to understand the cellular impact of

this dysfunction by analysing additional markers of replication stress. Since prolonged
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Figure 3.8. Complementation of SLF2 and SMC5 patient derived fibroblasts

Representative immunoblots of whole cell extracts from (a) SLF2 and (b) SMC5
patient fibroblasts complemented with either an empty lentiviral expression vector
or a lentiviral expression vector encoding WT Myc-tagged SLF2 or WT untagged
SMC5. The loading control was a non-specific band recognised by either the
SLF2 or SMC5 antibody.

These cell lines were created by, and immunoblotting was carried out by, Prof.
Grant S Stewart.
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Figure 3.9. SLF2 and SMC5 patient derived fibroblasts exhibit elevated
levels of stalled forks which reduce upon complementation

(a) Experimental outline of the DNA fibre assay. Fibroblasts were sequentially
labelled with two different thymidine analogs, CldU (red) and IdU (green) for 30
mins each, as shown.

DNA fibre analysis of (b) SLF2 and (c) SMC5 patient fibroblasts complemented
with a lentivirus encoding wildtype (WT) SLF2, WT SMCS5, or an empty vector.
The percentage of stalled forks (red-only tracks) were quantified. n=3
independent experiments. A minimum of 350 fork structures were counted.
Statistical differences were determined with an unpaired, 2-tailed, student’s t-test.
Experiments carried out by Dr John Reynolds.
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replication fork stalling can lead to fork collapse, | first questioned if there were
elevated levels of DSBs present during replication in the patient cell lines. Using
53BP1 foci as a marker of DSB formation and EAU DNA incorporation as a positive
indicator of S-phase, | observed a significant decrease in the proportion of highly
damaged cells exhibiting >10 foci in both WT SLF2 and WT SMC5 complemented
fibroblasts (Figure 3.10). Consistent with decreased levels of DNA damage and
genome instability, the patient fibroblasts also exhibited a significant reduction in the
average number of micronuclei per cell upon the re-expression of WT protein (Figure

3.11).

Elevated levels of replication stress can lead to under-replicated regions of DNA
persisting throughout the cell cycle. This is primarily caused by the stalling of
converging forks lacking licensed origins in between them; a phenomena termed
double fork stalling (Bertolin et al., 2020). Under-replicated DNA is not detected by
G2/M checkpoint machinery (Bertolin et al., 2020), meaning it has the potential to
persist through mitosis, leading to further defects such as chromatin bridges and
aberrant chromosome segregation. To prevent this, mitotic DNA synthesis (MiDAS)
completes synthesis at under-replicated regions after the cells have initiated
prophase (Minocherhomji et al., 2015, Bertolin et al., 2020). To understand if the
increased levels of replication stress caused by the SLF2 and SMC5 variants also led
to elevated levels of under-replicated DNA, | analysed the levels of MIDAS in the
patient LCLs (Figure 3.12). Using EdU positive foci as markers of replication, | saw
significantly elevated levels of MiDAS in all patient SLF2 and SMC5 patient LCLs in

the absence of exogenous DNA damage. However, after 24 hours treatment with a
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Figure 3.10. SLF2 and SMCS5 patient derived fibroblasts exhibit elevated
levels of 53BP1 foci which reduce upon complementation (data shown
overleaf)

(a) Quantification of the percentage of S-phase cells with >10 53BP1 foci in SLF2
(left) and SMC5 (right) patient fibroblasts complemented with a lentivirus
encoding WT SLF2, WT SMC5, or an empty vector. Cells were treated with 10
MM EdU (a thymidine analogue) for 45 min before fixation and immunostaining
with an antibody specific to 53BP1. DNA containing EdU was detected with
click chemistry using Alexa Fluor-488 picolyl azide. S-phase cells were
identified as those that were positive for EAU incorporation. n=3 independent
experiments. A minimum of 900 cells were counted. Statistical differences
were determined with an unpaired, 2-tailed, student’s t-test.

(b) Representative immunofluorescent images of patient derived fibroblasts,
complemented with a lentivirus encoding WT SLF2, WT SMC5, or an empty
vector from (a). DAPI shown in blue, 53BP1 in green and EdU in red.
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Figure 3.11. SLF2 and SMCS5 patient derived fibroblasts exhibit elevated
numbers of micronuclei which reduce upon complementation with WT

protein

(a) Quantification of the average number of micronuclei per cell in SLF2 (left) and
SMCS5 (right) patient fibroblasts complemented with a lentivirus encoding WT
SLF2, WT SMCS5, or an empty vector. n=3 independent experiments. A
minimum of 2,500 cells were counted. Statistical differences were determined
with an unpaired, 2-tailed, student’s t-test.

(b) Representative fluorescent microscopy images of patient fibroblast nuclei
exhibiting micronuclei (indicated by white arrows), visualised using DAPI.

132



Figure 3.12. SLF2 and SMCS5 patient derived lymphoblastoid cell lines
exhibit elevated levels of spontaneous MiDAS (data shown overleaf)

(a) Quantification of the percentage of mitotic cells exhibiting spontaneous mitotic
DNA synthesis (MiDAS) in lymphoblastoid cell lines (LCLs) derived from
patients with mutations in SLF2 and SMC5, as well as healthy, unrelated
individuals (WT1 and WT4). Cells were treated with 10 yM EdU for 45 min
before fixation. MiDAS was visualised by mitotic EAU incorporation after
labelling with Click chemistry. n=3 independent experiments. A minimum of
300 mitotic cells were counted. Statistical differences were determined with an
unpaired, 2-tailed, student’s t-test.

(b) The untreated (UNTR) experiment as shown in (a), alongside quantification of
the percentage of MiDAS positive patient LCLs after 24 hours treatment with
250 nM aphidicolin (APH). Cells were treated and stained as explained in (a).
n=3 independent experiments. A minimum of 300 mitotic cells were counted.
Statistical differences were determined with an unpaired, 2-tailed, student’s t-
test.

(c) Representative immunofluorescent images of SLF2-P8 LCLs indicating the
presence of EdU positive MiDAS foci with white arrows. DAPI shown in blue,
EdU in green and a-Tubulin in red.
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low dose of aphidicolin (APH), whilst levels of MIDAS were elevated, the patient lines
no longer exhibited increases relative to WT controls, indicating that this cellular
phenotype was predominantly seen spontaneously in untreated cells. | then went on
to question if the elevated levels of replication stress led to DNA damage or under
replicated DNA being inherited by daughter cells. Using the patient fibroblasts, |
analysed levels of 53BP1 bodies in G1 and observed, as with the micronuclei and
53BP1 foci, that the re-expression of wild-type SLF2 or SMC5 significantly reduced
these markers of replication stress (Figure 3.13). Together, this suggested that
replicative dysfunction induced by mutations in these proteins contributes to elevated
levels of genome instability and under replicated regions of DNA that persist after cell
division.

3.3 Discussion

The data presented in this chapter demonstrate that mutations in SLF2 and SMCS5,
components of the SMC5/6-SLF2-SLF1-RAD18 complex, are associated with human
disease, with all patients exhibiting differing severities of microcephaly (SD: -3.57 to -
11.88) and short stature (SD: -2.19 to -8.24). Several patients also presented with
cardiac abnormalities, anaemia and/or immunodeficiency. Notably, SLF2 and SMC5
patients have very similar clinical presentations, suggesting that common molecular
defects underly both diseases. Individuals with mutations in SLF2 and SMC5 also
appear to share clinical features with patients with FA and Warsaw Breakage
Syndrome, both driven by mutations in genes which promote proper replication. This

may reflect overlapping functions for these factors in DNA replication.
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Figure 3.13. SLF2 and SMCS5 patient derived fibroblasts exhibit elevated
levels of 53BP1 bodies which reduce upon complementation with WT
protein (data shown overleaf)

(a) Quantification of the percentage of G1-phase cells with >3 53BP1 bodies in
SLF2 (left) and SMCS5 (right) patient fibroblasts complemented with a lentivirus
encoding WT SLF2, WT SMC5, or an empty vector. G1-phase cells were
identified as those negative for CENPF staining. n=3 independent
experiments. A minimum of 750 cells were counted. Statistical differences
were determined with an unpaired, 2-tailed, student’s t-test.

(b) Representative immunofluorescent images of patient derived fibroblasts,
complemented with a lentivirus encoding WT SLF2, WT SMC5, or an empty
vector. DAPI shown in blue, 53BP1 in green and CENPF in red.
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Conversely, however, the diseases caused by mutations in SLF2 and SMC5 had
strikingly different clinical presentations compared to patients with mutations in NSE3,
who suffered from lung damage (van der Crabben et al., 2016, Willemse et al., 2021),
and patients with mutations in NSE2, who presented with primordial dwarfism and
extreme insulin diabetes (Payne et al., 2014). It is not yet clear why mutations in four
subunits of the same complex can present with such differing diseases. It is possible
that this represents non-redundant roles for the different subunits in genome stability,
or the effects of specific mutations. Despite the lack of impact on the stability of the
SMC5/6 complex as a whole, cell extracts prepared from patient-derived cell lines
show that the mutations in SLF2 completely destabilise the protein. In line with
previous studies which describe the linear nature of the SMC5/6-SLF2-SLF1-RAD18
protein pathway (Raschle et al., 2015), this loss is expected to disrupt the recruitment
of SMC5/6 to sites of DNA damage. In contrast, mutations in SMC5 still allow for
protein expression. Consistent with this, components of the SMC5/6 holocomplex are
required for the viability of human cells (Venegas et al., 2020), suggesting that a
complete loss of the protein may be incompatible with human life. Instead, the
mutations in SMC5 appear likely to impact the interactions of components within the
complex, such as the recruitment of NSE2, or the function of the complex’s ATPase

activity.

All patient cell lines derived from individuals with mutations in SLF2 and SMC5
exhibited elevated levels of spontaneous replication stress which contributes to
further increases in genomic instability, suggesting that the SMC5/6-SLF2-SLF1-
RAD18 protein pathway is important for maintaining faithful replication. This is

consistent with previous studies which demonstrate a role for SMC5/6 in repairing
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collapsed replication forks and promoting efficient replication (Ampatzidou et al.,
2006, Bermudez-Lopez et al., 2010, Menolfi et al., 2015, Aragon, 2018, Palecek,
2018, Agashe et al., 2021). Importantly, this replication stress phenotype was
corrected by the expression of WT SLF2 or WT SMC5, demonstrating that the
identified mutations were the cause of the replication abnormalities and genome

instability.
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Chapter 4:

Generating SLF2 loss of function model cell lines
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4.1 Introduction

The data presented in the previous chapter demonstrates that cell lines derived from
patients with mutations in SLF2 or SMC5 exhibit increases in replication stress and
genomic instability. Whilst the identified SMC5 variants retain significant levels of
protein expression, mutations in SLF2 lead to either a significant decrease or a
complete loss of full length SLF2 protein. Although the SMC5/6 complex is required
for viability in human cells and Saccharomyces cerevisiae (Zhao and Blobel, 2005,
Venegas et al., 2020), this data suggests that a complete knockout of SLF2, or its

binding partner SLF1, may be achievable.

The Streptococcus pyogenes type || CRISPR-Cas9 system was first identified as an
antiviral immune response in bacteria and archaea and has since been co-opted for
the purposes of genome engineering (Wiedenheft et al., 2012, Li et al., 2020a). By
inducing targeted DSBs, which are then repaired by NHEJ or HR, the Cas9
endonuclease is able to introduce mutations at specific loci. Error-prone NHEJ can
lead to insertions/deletions (indels) and subsequent nonsense mutations, whilst

homology cassettes can be incorporated into the genome during HR (Li et al., 2020a).

Several studies, however, have demonstrated that Cas9 is able to bind and cleave
non-specific genomic sites, thereby risking experimental off-target effects where
mutations are introduced in unintended genes (Zhang et al., 2015b, Alkan et al.,
2018). To avoid this a CRISPR-Cas9 nickase system can be utilised, in which pairs
of enzymes generate a DSB by nicking single-stranded DNA at neighbouring sites.
Not only do the long overhangs generated by this approach provide a greater control

over precision gene integration, but off-target effects are minimised as two adjacent
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Cas9 cleavage events are required for a DSB to occur (Mali et al., 2013). In a study
using HEK 293FT cells, a Cas9 nickase using two guide RNAs achieved 100-fold
greater targeting specificity when compared to wild type Cas9 with a single guide
(Ran et al., 2013). To streamline this technique further, all-in-one Cas9 nickase
plasmids have been designed, including a single Cas9 gene and pairs of guide RNAs
(Chiang et al., 2016). This avoids the need to co-transfect multiple plasmids, which
may otherwise reduce transfection efficiency and the efficacy of the intended

mutagenesis.

4.1.2 Chapter Aims

The aim of this chapter was to use CRISPR technology to generate a complete loss
of SLF1 or SLF2 function in two commonly used immortalised cell lines. This would
enable the analysis of gene knockouts in an easily manipulatable system, whilst
eliminating the phenotypic variation that inevitably occurs between non-isogenic,
patient derived cell lines. Whilst patients with mutations in SLF1 have yet to be
identified, loss of function SLF1 cell lines would allow me to further understand the
role of the SMC5/6-SLF2-SLF1-RAD18 pathway in maintaining genome stability. The
impact of the loss of SLF2 by CRISPR editing was confirmed via the complementation
of the cell lines and the subsequent analysis of their cellular phenotypes in the context

of replication and genomic instability.
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4.2 Results

4.2.1 Generating SLF1 and SLF2 CRISPR nickase plasmids

Pairs of guide RNAs targeting SLF1 and SLF2 were designed using CHOP CHOP, a
webtool for selecting target sites for CRISPR/Cas9 directed mutagenesis (Labun et
al., 2019). To maximise the chances of generating a successful CRISPR system, two
pairs of guide RNAs were designed for each gene, with each pair targeting
neighbouring loci 15-19bp away from each other (Figure 4.1). With the exception of
SLF1 guide RNA pair 1, which targets sequences spanning the boundary of intron 3
and exon 4 (Figure 4.1a), these sites were located in coding regions in the centre of
exons (SLF1 exon 4 or SLF2 exon 5). Nonsense mutations at these loci would
severely truncate either protein and completely disrupt SLF1 and SMC5/6 binding
sites within SLF2, whilst hopefully being distanced enough from the 3’ end of the gene

to avoid gene expression via downstream, secondary start codons.

The chosen guide RNA pairs were ligated into the purpose built GFP All-in-One
Cas9P1%4 nickase vector at unigue Bbsl and Bsal restriction sites (Figure 4.2),
producing two SLF1 and two SLF2 targeting CRISPR plasmids. This vector
possesses an enhanced green fluorescent protein (GFP)-open reading frame to allow
GFP expression to be used as a marker of successful transfection into cells. These
vectors are referred to henceforth as SLF1 plasmid 1 and plasmid 2 or SLF2 plasmid
1 and plasmid 2. In each case, guide incorporation was verified via diagnostic

restriction site digestions and confirmed by sanger sequencing.
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Figure 4.1 SLF1 and SLF2 CRISPR target locations and sequences

Schematic of the human SLF1 (a) and SLF2 (b) genomic locus. Filled rectangles
indicate coding exons and black horizontal lines denote introns. CRISPR target

sites are enlarged. Pairs of sense and antisense guide RNA (sgRNA) sequences
are highlighted by red text and the location of protospacer adjacent motifs (PAM)

are indicated by blue text.
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Figure 4.2 The All-in-One CasS)DmA nickase vector, illustrated using CLC
workbench.

5' overhangs for sgRNA cloning were generated by digestion with Bbsl and Bsal
restriction enzymes. Guide incorporation was verified using EcoRI and BamHlI
and Notl diagnostic digests before sanger sequencing. Green-fluorescent protein
(GFP) was used as a marker of successful vector transformation.
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4.2.2 U-2-0OS cell lines transfected with SLF2 CRISPR plasmids exhibit
mutations at target sites which impact protein expression

The SLF1 and SLF2 CRISPR plasmids were transfected into U-2-OS and RPEL1 cell
lines using a 3:1 ratio of FuGene to DNA. U-2-OS, a human bone osteosarcoma
epithelial cell line, was chosen due to their ease of culturing and manipulation. In
addition, hTERT RPEL, a retinal pigment epithelial cell line, was also selected due to
its normal karyotype, which | hypothesised would be the best genetic background for

eventually investigating any possible mitotic dysfunctions.

48 hours after transfection, GFP positive single cells were sorted into 96 well dishes
using fluorescence activated cell sorting. Culturing media contained 20% FBS to aid
with recovery. After two weeks of growth, around 20% of the sorted U-2-OS cells had
formed colonies. However, this was far more infrequent in the RPE1 cells, which often
appeared large and with prominent stress granules. 25 U-2-OS colonies and 15 RPE1
colonies transfected with each plasmid were propagated (100 U-2-OS colonies and
60 RPEL1 colonies in total), their genomic DNA was extracted and an approximately

1.4 kb region spanning the SLF1 or SLF2 target sites was sequenced.

Genomic sequencing analysis of the SLF2 gene in U-2-OS clones revealed that those
transfected with SLF2 plasmid 2 exhibited only unedited, WT sequence. Of those
transfected with SLF2 plasmid 1, five clones (clones 2, 8, 9, 14 and 22) presented
with multiple traces that began around the guide RNA targeting sites, suggesting that
at least one SLF2 allele had been mutated (Figure 4.3a). Clones 2, 9 and 14 retained
a WT sequence that could be read amongst the multiple traces. This indicated that

CRISPR mutagenesis had not been successful at every target site and that SLF2
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Figure 4.3 Screening using genomic sequencing identifies U-2-OS CRISPR
clones with mutations at SLF1 and SLF2 target sites

Representative genomic DNA sequence chromatograms showing multiple traces
downstream of SLF1 (a) and SLF2 (b) nickase-targeting sites in CRISPR-edited
U-2-OS clones. CRISPR clone sequences are aligned against the relevant
wildtype (WT) gene. For each WT sequence, positions of the single guide RNAs
(sgRNA) are highlighted by red text and the location of the protospacer adjacent
motif (PAM) is indicated by blue text. For each CRISPR clone, the start of multiple
sequencing traces is indicated by the yellow arrow.
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protein function may be retained. Conversely, no WT sequence could be read for
clones 8 or 22, suggesting that each SLF2 allele had been successfully targeted and

edited.

Similarly, genomic sequencing analysis of the SLF1 gene in U-2-OS cell lines
demonstrated that only select clones transfected with SLF1 plasmid 1 exhibited DNA
alterations. 7 clones showed multiple sequencing traces starting around the guide
RNA target regions (Figure 4.3b). However, only three presented with traces lacking
WT sequence: clones 6, 12 and 16. Genomic analysis also revealed that none of the
RPE1 clones exhibited sequence changes indicative of CRISPR-mediated mutations
in either SLF1 or SLF2. Therefore, | focused on validating the U-2-OS CRISPR clones

further.

To understand how the SLF2 CRISPR mutations impact SLF2 expression, | used
immunoblotting to investigate whether the SLF2 CRISPR cell lines exhibited
decreased protein stability. The equivalent experiment could not be attempted for the
SLF1 CRISPR cell lines due to the lack of a suitable SLF1 antibody. Using cell
extracts prepared from all five SLF2 clones, | observed reductions in SLF2 protein
expression when compared to controls (Figure 4.4). Although a low level of SLF2
expression was evident for all the U-2-OS SLF2 CRISPR cell lines, protein abundance
was lowest in clones 8 and 22. Interestingly, SLF2 protein size was observed to have
changed in both, appearing fractionally larger in clone 8 and smaller in clone 22. This
suggested that the expressed allele(s) in these two clones contained in-frame indels

which changed the protein’s size and might also affect its function.
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Figure 4.4 U-2-OS SLF2 CRISPR clones exhibit reduced SLF2 protein
expression

(a) Representative immunoblot analysis of SLF2 expression in U-2-OS SLF2
CRISPR clones. Wildtype parental U-2-OS (WT) and an unedited U-2-OS cell
line previously transfected with SLF2 plasmid 2 (control clone 1) are
presented as controls. NBS1 was used as a loading control. The depicted
experiment is representative of two independent repeats in which similar
results were achieved.

(b) Immunoblot analysis of SLF2 expression in wildtype parental U-2-OS (WT)
alongside several unedited U-2-OS cell lines previously transfected with SLF2
plasmid 2 (control clones 1 to 5) but confirmed to have WT genomic SLF2
sequence. NBS1 was used as a loading control. The depicted experiment is
representative of two independent repeats in which similar results were
achieved.
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4.2.3 Identifying the SLF1 and SLF2 variants present in the CRISPR clones

To investigate the possible in-frame mutations in SLF2 clone 8 and 22, | used TOPO
cloning to sequence each of the clone’s SLF2 alleles individually. SLF2 is located on
chromosome 10, of which U-2-OS cell lines have an estimated 3 copies according to
the COSMIC database (Tate et al.,, 2019). Consistent with this, TOPO cloning
indicated that clone 8 had three unique SLF2 alleles, all with duplications.
g.11831 11849dupGATGAAACTGATGGCTCTT (p.Ser40fs3X) and
0.11823_1232dupAACCGAGTGATGAAACTGATGGCTCTTCTGCAGGCTTGGCA

CCTTCAAA (p.Asn411Lysfs3X) were predicted to lead to premature terminations,
whilst 9.11824 11871dupACCGAGTGATGAAACTGATGGCTCTTCTGCAGGCTTG
GCACCTTCAAA (p.Ser410_Asn411insKPSDETDGSSAGLAPS) represented an in-

frame duplication of 48bp (Figure 4.5a, Table 4.1).

Contrastingly, only two unique SLF2 sequences were observed for clone 22. Both
had deletions, one which led to a premature downstream termination
(9.11846_11862delTCTTCTGCAGGCTTGGC; p.Serd403Thrfs14X) and the other
which was in-frame deletion (9.11827_11847delGAGTGATGAAACTGATGGCTC,;
p.Asp398_Ser404del) (Figure 4.5b, Table 4.1). A frequency ratio of 4:1 in-frame to
out-of-frame deletions amongst the TOPO cloned sequences suggested that there
may have been multiple alleles with the same in-frame mutation
(p.-Asp398_Ser404del). This could arise if a cleaved allele used another mutated
sequence as a template during HR. Therefore, whilst all copies of SLF2 were
successfully edited in both clones, in each case at least one allele contained an in-

frame indel which may still be expressed.
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c';"e AILeIe Mutation
g.11823_1232dupAACCGAGTGATGAAACTGATGGCTCTTCTGCAGGCTTGGCA
1 CCTTCAAA,
p.Asnd411Lysfs3X
SLF2 g.11824_11871dupACCGAGTGATGAAACTGATGGCTCTTCTGCAGGCTTGGCA
Ccl. 8 2 CCTTCAAA,
p.Ser410_Asn411insKkPSDETDGSSAGLAPS
3 g. 11831 11849dupGATGAAACTGATGGCTCTT,
p.Serd403X
1 g.11827_11847delGAGTGATGAAACTGATGGCTC,
SLF2 p-Asp398_Ser404del
cl.22 5 g.11846 11862delTCTTCTGCAGGCTTGGC,
p-Ser403Thrfs14X

Table 4.1 Genomic and predicted proteomic descriptions of each unique
SLF2 variant identified in U-2-OS SLF2 mutant CRISPR clones 8 and 22.
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These mutations occurred upstream of the putative SLF1 and SMC5/6 binding
regions, so it was difficult to predict whether they would affect the protein’s function.
TOPO cloning also confirmed the presence of WT SLF2 alleles in clones 2, 9 and 14.
The lack of WT SLF2 in clones 8 and 22, alongside their reduced levels of protein

expression, meant that these cell lines were chosen for further experimentation.

TOPO cloning was also used to analyse the individual SLF1 alleles present in the
three SLF1 CRISPR clones predicted to lack WT sequences. COSMIC predicted 3
copies of the gene on chromosome 5 (Tate et al., 2019). In line with this, three unique
SLF1 alleles were identified in clone 12, two of which were duplications
(9.12259_12278dupCATTTGCTTTCTAGGAAAGT) and
(9.12240_12279dupTCCTTTGTGACTGACAGCTCATTTGCTTTCTAGGAAAGTG)

and another which represented a deletion
(9.12237_12278delAATTCCTTTGTGACTGACAGCTCATTTGCTTTCTAGGAAAGT
GGATACTAACCAA) (Figure 4.6b, Table 4.2). However, because these mutations
disrupted SLF1’s 5’ intron 3 and exon 4 boundary, involving the duplication or deletion
of the acceptor splice site, further investigation was required to understand their

impact upon RNA splicing.

Further TOPO cloning revealed that clone 6 had two unique SLF1 alleles, both with
deletions. Again, the first occurred across the boundary of intron 3 and exon 4, with
currently  unknown impacts on  splicing and protein  sequence
(9.12265_12273delCTTTCTAGG) (Figure 4.6a, Table 4.2). A secondary single base
pair deletion, 15bp downstream of the start of exon 4, was predicted to lead to a

frameshift and premature termination (g.12287del, p.Thr69Profs4X). A frequency
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Clone | Allele .
# # Mutation
1 g.12265_12273delCTTTCTAGG
SLF1
Cl.6 5 g.12287del
p.Thr69Profs4 X
1 g.12259_12278dupCATTTGCTTTCTAGGAAAGT
SLF1
cl. 12 2 g.12240_12279dupTCCTTTGTGACTGACAGCTCATTTGCTTTCTAGGAAAGTG
3 g.12237 12278delAATTCCTTTGTGACTGACAGCTCATTTGCTTTCTAGGAAAGT
GGATACTAACCAA
1 g.12273del
SLF1
Cl. 16 g.12276 12283delAGTGGATA

p.Lys65Asnfs8X

Table 4.2 Genomic and, where appropriate, proteomic descriptions of each
unique SLF1 variant identified in U-2-OS SLF1 CRISPR clones 6, 12 and 16.

155




ratio of 4:1 amongst the TOPO cloned sequences suggested that the cell line was
likely to have at least two alleles with the g.12265 12273delCTTTCTAGG intron

3/exon 4 boundary deletion compared to the g.12287del mutation.

Finally, two unique SLF1 variants were characterised in clone 16. A single base pair
deletion at the very start of exon 4 appeared likely to impact RNA splicing
(g.12273del), whilst a downstream deletion of 8 base pairs introduced a putative
premature stop codon (g.12276 12283delAGTGGATA, p.Lys65Asnfs8X) (Figure
4.6¢, Table 4.2). Having been observed in an almost 1:1 ratio, it was difficult to

establish if either was present in more than one allele.

To understand how these mutations might impact RNA splicing, | attempted to
sequence cDNA around the CRISPR target sites. However, this was largely
unsuccessful, with PCR attempts either failing to amplify the template cDNA or
returning nonspecific sequencing results. Considering the inherent difficulties in
validating the impacts of SLF1 CRISPR mutations on either an RNA or protein level,
due to lack of available SLF1 antibody, | chose to focus my ongoing efforts on

characterising the SLF2 clones.

4.2.4 SLF2 CRISPR cell lines phenocopy the replicative issues and genomic
instability associated with SLF2 and SMC5 patient cell lines

To facilitate further investigation, SLF2 CRISPR mutant clones 8 and 22, referred to
henceforth as SLF2 CRISPR clones A and B, were complemented with Myc-SLF2
cloned into pLVX-IRES-neo. Western blots confirmed the presence of Myc-SLF2 in
the complemented cell lines, although in excess comparatively to endogenous SLF2
(Figure 4.7). To determine if the SLF2 CRISPR mutagenesis led to replicative

dysfunction | used the DNA fibre assay to monitor replication dynamics (Figure 4.8).
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Figure 4.7 Complementation of U-2-OS SLF2 mutant CRISPR clones

(a) Representative immunoblot analysis of SLF2 expression in U-2-OS SLF2
CRISPR clones A and B infected with lentiviruses encoding Myc-tagged
wildtype (WT) SLF2 or an empty vector. GAPDH was used as a loading

control.
(b) Representative immunoblot analysis of Myc-SLF2 expression in U-2-OS SLF2

CRISPR cell lines infected with lentiviruses encoding Myc-tagged WT SLF2
(two tagged cell lines shown for each clone) or an empty vector. Endogenous
c-Myc was used as a loading control.
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Figure 4.8 U-2-OS SLF2 CRISPR clones exhibit replicative dysfunction

DNA fibre analysis of U-2-OS SLF2 CRISPR clones A and B infected with
lentiviruses encoding WT SLF2 or an empty vector. The percentage of new
origins (a) and stalled forks (b) were quantified. n=4 independent experiments. A
minimum of 1,600 fork structures were counted. Statistical differences were
determined with an unpaired, 2-tailed, student’s t-test. Error bars denote SEM.
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For both clones, consistent with the results obtained from SLF2 patient derived LCLs
and fibroblasts, | observed significant increases in the levels of new replication origins
(Figure 4.8a), alongside significantly decreased levels of stalled forks (Figure 4.8b),
when complemented with WT SLF2. Similarly, the WT SLF2 complemented CRISPR
mutant clones exhibited significantly reduced levels of micronuclei (Figure 4.9),
suggesting that CRISPR-mediated decrease in SLF2 expression contributed to
increased levels of DNA damage and genome instability. This demonstrated that the
targeted knockdown of SLF2 in U-2-OS cells phenocopies the increase in replication

stress observed in the patient cell lines.

4.3 Discussion

The data in this chapter demonstrates that U-2-OS cell lines with targeted CRISPR
mutations in SLF2 phenocopy the increases in replication stress and genomic
instability observed in SLF2 and SMC5 patient derived cell lines. Considering that
SLF2’s predominant known function is in the recruitment of the SMC5/6 complex
(Raschle et al., 2015), this provides further evidence that SLF2, and hence the
integrity of the SMC5/6-SLF2-SLF1-RAD18 pathway, is important for efficient

replication.

To further question this hypothesis, U-2-OS cell lines with CRISPR-mediated SLF1
mutations were generated. However, because many of these mutations spanned
SLF1’s 5’ intron 3-exon 4 boundary, more work would be needed to fully understand
their impact on splicing and protein expression. Multiple PCR primers, spanning the
length of SLF1, would be needed to successfully amplify and sequence the clones’

cDNA to determine if differential splicing has occurred. Considering that a lack of
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Figure 4.9 U-2-OS SLF2 CRISPR clones exhibit elevated numbers of
micronuclei which reduce upon complementation

The percentage of cells with micronuclei in U-2-OS SLF2 CRISPR clones
infected with lentiviruses encoding WT SLF2 or an empty vector. n=3
independent experiments. Error bars denote SEM. A minimum of 1,700 cells were
counted. Statistical differences were determined with an unpaired, 2-tailed,
student’s t-test.
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SLF1 antibodies prevented analysis of protein expression via immunoblotting, and
given the difficulties encountering in amplifying the SLF1 mutant cDNA, it was decided

not to continue to pursue the generation of the SLF1 CRISPR knockout clones.

Whilst the SLF2 CRISPR mutant clones were easier to validate, a complete knockout
of the gene seemed to be difficult to achieve, as at least one expressed SLF2 variant
was retained in each identified CRISPR cell line. Although it can’t be ruled out that a
complete knockout can be found by screening more potential clones, or by using
different sets of CRISPR guides, one possibility is that a complete loss of SLF2
expression may be incompatible with cellular viability, a hypothesis that would be
consistent with previous studies which have shown that null mutations in SMC5/6
subunits are embryonically lethal in mice and lead to death and senescence in cellular
models (Ju et al., 2013, Jacome et al., 2015, Pryzhkova and Jordan, 2016, Venegas
et al., 2020). Considering that SLF2 and SLF1 have been shown to function together
as a heterodimer (Raschle et al., 2015), this may also suggest that complete loss of
function SLF1 cell lines are also inviable and that the CRISPR clones generated here

retain SLF1 protein expression.

Intriguingly, CRISPR mutagenesis was only achieved in U-2-OS cell lines. RPEL1 cells
generated very few colonies after single cell sorting, of which none were observed to
have been successfully mutated by the CRISPR nickase system. It is conceivable
that the reduced numbers of colonies reflect a loss of cellular viability due to the
sorting process itself. Numerous factors contribute to cell recovery post sorting,
including jet pressure, nozzle size and rescuing medium, and it is possible that these
parameters required further optimisation. Considering that only 12% of analysed U-

2-0S clones exhibited SLF2 mutations, and far fewer RPE1 CRISPR clones were
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propagated and sequenced, the failure to generate an RPE1 CRISPR mutants may

simply be because not enough cell lines could be recovered and analysed.

On the other hand, the inability of the RPE1 cell line to propagate efficiently after
sorting may be caused by the successful mutagenesis of SLF2 and could indicate
that the cells aren’t able to tolerate the disruption to SLF2 expression in the same way
as U-2-0S cells. Whilst RPEL1 cells are karyotypically normal, the tumoral U-2-OS cell
line is chromosomally highly altered with an increased number of SLF2 alleles (Tate
et al., 2019). It is possible that U-2-OS, unlike RPEL, can lose expression of multiple
copies of the gene before SLF2 expression reduces to levels which are cellularly
lethal. SLF2 mutagenesis may also be tolerated in U-2-OS due to an attenuated p53
response and unstable G1/S checkpoint. This contrasts with RPE1, which retains WT
p53 status and possesses fully functioning intact checkpoints (Chao et al., 2017).
Previous studies have indicated that replicative dysfunction induced by a depletion of
SMC5/6 components induces chromosome missegregation alongside other mitotic
defects, including chromatin bridges (Gallego-Paez et al., 2014, Venegas et al.,
2020). If the G1/S checkpoint is typically activated following this mitotic dysfunction
and contributes to the loss of cellular viability observed when components of the
complex are depleted, U-2-OS’s genetic background could mean that the cells are
able to avoid cell-cycle arrest and senescence. Consistent with this, the only previous
study to generate an SLF2 knockout did so in Jurkat T-lymphocytes, a cell line which

lacks p53 (Dupont et al., 2021).

A recent paper by lan Hickson, however, shows that an inactivation of TP53 failed to
rescue the lethality of auxin-degron induced NSE4 or SMC6 degradation. Instead, the

study hypothesised that alternatively pathways, such as cGAS-STING, trigger cell-
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cycle arrest. (Venegas et al., 2020). Whilst further investigation is required to ask if
the cGAS-STING pathway is involved in the cellular inviability induced by SMC5/6
depletion, previous work has shown that U-2-OS are STING-deficient and thereby
unable to activate cGAS-mediated type | interferon expression (Chen et al., 2020).
Hence, it may be that SLF2 depletion is better tolerated in U-2-OS cells due to

deregulated cell signalling pathways.
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Chapter 5:

Exploring the impact of disease associated mutations in
the SMC5/6-SLF1/2-RAD18 pathway on mitosis
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5.1 Introduction

In the previous two chapters | have demonstrated, using both patient derived cell lines
and U-2-OS CRISPR mutants, that mutations in SLF2 and SMC5 are associated with
increased levels of endogenous replication stress and genomic instability, consistent
with the known roles of the SMC5/6 complex in S-phase (Ampatzidou et al., 2006,
Bermudez-Lopez et al., 2010, Menolfi et al., 2015, Aragon, 2018, Palecek, 2018,
Venegas et al., 2020, Agashe et al., 2021). As | will be discussing in this chapter, an
unexpected phenotype was discovered upon the initial analysis of metaphase
spreads prepared from peripheral blood lymphocytes from patient SLF2-P1. A
substantial proportion of these peripheral blood lymphocyte metaphases exhibited
large gains in chromosome number. These large increases were variable, with each
abnormal metaphase having a different total number of chromosomes. This was
particularly interesting, not only as significant changes in karyotype are not commonly
observed in DNA replication disorders, but because this phenotype is reminiscent of
a rare syndrome called mosaic variegated aneuploidy (MVA) which has been linked
to mitotic dysfunction (Hanks et al., 2004, Matsuura et al., 2006, Snape et al., 2011,
Yost et al., 2017, de Wolf et al., 2021, Santos-Simarro et al., 2021, Carvalhal et al.,

2022).

Patients with MVA have diverse clinical phenotypes, but commonly present with
growth deficiency, microcephaly and a predisposition to certain cancers. Studies have
shown that affected individuals exhibit aneuploidies in over 5% of cells originating
from different tissues, although these usually represent gains or losses of a single
chromosome. However, similar to the phenotype seen in metaphases from patient

SLF2-P1, the identity of the lost/gained chromosome/s is not uniform between the
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aneuploid cells in MVA patients. Currently, MVA has only been observed in patients
with mutations in five genes: CENATAC, BUB1B, CEP57, TRIP13, and BUB1 (Hanks
et al., 2004, Matsuura et al., 2006, Snape et al., 2011, Yost et al., 2017, Santos-
Simarro et al., 2021, de Wolf et al., 2021, Carvalhal et al., 2022). With the exception
of CENATAC, a very recently identified minor splicesome component with unknown
targets (de Wolf et al., 2021), these genes encode kinetochore proteins which localise
to centromeres and have functions in the spindle assembly checkpoint, microtubular
stabilisation and the recruitment of additional mitotic factors. Mutations in these genes
are implicated in mitotic deregulation, including the perturbation of centrosome
maturation, aberrant spindles, and cohesion defects, giving rise to the observed
changes in chromosome numbers (Hanks et al., 2004, Matsuura et al., 2006, Snape
et al., 2011, Yost et al., 2017, de Wolf et al., 2021, Santos-Simarro et al., 2021,

Carvalhal et al., 2022).

The depletion of SMC5/6 complex components has been associated with issues in
both replication and mitosis, including increases in the presence of lagging
chromosomes and anaphase bridges in mitosis (Gallego-Paez et al., 2014, Venegas
et al., 2020). Although one study has demonstrated that SMC5 depletion in mESC’s
is associated with an increase in polyploid cells (Pryzhkova and Jordan, 2016), few
studies have demonstrated a conclusive link between SMC5/6 dysfunction and the
development of aneuploidy. Consistent with this, chromosome gains or losses were
not reported in cell lines obtained from patients with mutations in either NSE2 or NSE3
(Payne et al., 2014, van der Crabben et al., 2016). However, karyotyping of peripheral
blood lymphocytes derived from individuals with mutations in NSE3 did reveal variable

numbers of de novo supernumerary marker chromosomes; small, structurally
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abnormal chromosomes which originate from copied regions from other

chromosomes (van der Crabben et al., 2016).

Recent experiments in which SMC6 has been rapidly degraded in different phases of
the cell cycle using an auxin-inducible degron tag have suggested that mitotic
dysfunction associated with the loss of SMC5/6 is due to its functions in interphase,
rather than mitosis, and mitotic abnormalities only arise when SMC5/6 subunits are
depleted prior to S-phase (Venegas et al., 2020). This may indicate that mitotic
abnormalities are linked solely to the functions of SMC5/6 in replication. However, this
remains a point of contention as SMC5/6 has functional links to numerous mitotic
factors. For instance, studies have suggested that the complex is important for
regulating Top2a localisation at centromeric chromatin (Gomez et al., 2013, Gallego-
Paez et al., 2014). In RPEL1 cells, SMC5 depletion has been observed to induce
aberrant Top2a distribution, alongside increases in centromeric PICH UFBs,
suggesting that SMC5/6 functions alongside the topoisomerase to limit topological
DNA entanglements (Gallego-Paez et al., 2014). The depletion of the SMC5/6
complex is also associated with a decrease in condensin at centromeric regions in
mitosis, as well as the aberrant distribution of kinetochore factors PLK1 and Aurora B
(Gallego-Paez et al., 2014, Pryzhkova and Jordan, 2016). Whilst these latter two
proteins have functions in the SAC, proper microtubule orientation and the timely
dissociation of cohesin from chromatid arms during prophase, they are also known to
coordinate the binding and supercoiling activity of condensin (Maresca, 2011,
Thadani et al., 2012, Combes et al., 2017). This may implicate improper chromosome
condensation, as well as checkpoint regulation, as drivers of missegregation in

SMC5/6 depleted cell lines. However, discrepancies between cell-types and systems,
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as well as a fundamental lack of mechanist insight, means that the link between

SMC5/6 and faithful mitosis is poorly understood.

5.1.2 Chapter Aims

In this chapter | aim to further explore the karyotypic abnormalities observed in the
peripheral blood lymphocytes derived from SLF2-P1 and determine if these
phenotypes are common to other SLF2 and SMC5 patients. Furthermore, as SMC5/6
has been linked to numerous mitotic processes that can give rise to abnormalities
during cell division if impaired, including chromosome cohesion and condensation, |
will investigate whether any of these putative functions of SMC5/6 are defective in the
patient LCLs and fibroblasts, and whether these problems could give rise to changes

in chromosome number.

5.2 Results

5.2.1 SLF2 and SMCS5 patient cells exhibit ‘mosaic variegated hyperploidy’ and
mitotic abnormalities

To understand the extent of the aneuploidy observed in SLF2-P1, and its frequency
amongst the other SLF2 and SMCS5 patients, | quantified the number of chromosomes
observed in metaphase spreads prepared from patient derived peripheral blood
lymphocytes. In the blood samples that were obtained from four patients (SLF2-P1,
SLF2-P2, SLF2-P3 and SMC5-P7), a significant subset of metaphases from all
patients exhibited increases in total chromosome number (Figure 5.1a). The numbers
of chromosomes gained varied dramatically and were often very large, with up to 180

chromosomes observed per metaphase. Analysis of peripheral blood lymphocyte
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Figure 5.1. A proportion of metaphases from SLF2 and SMC5 patient
peripheral blood samples exhibit increased humbers of chromosomes

(a) Quantification of the numbers of chromosomes per metaphase in peripheral
blood lymphocytes from patients with mutations in SLF2 or SMC5, as well as
an unrelated, healthy individual (WT1). In total >185 metaphases were
counted from 2 independent blood samples.

(b) The percentage of metaphases analysed in (a) with >49 chromosomes for
each separate blood sample.
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metaphases from a normal individual suggested that experimental variance
accounted for a range of 43-49 chromosomes in healthy cells. Whilst | failed to
observe any metaphases prepared from WT control cell lines with chromosome
numbers exceeding 49, >14% of metaphases from each patient sample possessed
more than 49 chromosomes (Figure 5.1b), suggesting that they were likely to be
biologically significant. Interestingly, a subset of metaphases from SLF2-P3 and
SMC5-P7 patients had total numbers of chromosomes that clustered around 92,

indicating a whole genome duplication event may have occurred for these cells.

As it was not possible to obtain a blood sample for all SLF2 and SMC5 patients, but
we were instead fortunate to have immortalised LCLs from these patients, | also
guantified the number of chromosomes observed in metaphase spreads prepared
from all patient LCLs. As with the peripheral blood lymphocytes, a distinct proportion
of patient metaphases exhibited variable gains in chromosome number (Figure 5.2).
Again, these increases were frequently large, with a total chromosome number of up
to 171. For all patient LCLs, the proportion of metaphase spreads with a total
chromosome number exceeding 49 was significantly higher than in WT lines (Figure
5.2b). Considering the presence of variable gains in chromosome numbers in a
subset of metaphases from SLF2 and SMC5 patient cells, and the fact that the large
numbers of chromosomes gained made this phenotype distinct from the previously
reported MVA, we named this karyotypic abnormality ‘mosaic variegated hyperploidy’

(MVH).
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Figure 5.2. A proportion of metaphases from SLF2 and SMC5
lymphoblastoid cell lines exhibit increased numbers of chromosomes (data
shown overleaf)

(a) Quantification of the numbers of chromosomes per metaphase in
lymphoblastoid cell lines derived from patients with mutations in SLF2 or
SMCS5, as well as an unrelated, healthy individual (WT). n=3 independent
experiments. 300 metaphases were counted.

(b) The average percentage of metaphases analysed in (a) with >49
chromosomes. Statistical analysis was performed using an unpaired, 2-tailed,
student’s t-test.

(c) Representative images of metaphase spreads from SLF2-P1 and control
LCLs. The number of chromosomes in shown in red.
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As seen with metaphases prepared from SLF2-P3 and SMC5-P7 blood samples,
there seemed to be a substantial proportion of metaphases prepared from patient
LCLs that had a total chromosome number clustering around 92 (Figure 5.3a). The
presence of an elevated number of tetraploid cells may suggest that polyploidy, which
maintains genomic balance, is more beneficial for survival in comparison to other
aneuploidies (Birchler and Veitia, 2012). Alternatively, it may be indicative of a
cytokinetic defect, in which mitosis is completed but the cell does not divide. This
would double the chromosomal content of the cell but also lead to centrosome
amplifications and further missegregation (Normand and King, 2010). To investigate
if cytokinetic defects were present in SLF2-P1 and SMC5-P8 LCLs, | used
immunofluorescence to stain for the sodium potassium ATPase, which was used as
a marker of the plasma membrane, and quantified the proportion of interphase cells
with multiple nuclei as visualised by DAPI (Figure 5.3b, Figure 5.3c). Cells treated
with Wiskostatin, an inhibitor of cytokinesis, were used as a positive control to induce
binucleated cells. Quantifications confirmed that there were very low levels of
spontaneous binucleated cells in both WT and patient LCLs, which didn’t increase
when exogenous replication stress was added via 24 hours treatment with APH.
Therefore, | concluded that there was no obvious indication of a cytokinetic defect in
SLF2 and SMC5 patient cell lines, and that the increases in chromosome number

observed in patient cell lines were unlikely to be caused by a failure of cell division.

Having established that SLF2 and SMC5 patient derived cell lines exhibit MVH, |
sought to understand if they presented with additional mitotic abnormalities. To
qguestion this, | used immunofluorescence microscopy to quantify the levels of DAPI-

positive anaphase bridges and lagging chromosomes in the patient derived
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Figure 5.3. SLF2 and SMCS5 patient lymphoblastoid cell lines do not exhibit
increased levels of binucleated cells

(a) Graph representing the numbers of metaphases in SLF2 and SMCS5 patient
lymphoblastoid cell lines (LCLs), and an unrelated healthy (WT1) control cell
line, that possess >49 chromosomes (data is from the same experiment as
Figure 5.2a). 92 chromosomes per metaphase is indicated by the red line.
n=3 independent experiments. 300 metaphases were counted.

(b) Quantification of the average percentage of binucleated cells in SLF2-P1,
SMC5-P8 and WT1 LCLs, with and without 24 hours treatment with 250 nM
aphidicolin (APH). n=3 independent experiments. >900 cells were counted
(300 cells per repeat). Statistical analysis was performed using an unpaired,
2-tailed, student’s t-test. Cells that were treated with 5uM wiskostatin for 24
hours treatment were used as a positive control for binucleation.

(c) Representative immunofluorescent images of the SLF2-P1 LCL showing
binucleated cells. DAPI is shown in blue and Sodium/potassium-transporting
ATPase in green.
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fibroblasts. Whilst anaphase bridging was a rare event, meaning | could not robustly
determine whether levels decreased upon the re-expression of WT protein, lagging
chromosomes were observed to significantly decrease in all patient lines upon
complementation (Figure 5.4). In support of this, SLF2 CRISPR mutant cell lines
exhibited levels of lagging chromosomes which significantly reduced with WT SLF2
re-expression (Figure 5.5). Together, this shows that the disruption of SLF2 or SMC5

increases levels of spontaneous chromosome missegregation.

To understand the extent to which mitotic issues contribute to the genome instability
observed in the patient cell lines, | considered the causes of the elevated levels of
micronuclei seen in SLF2 and SMC5 patient cells, as described in chapter three.
Using immunofluorescence microscopy, | analysed the micronuclear content of the
complemented fibroblasts. These extranuclear bodies primarily form from
chromosome fragments or lagging chromosomes that are not properly segregated
into daughter nuclei (Fenech et al., 2011). To attempt to differentiate between the two
scenarios, | immunostained for 53BP1 and CENPA. Micronuclei positive for 53BP1
foci would mark the presence of unrepaired DNA DSBs and suggest that DNA
damage contributed to their formation. Conversely, micronuclei positive for CENPA,
a nucleosome protein which directs the formation of kinetochores, would indicate the
presence of either partial or whole chromosomes containing centromeres that hadn’t

segregated with the rest of the genetic material.

Whilst the majority of micronuclei in all cell lines were CENPA negative, indicating the
presence of chromosome fragments, a substantial proportion of micronuclei were
CENPA positive, which decreased significantly upon the re-expression of WT SLF2

and SMC5 protein (Figure 5.6a). This suggests that despite a majority of micronuclei
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Figure 5.4. SLF2 and SMCS5 patient derived fibroblasts exhibit elevated
levels of lagging chromosomes which reduce upon complementation

(a) Quantification of the average number of mitotic cells with lagging
chromosomes in SLF2 (above) and SMC5 (below) patient fibroblasts
complemented with a lentivirus encoding WT SLF2, WT SMC5, or an empty
vector. n=3 independent experiments. >250 mitotic cells were counted.
Statistical differences were determined with an unpaired, 2-tailed, student’s t-
test.

(b) Representative immunofluorescent images of SLF2-P1 derived fibroblasts,
complemented with a lentivirus encoding WT SLF2, or an empty vector. DAPI
shown in blue and a-tubulin in red. Lagging chromosomes are indicated by
white arrows.
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Figure 5.5. SLF2 CRISPR U-2-0OS cell lines exhibit elevated levels of lagging
chromosomes which reduce upon complementation

Quantification of the average number of mitotic cells with lagging chromosomes
in U-2-OS SLF2 CRISPR cell lines complemented with a lentivirus encoding WT
SLF2 or an empty vector. n=3 independent experiments. >250 mitotic cells were
counted. Statistical differences were determined with an unpaired, 2-tailed,
student’s t-test.
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Figure 5.6. Investigating the source of micronuclei in SLF2 and SMC5
patient fibroblasts (shown overleaf)

(a) Quantification of the average number of CENPA positive and negative
micronuclei in SLF2 and SMC5 patient fibroblasts complemented with a
lentivirus encoding WT SLF2, WT SMC5, or an empty vector. n=3
independent experiments. >185 micronuclei were counted.

(b) From the data presented in (a), quantification of the average number of
53BP1 positive and negative micronuclei in SLF2 and SMC5 patient
fibroblasts complemented with a lentivirus encoding WT SLF2, WT SMC5, or
an empty vector.

(c) From the data presented in (a), quantification of the average number of
53BP1 positive CENPA negative micronuclei in SLF2 and SMC5 patient
fibroblasts complemented with a lentivirus encoding WT SLF2, WT SMC5, or
an empty vector.

(d) Representative immunofluorescent images indicating 53BP1 positive (left,
53BP1 in green) and CENPA positive (right, CENPA in red) micronuclei. DAPI
shown in blue.

Statistical differences were determined with an unpaired, 2-tailed, student’s t-test.
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likely forming due to acentric fragments, missegregation of chromosomes with a
centromere is a significant driver of micronuclei formation. Further analysis revealed
that most of the micronuclei were also negative for 53BP1 staining, with very few
observed to be 53BP1 positive (Figure 5.6b). This indicated that there were few
unrepaired DNA DSBs present in the micronuclei at the time of the experiment.
However, the small level of CENPA negative, 53BP1 positive micronuclei, which likely
represent acentric chromosome fragments with unrepaired DSBs, decreased in
fibroblasts complemented with WT SLF2 or SMC5 (Figure 5.6¢). Considering the
levels of micronuclei that lack centromeres, it is probable that unrepaired DNA
damage also contributes to the formation of micronuclei in SLF2 and SMC5 patient
cell lines. The lack of 53BP1 staining in the majority of the acentric micronuclei may
be due to the defective signalling of DSBs in micronuclei, or it may be that the
micronuclei formed from an unrepaired DSB which has since been repaired. Thus, it
is likely that the micronuclei in SLF2 and SMCS5 patient cells arise from a combination

of unrepaired DNA damage and chromosome missegregation.

5.2.2 SLF2 and SMCS5 patient cells exhibit premature chromatid separation

Alongside the increased levels of MVH, analysis of metaphases prepared from patient
peripheral blood samples also showed elevated numbers of cells with “railroad”
chromosomes, in which sister chromatids align in parallel and fail to constrict at the
centromere (Figure 5.7). A phenotype often observed in cohesinopathies, this

chromosome abnormality reflects premature sister chromatid separation (PCS)
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Figure 5.7. SLF2 and SMCS5 patient peripheral blood lymphocytes exhibit
elevated levels of railroad chromosomes

(a) Quantification of the average percentage of metaphases with railroad
chromosomes in peripheral blood lymphocytes derived from patients with
mutations in SLF2 or SMC5, as well as an unrelated, healthy individual (WT).
>380 metaphases were counted in total from 2 independent blood samples.

(b) Representative images of metaphase spreads from SLF2-P1 and SMC5-P7.
Railroad chromosomes are indicated by the red arrows.
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usually related to cohesion defects (Kaur et al., 2005, Schulz et al., 2008, de Lange
etal., 2015, van Schie et al., 2020, da Costa Almeida et al., 2020). Whilst aneuploidies
aren’t consistently observed in patients with cohesinopathies, cohesion defects can
induce chromosome missegregation (Barbero, 2013). As such, mild gains and losses
of chromosomes have been reported in studies concerning individuals with Roberts
Syndrome (Jabs et al., 1991, Gerkes et al., 2010); a widely studied cohesinopathy
caused by a defect in sister chromatid cohesion due to mutations in the establishment
of the cohesion 1 homologue 2 (ESCO2) gene (Jabs et al., 1991, Vega et al., 2005a,
Gerkes et al.,, 2010), which is critical for the establishment of sister chromatid
cohesion during S-phase (Alomer et al.,, 2017). Interestingly, investigations in
Saccharomyces cerevisiae have demonstrated an association between cohesin and
SMC5/6, with SMC5/6 observed to be enriched at centromeric heterochromatin
cohesin binding sites (Pebernard et al., 2008b, Jeppsson et al., 2014). Additionally,
experiments in human cells have demonstrated that SMC5/6 recruits cohesion to
DSBs and promotes HR (Potts et al., 2006), with SMC5/6 acting to stimulate the
SUMOylation of cohesin’s RAD215¢¢1 subunit (Potts et al., 2006, McAleenan et al.,
2012). Taken together, this may suggest that SMC5/6 is also important for maintaining

proper sister chromatid cohesion during the cell cycle.

Having said this, railroad chromosomes were not evident in the patient LCL
metaphase spreads. Considering that immortalised cell lines may present cohesion
defects differently to primary cells, | sought to explore if the patient LCLs instead
exhibited elevated levels of cohesion fatigue: asynchronous chromatid separation that
occurs when the length of metaphase is extended during mitosis. During this mitotic

delay, pulling forces originating from microtubule-kinetochore interactions eventually
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disrupt the cohesin complex, although the precise mechanism through which this
occurs is unknown (Daum et al., 2011, Gorbsky, 2013). Studies have demonstrated
that compromised cohesin accelerates this process (Sapkota et al., 2018), indicating
that cellular susceptibility to cohesion fatigue can be used as a readout of cohesin
function. To test this, | analysed metaphase spreads to compare the extent of
cohesion fatigue in the patient LCLs to WT controls at specific time points. Using
MG132 to induce mitotic arrest during metaphase, | observed a significant increase
in the proportion of SLF2 and SMC5 patient metaphases which exhibited cohesion
fatigue 4 hours post drug treatment (Figure 5.8). This suggested that the patient LCLs

have cohesion defects which can be observed if mitosis is delayed.

Next, | questioned if the disruption of SLF2 or SMC5 impacted the localisation of
mitotic factors associated with SMC5/6. | hypothesised that the improper recruitment
of these factors might contribute to cohesion defects. | first investigated the
localisation of kinases Aurora B and PLK1, both of which are implicated in the proper
regulation of cohesin and condensin and are required for faithful chromosome
segregation (Gimenez-Abian et al., 2004, Dai et al., 2006, Lipp et al., 2007, Abe et
al., 2011). Previous investigations have shown that a conditional loss of SMC5 in
MESCs leads to the loss of PLK1 at pericentromeric regions. Similarly, Aurora B is
redistributed from the centromere to the distal ends of chromosome arms (Pryzhkova
and Jordan, 2016). However, using immunofluorescence to compare SLF2 and
SMC5 patient and WT LCLs, | failed to observe a gross difference in PLK1 localisation
in mitotic cells (Figure 5.9). This localisation was also unaffected by increased levels

of replication stress, as induced by 24 hours chronic treatment with APH.
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Figure 5.8. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of cohesion fatigue

(a) Quantification of the average percentage of metaphases exhibiting cohesion
fatigue across all chromosomes (‘global’) in lymphoblastoid cell lines (LCLSs)
derived from patients with mutations in SLF2 or SMC5, as well as from
unrelated, healthy individuals (WT1 and WT4). n=4 independent experiments.
400 metaphases were counted. Statistical differences were determined with
an unpaired student’s, 2-tailed, t-test.

(b) Representative images of metaphase spreads demonstrating various levels of
cohesion fatigue in the SLF2-P1 LCL compared to a wildtype control (WT1).




Figure 5.9. SLF2 and SMC5 patient lymphoblastoid cell lines normal
distribution of PLK1 (data shown overleaf)

Immunofluorescent images showing the distribution of PLK1 in patient
lymphoblastoid cell lines (LCLs). Analysis was performed on LCLs derived from
SLF2-P1 and SMC5-P8, alongside an unrelated, healthy individual (WT1), with
representative images from SLF2-P1 and WT1 shown. Cells were treated with
and without 250nM aphidicolin (APH) for 24 hours. DAPI shown in blue and PLK1
in red. Individual cells are shown in both metaphase and early/late anaphase.
These images are representative of two independent biological replicates that
showed similar results.
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To study the distribution of Aurora B, | first considered its distribution in mitotic cells.
Again, the kinase appeared to be similarly recruited to mitotic chromosomes in WT
and SLF2 and SMC5 patient LCLs, in both untreated and APH treated experiments
(Figure 5.10a). To examine Aurora B’s localisation across chromosome arms in more
detail, |1 cytospan LCLs treated with the mitotic inhibitor colcemid onto slides and
immunostained the resulting metaphase spreads (Figure 5.10b). The kinase’s co-
localisation with CENPA confirmed that Aurora B is localised to centromeric regions
in WT LCLs. Again, distribution of the kinase appeared unchanged between SLF2
and SMC5 patient and WT cell lines, with very little signal on the chromosome arms.
To question if there was a broader issue with the distribution of condensin, rather than
its regulatory factors, | also immunostained metaphase spreads for SMC2 (Figure
5.11). However, as before, immunostaining did not reveal any gross mislocalisation

in the patient LCLs, with SMC2 recruited consistently across chromosome arms.

A previous study has shown that the depletion of SMC5/6 is associated with the
improper redistribution of Top2a from centromeric regions to chromosome arms. This
was causatively linked to mitotic abnormalities including lagging chromosomes and
chromatin bridges (Gallego-Paez et al., 2014). The functions of Top2a are known to
be important for faithful cohesion, with mutations that affect the SUMOylation of
Top2a leading to defects in centromeric cohesion and the spindle checkpoint in yeast
(Bachant et al., 2002). Therefore, to question if increases in cohesion fatigue and
mitotic issues correlate with Top2a dysfunction in patient LCLs, | immunostained
metaphase spreads to observe the enzyme’s mitotic distribution (Figure 5.12). Again,

the Top2a signal appeared to be unchanged in SLF2 and SMC5 patient cell lines
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Figure 5.10. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
unperturbed distribution of Aurora B (data shown overleaf)

(&) Immunofluorescent images showing the distribution of Aurora B in patient
lymphoblastoid cell lines (LCLs). Analysis was performed on SLF2-P1 and
SMC5-P8, alongside a wildtype (WT1) LCL, with representative images
from SLF2-P1 and WT1 shown. Cells were treated with and without 250nM
aphidicolin (APH) for 24 hours. DAPI shown in blue and PLK1 is in red.
Cells shown in anaphase.

(b) Immunofluorescent images showing the distribution of Aurora B in
metaphase spreads generated from patient LCLs. Analysis was performed
on LCLs derived from SLF2-P1, SLF2-P3, SLF2-P4, SMC5-P7 and SMC5-
P8, alongside an unrelated, healthy individual (WT1), with representative
images from SLF2-P1 and WT1 shown. DAPI shown in blue, Aurora B in
green and a-tubulin in red.

In both (a) and (b) images are representative of two independent biological

replicates that showed similar results.

189



WT1 UNTR SLF2-P1 UNTR WT1 APH SLF2-P1 APH

DAPI

Aurora B

a-tubulin

Merge

190



WT1 SLF2-P1 SMC5-P8

DAPI

Aurora B

CENPA

191



WT1 SLF2-P1 SMC5-P8

DAPI

SMC2

Merge

Figure 5.11. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
wildtype distribution of SMC2.

Immunofluorescent images showing the distribution of SMC2 in metaphase
spreads generated from patient lymphoblastoid cell lines (LCLs). Analysis was
performed on LCLs derived from SLF2-P1 and SMC5-P8, alongside an unrelated,
healthy individual (WT1), with representative images from SLF2-P1 and WT1
shown. DAPI shown in blue and SMC2 in green. Images are representative of
two independent biological replicates that showed similar results.
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Figure 5.12. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
wildtype distribution of Top2a.

Immunofluorescent images showing the distribution of Top2a in metaphase
spreads generated from patient lymphoblastoid cell lines (LCLs). Analysis was
performed on LCLs derived from SLF2-P1, SLF2-P3, SLF2-P4, SMC5-P7 and
SMC5-P8, alongside an unrelated, healthy individual (WT), with representative
images from SLF2-P1 and WT1 shown. DAPI shown in blue, Top2a in green and
CENPAin red. Images are representative of two independent biological replicates
that showed similar results.
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when compared with WT controls, with increased staining at the centromere and
lower levels along the chromosome arms. In summary, a brief exploration of the
localisation of some of the key mitotic factors previously linked to SMC5/6 failed to
implicate a specific protein or pathway in the increased levels of cohesion fatigue

observed in the patient LCLs.

5.2.3 Mitotic abnormalities associated with SLF2 and SMC5 mutations are
linked to exogenous replicative stress

Whilst performing previous analyses, | observed an induction of multipolar spindles in
SLF2 and SMCS5 patient LCLs treated with APH. Quantifications confirmed that whilst
there was no observable spontaneous defect in spindle formation in mitotic patient
LCLs, patient cell lines treated with low levels of APH for 24 hours exhibited
significantly elevated levels of multipolar spindles in mitotic cells in comparison to WT
controls (Figure 5.13). Indeed, exposure to APH induced multipolar spindles in more
than 50% of all mitotic cells in the SLF2-P1 LCL and more than 20% of mitotic cells

in SLF2-P3 and SMC5-P8 LCLs.

Multipolar spindles can form due to several defects, including centrosome duplication
or fragmentation. Using immunofluorescence microscopy for the centrosome factor
PCNT1, | aimed to investigate the presence of either in S/G2 cells. PCNT1
immunostaining revealed a significant increase in centrosome numbers in SLF2 and
SMC5 patient LCLs treated with APH for 24 hours (Figure 5.14). In contrast, there
was no substantial differences in the levels of spontaneous or APH-induced
centrosome fragmentation across all the SLF2 and SMC5 patient LCLs when

compared to WT controls (Figure 5.15). Together, this indicated that the APH

194



<
a 'S 60+
2 *k%k
28 WT1
T * k%
%,g 40— = WT4
£2 mm SLF2-P1
(_U *kk
5 2 - = SLF2-P3
o3 -, mm SMC5-P7
cE N — 3 SMC5-P8
(&)
@ 0-
a Untreated APH
b SLF2-P1
SLF2-P1 0.25uM APH 24 hours
DAPI
a-tubulin
Merge

Figure 5.13. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of aphidicolin induced multipolar spindles in mitotic cells

(a) Quantification of the average percentage of mitotic cells with multipolar
spindles in lymphoblastoid cell lines (LCLs) derived from patients with
mutations in SLF2 and SMC5, as well as unrelated, healthy individuals (WT1
and WT4). Cells were treated with and without 250nM aphidicolin (APH) for
24 hours. n=3 independent experiments. >300 metaphases were counted.
Statistical differences were determined with an unpaired, 2-tailed, student’s t-
test.

(b) Immunofluorescent images of mitotic LCLs from SLF2-P1 demonstrating the
induction of multipolar spindles after APH treatment. DAPI (blue) and a-
tubulin (red).
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Figure 5.14. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of aphidicolin induced centrosome ampilifications in S/G2
cells (data shown overleaf)

(a) Quantification of the average percentage of S/G2 (mitosin positive) cells with
centrosome amplifications in lymphoblastoid cell lines (LCLs) derived from
patients with mutations in SLF2 and SMC5, as well as unrelated, healthy
individuals (WT1 and WT2). Cells were treated with and without 250nM
aphidicolin (APH) for 24 hours. n=3 independent experiments. >300
metaphases were counted. Statistical differences were determined with an
unpaired, 2-tailed, student’s t-test.

(b) Representative immunofluorescent images of mitotic lymphoblastoid cells
from SLF2-P1 demonstrating the induction of centrosome duplications after
APH treatment. DAPI shown in blue, PCNT1 in green and mitosin in red.
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Figure 5.15. SLF2 and SMC5 patient lymphoblastoid cell lines exhibit
wildtype levels of centrosome fragmentation (data shown overleaf)

(a) Quantification of the average percentage of S/G2 (mitosin positive) cells with
fragmented centrosomes in lymphoblastoid cell lines (LCLs) derived from
patients with mutations in SLF2 and SMC5. Cells were treated with and
without 250nM aphidicolin (APH) for 24 hours. n=3 independent experiments.
>300 metaphases were counted. Statistical differences were determined with
an unpaired, 2-tailed, student’s t-test.

(b) Representative immunofluorescent images of the SLF2-P1 LCL exhibiting
centrosome fragmentation. DAPI is shown in blue, PCNT1 in green and
mitosin in red,
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induced multipolar spindles observed in the SMC5 and SLF2 patient cell lines may

arise due to centrosome duplication in S-phase.
Mutations in RNF168 are also associated with mitotic problems

The elevated levels of MVH observed in the SLF2 and SMC5 patient LCLs and
peripheral blood lymphocytes is atypical for a replication stress disorder. To
understand if the hyperploidy is common to patients with mutations in other genes
involved in the SMC5/6-SLF2-SLF1-RAD18 protein pathway, | quantified the number
of chromosomes in metaphase spreads derived from a RIDDLE patient LCL (Figure
5.16a). This revealed that the RIDDLE cell line also had an elevated proportion of
cells with variable gains in chromosome number. 21% of RIDDLE patient metaphase
spreads exhibited >49 chromosomes, in comparison to less than 3% in an unrelated

WT control and ATR-seckel syndrome patient (Figure 5.16b).

Having established that the RIDDLE cell line exhibits MVH, 1 used
immunofluorescence to explore if mutations in RNF168 were also associated with
increases in multipolar spindles which may drive missegregation. Analysis revealed
similarly low levels of spontaneous multipolar mitotic spindles in both untreated WT
and RIDDLE patient cell lines (Figure 5.17). However, after 24 hours treatment with
APH, levels significantly increased in the RIDDLE LCL whilst WT controls appeared
unaffected. Interestingly, the ATR-seckel syndrome patient LCL exhibited low levels
of multipolar spindles which were unaffected by APH treatment, remaining

comparable to WT levels.
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Figure 5.16. RIDDLE patient lymphoblastoid cell lines exhibit elevated
levels of cells with mosaic variegated hyperploidy

(a) Quantification of the numbers of chromosomes per metaphase in
lymphoblastoid cell lines (LCLs) derived from RIDDLE and ATR-seckel
patients, as well as an unrelated, healthy individual (WT1). n=3 independent
experiments. 300 metaphases were counted.

(b) The average proportion of metaphases analysed in (a) with >49
chromosomes. Statistical differences were determined with an unpaired, 2-
tailed, student’s t-test.
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Figure 5.17. RIDDLE patient lymphoblastoid cell lines exhibit elevated levels
of aphidicolin induced multipolar spindles

Quantification of the average percentage of mitotic cells with multipolar spindles
in lymphoblastoid cell lines (LCLs) derived from RIDDLE and ATR-seckel
patients, as well as an unrelated, healthy individual (WT1), treated with and
without 250nM aphidicolin (APH) for 24 hours. n=3 independent experiments.
>300 metaphases were counted. Statistical differences were determined with an
unpaired, 2-tailed, student’s t-test.
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5.3 Discussion

The data presented in this chapter demonstrates that patient cell lines with mutations
in SLF2 and SMC5 exhibit elevated levels of mitotic issues including lagging
chromosomes, APH-induced multipolar spindles and variable increases in
chromosome numbers. This ‘mosaic variegated hyperploidy’ was also observed in the
RIDDLE patient LCL, in which mutations in RNF168 prevent the ubiquitylation of
damaged chromatin (Stewart et al., 2007, Stewart et al., 2009), and are, therefore,
expected to preclude the subsequent recruitment of RAD18. Taken together, this
indicates that the SMC5/6-SLF2-SLF1-RAD18 pathway is important for promoting

proper cellular division and maintaining diploidy.

Whilst chromosome gains were the focus of my studies, it seems plausible that the
cellular defects that contribute to these increases also lead to chromosome losses.
However, during the process of preparing metaphase spreads it is not possible to
know whether individual chromosomes have drifted or become inadvertently washed
off the microscope slide. Since it is difficult to be confident of whether any observed
chromosomes losses are real, | only quantified chromosome gains. It is also probable
that there is a limit to the number of chromosomes that can be lost before cell survival
is impacted, thereby limiting the prevalence of cells with drastically smaller numbers

of chromosomes.

A key question presented by this data was whether the mitotic abnormalities present
in the SMC5 and SLF2 patient cell lines are dependent on SMC5/6’s functions in
replication or mitosis. Increases in replication stress are certainly associated with

chromosome missegregation, although the mechanisms by which it causes these
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issues are unclear, with different types of replication stress leading to varying mitotic
consequences (Wilhelm et al., 2019b, Wilhelm et al., 2020). However, the hyperploidy
observed here is particularly striking and typically not associated with dysfunctional
replication, as evidenced by its absence in the LCL derived from an ATR-seckel
syndrome patient with mutations in ATR. This may suggest that the mitotic defects
seen in SLF2 and SMC5 patient cells have not solely been caused by a defect in

replication or an increase in replication stress.

The high frequency of hyperploid SLF2 and SMC5 patient cells exhibiting around 92
chromosomes suggests that a cytokinetic defect may contribute to chromosome
gains, although preliminary investigations failed to observe an increase in the number
of binucleated cells. As previously mentioned, this may suggest that tetraploid cells
arise independently of a cytokinetic defect, but survive better than cells exhibiting
other chromosome numbers due to the maintenance of genomic balance (Birchler
and Veitia, 2012). However, a lot is unknown regarding the dynamics of the
hyperploidy observed in the SLF2, SMC5 and RIDDLE patient cell lines. From
chromosome quantifications alone it's very difficult to understand how frequently
chromosome gains occur, for how long hyperploid cells survive and if their population
fluctuates with time. As such, it's possible that any putative cytokinetic defect occurs
infrequently and is difficult to observe in an experiment. In addition, my experiment
failed to consider how long binuclear cells resulting from cytokinetic defects may exist
as two separate nuclei within a single cell. If the nuclei merge following subsequent
rounds of mitosis, then tetraploid cells could be overlooked by my analysis. Thus,
even very rare and difficult to observe cytokinetic defects could be responsible for the

significant levels of hyperploidy and tetraploid cells.
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Further putative mitotic defects are suggested by the numerous superficial similarities
between individuals with MVA and those with mutations in SLF2 and SMCS5, with cell
lines derived from both groups of patients exhibiting variable changes in chromosome
numbers in just a proportion of cells. Since MVA is associated with mitotic dysfunction,
this suggested that problems in mitosis might contribute to MVH, also. Consistent with
this, recent research has indicated that SMC5/6 is associated with several mitotic
factors. This includes Aurora B, which contributes to centromeric cohesion protection
by promoting the localisation of the kinetochore kinase Bub1l, a protein recently linked
with MVA (Carvalhal et al., 2022). However, whilst the depletion of SMC5/6 has been
observed to lead to the mislocalisation of Aurora B, alongside other mitotic factors
(Pryzhkova and Jordan, 2016), | was unable to observe a change/defect in their
distribution on chromosomes in the SLF2 and SMC5 patient cell lines. The severity of
the gains in chromosome number observed in the patient cell lines meant that | was
anticipating gross changes in the localisation of these factors, although the
hypomorphic nature of the patient mutations and/or cell line differences may mean
that any impact may be more subtle. As such, a microscope that allows for higher
resolution imaging might reveal defects in the distribution of mitotic factors that | have
been unable to identify. It's also possible that protein function rather than localisation
has been affected and that the phosphorylation or recruitment of downstream factors

should be investigated.

Whilst the distribution of specific mitotic factors associated with SMC5/6 appeared
unchanged, patient cell lines presented with sister chromatid cohesion abnormalities,
including rail-road chromosomes in the peripheral blood lymphocytes and cohesion

fatigue in the LCLs. This indicated that defects in SLF2 and SMC5 contribute to
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premature sister chromatid separation. In support of this, SLF2 and SMC5 patients
present with similar clinical phenotypes to the cohesinopathy Warsaw Breakage
Syndrome (WABS), including microcephaly, growth restriction and heart defects. as
well as elevated levels of railroad chromosomes in patient cell lines (van Schie et al.,
2020). WABS arises due to mutations in DDX11, a gene encoding a DNA helicase
(also called ChIR1) (van der Lelij et al., 2010a, Wu et al., 2012). Interestingly, DDX11
has been observed to be involved in the rescue of stalled replication forks, as well as
the association of cohesin to ongoing replisomes (Cali et al., 2016, Abe et al., 2018,
Cortone et al., 2018). However, its DNA unwinding enzymatic functions are not
essential for cohesin recruitment, indicating that these roles are distinct from one
another (Samora et al., 2016). Recently, SMC5 and DDX11 were shown to act jointly
to promote cell growth in the presence of cisplatin, suggesting that these factors
function together within a distinct DNA repair pathway (Rossi et al., 2020). This may
suggest that the clinical similarities between WABS and patients with SMC5 and
SLF2 mutations arise due to common DNA repair defects. However, considering the
cohesion defects observed in the SMC5 and SLF2 patient derived cell lines, it's
possible that SMC5/6, like DDX11, is a multifunctional protein with roles in both repair
and cohesin recruitment that contribute to this disease phenotype when disrupted.
Whether these factors work together to promote sister chromatid cohesion remains

to be seen.

Whilst mutations in DDX11 have not yet been associated with aneuploidies in human
cell lines, other cohesinopathies like Roberts syndrome, caused by mutations in
ESCO2 (Vega et al., 2005a, Gerkes et al.,, 2010), report varying karyotypic

abnormalities, with some patient derived cells presenting with aneuploidies and some
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without. However, these changes rarely reflect large chromosome gains (Jabs et al.,
1991, Van Den Berg and Francke, 1993). Further to this, whilst cohesion defects are
common to all SLF2 and SMC5 patients presented in this study, only MVA patients
with mutations in BUB1 and BUB1B have been associated with spontaneous
premature sister chromatid separation (Matsuura et al., 2006, Carvalhal et al., 2022).
Though this work directly associates cohesion defects in SMC5/6-associated factors
with mitotic abnormalities, it is currently not possible to infer the extent to which
chromatid cohesion defects contribute to the hyperploidy observed in the SLF2 and
SMC5 patient cell lines. However, as the cohesion defects observed here are
relatively mild, with spontaneous railroad chromosomes only occurring in around 10%
of peripheral blood lymphocytes metaphases and not in the LCLs, it seems unlikely
that it is responsible for the majority of the karyotypic abnormalities, although it may
still contribute to a lesser extent. Instead, it would be interesting to ask if, as with the

multipolar spindles, additional replication stress exacerbates this phenotype.

After 24 hours of APH treatment, elevated levels of multipolar spindles were observed
in the SLF2 and SMC5 patient LCLs. My data suggested that these were likely caused
by the over-duplication of centrosomes. For each SLF2 and SMC5 patient LCL, the
proportion of mitotic cells with replication stress induced multipolar spindles correlated
well with the observed levels of MVH; being highest in the SLF2 patients (in SLF2-P1
in particular) and lower in the SMC5 patients. Taken together, this may suggest that
replication stress induced multipolar spindles contribute significantly to MVH and that
the SMC5/6-SLF2-SLF1-RAD18 pathway is important for promoting proper
centrosome duplication in certain conditions. If this is a primary driver of chromosome

gains, then this would suggest that missegregation may not occur spontaneously but
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is instead induced in conditions of elevated replication stress. To test this hypothesis,
it would be interesting to ask if other sources of replication stress induce multipolar

spindles or if prolonged APH treatment led to elevated levels of hyperploid cells.

In normal conditions, the progression of centrosome duplication is tightly coupled with
that of DNA replication, thereby maintaining consistent centrosome numbers.
However, strong DNA replication stress can lead to an extended S-phase delay that
allows for centrosome overduplication and could therefore lead to multi-polar
spindles, lagging chromosomes and missegregation (Meraldi et al., 1999). This could
indicate that elevated levels of replication stress, induced by defects in SLF2 or SMC5
and exacerbated by mild APH treatment, leads to an extended S-phase and
subsequent centrosome over-duplication. However, whilst the RIDDLE patient LCL
exhibited multipolar spindles after 24 hours incubation with the same dose of APH,
the ATR-seckel syndrome LCL did not, indicating that this is not a phenotype that is
common to all cell lines with replicative dysfunction. This could simply suggest that
mutations in the SMC5/6-SLF2-SLF1-RAD18 pathway, accompanied by APH
treatment, induce higher levels of replication stress which exceeds the threshold for
S-phase delay. However, it could also demonstrate a specific centrosome function for
SMC5/6 that it is yet to be discovered. Interestingly, HR proteins are associated with
centrosomes, with experimental evidence showing that supernumerary centrosomes
are frequently induced in HR deficient cell lines upon treatment with replication stress
inducing drugs (Wilhelm et al., 2014). Therefore, it may be that SMC5/6’s functions in
HR specifically are also important for promoting proper centrosome duplication,

whether that be directly or indirectly. To investigate this further, FACs analysis could
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be undertaken first to determine if APH treated SLF2 and SMC5 patient LCLs exhibit

a significantly extended S-phase.

The aim of this chapter was to determine if SLF2 and SMC5 patient cell lines exhibited
mitotic abnormalities that could potentially explain the large alterations in
chromosome numbers. Whilst several mitotic defects were identified present it is
difficult to understand to what extent they individually contribute to MVH. It will now
be important to establish if the mitotic abnormalities arise due to replicative
dysfunction or because of specific mitotic roles for SMC5/6. Once this has been
determined, it will be possible to specifically target these defects and monitor how

these impacts upon the observed MVH phenotype.
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Chapter 6:

Investigating the role of SMC5 and SLF2 in promoting
replication through regions prone to the formation of DNA
secondary structure
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6.1 Introduction

The data presented in the previous chapters have demonstrated that patient-derived
cell lines with SLF2 and SMC5 mutations present with elevated levels of DNA
damage, genome instability and increased levels of spontaneous replication stress.
This raises the question of what the source of endogenous replication stress in the
SLF2 and SMC5 patient cells is, and whether a defect in the known role of SMC5/6
in regulating HR during replication fork progression contributes to the replication

abnormalities.

During S-phase, replication forks that stall and collapse can be rescued by converging
forks from nearby dormant origins. However, replication restart can also be initiated
by HR, which promotes the invasion of the homologous sister chromatid (Petermann
and Helleday, 2010). As previously discussed, SMC5/6 is implicated in HR and
promoting faithful replication by preventing fork regression and resolving replication-
linked joint molecules (Chen et al., 2009, Bermudez-Lopez et al., 2010, Aragon, 2018,
Palecek, 2018, Agashe et al., 2021). Smc5/6 has also been reported to be enriched
at repetitive regions, including ribosomal DNA (rDNA) and telomeres (Torres-Rosell
et al., 2005, Menolfi et al., 2015), and depletion of the complex has been shown to
result in the accumulation of X-shaped DNA structures at specific repetitive regions,
as well as missegregation errors during mitotic cell division (Torres-Rosell et al., 2005,
Chavez et al., 2010, Chavez et al., 2011, Peng et al., 2018). This suggests that
SMC5/6 negatively regulates HR at repetitive regions, where otherwise aberrant
recombination could lead to deleterious rearrangements and gene slippage.

However, it is difficult to determine whether this is indicative of a specific function for
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SMC5/6 at these sites of repetitive DNA or whether this reflects a broader role for

SMC5/6 in HR.

There is evidence that SMC5/6 has an active role in the nuclear organisation of
recombination at repetitive elements. For instance, experimental evidence from yeast
has shown that the SMC5/6 complex facilitates the movement of rDNA HR foci away
from other rDNA repeats via exclusion from the nucleolus (Torres-Rosell et al., 2007).
Similarly, in human cells which utilise the alternative lengthening of telomeres (ALT)
pathway, SMC5/6 is believed to organise the nuclear movement of telomeres to ALT-
associated promyelocytic leukemia bodies (APBs), where recombination-mediated
telomere elongation is promoted (Potts et al., 2006). These functions appear to
indicate that SMC5/6 can promote specific mechanisms which limit deleterious
crossover events at specific repetitive regions. Alternatively, however, an increase in
recombination intermediates at repetitive elements in the absence of a functional
SMC5/6 complex may reflect a genome-wide role for SMC5/6 in regulating HR,
exacerbated by the inherent difficulty in replicating through repetitive regions, some
of which can readily form complex DNA secondary structures (Kaushal and
Freudenreich, 2019). Notably, rDNA and telomeres represent regions of unidirectional
replication, in which converging forks are unable to rescue stalled forks. Thus, faithful
recombination-mediated replication restart is important to avoid under-replicated DNA
at these loci and may explain SMC5/6’s association with these sites (Murray and Carr,

2008).

Mutations in the DDX11 helicase cause Warsaw breakage syndrome (WABS), a
developmental disorder in which cells present with genome instability phenotypes

comparable to those seen in Fanconi Anemia (FA) (van der Lelij et al., 2010a, Wu et
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al., 2012). DDX11 has been implicated in replication fork restart and HR-mediated
repair, with separable functions in promoting cohesin recruitment (Cali et al., 2016,
Abe et al., 2018, Cortone et al., 2018). Studies investigating the helicase’s molecular
mechanisms have found that, in conjunction with the 9-9-1 clamp loader, the protein
mediates the removal of interstrand cross-links in a backup FA-like pathway (Abe et
al., 2018). Interestingly, cells lacking DDX11 have shown a sensitivity to CX-5461, a
G4-quadruplex stabilising drug (van Schie et al., 2020). This may indicate that the
helicase is also required to remove these structures, which can act as impediments
to the replication fork (Edwards et al., 2014, Lemmens et al., 2015, Kolesnikova and
Curtis, 2019, Lerner and Sale, 2019).. Recently, SMC5 has been shown to function
with the DDX11 helicase to promote cellular proliferation and survival in response to
the DNA damaging agent, cisplatin (Rossi et al., 2020). This, in combination with the
similar defects in the establishment of sister chromatid cohesion in patients with
mutations in DDX11, SLF2 and SMC5 (discussed in chapter 5), may implicate the
SMC5/6 complex in a number of DDX11-mediated cellular pathways. This may also
explain the numerous clinical similarities between WABS patients and those with
mutations in SLF2 and SMCS5, including microcephaly, growth restriction and heart
defects. Whilst it is not yet known whether a loss of SMC5/6 complex components
render cells sensitive to G4-quadruplex stabilising agents, it has been shown that
RNF168, which is required for the recruitment of the SMC5/6-SLF2-SLF1-RAD18
complex to damaged chromatin, signals the presence of G4-quadruplex structures

stabilised by CX-5461 (Masud et al., 2021).
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6.1.2 Chapter Aims

The aim of this chapter is to further characterise the defects present in SLF2 and
SMCS5 patient derived cell lines, with a particular focus on investigating whether the
functions of SMC5/6 in HR are affected by the pathogenic mutations. Furthermore, |
also aim to understand what the source/s of the spontaneous replication stress in

SLF2 and SMC5 patient cells are.

6.2 Results

6.2.1 Mutations in SLF2 or SMC5 are associated with increased levels of
chromosomal aberrations, rare chromosomal morphologies and telomeric
dysfunction

To further understand the extent of the genome instability caused by mutations in
SLF2 and SMCS5, levels of chromosome instability were measured by quantifying the
number of chromosomal aberrations (chromosome gaps and breaks, chromatid gaps
and breaks, and chromosome radials) present in the SLF2 and SMC5 patient LCLs
(Figure 6.1). In comparison to WT controls, SLF2 and SMC5 patient cell lines
exhibited significantly increased levels of spontaneously induced chromosomal
aberrations, comparable to levels observed in LCLs derived from an ATR-seckel
syndrome patient. Interestingly, in contrast to the ATR-seckel syndrome LCL, levels
of chromosomal aberrations did not appear to be significantly exacerbated in the
patient LCLs in response to APH and MMC treatment. Increased levels of
chromosomal aberrations were also seen in metaphase spreads prepared from
patient peripheral blood lymphocytes (Figure 6.2). Importantly, levels of chromosome
breakage were significantly reduced in patient fibroblasts and U-2-OS SLF2 CRISPR

mutant cell lines complemented with WT SLF2 and SMCS5 protein compared to empty.
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Figure 6.1. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of chromosome aberrations

Quantification of the average number of chromosome aberrations (chromosome
gaps and breaks, chromatid gaps and breaks, and chromosome radials) in
metaphase spreads from SLF2 (a) and SMC5 (b) patient lymphoblastoids cell
lines, compared to those derived from unrelated, healthy individuals (WT1, WT2,
WT3 and WT4). Cells were either untreated or exposed to 500 nM aphidicolin
(APH) or 50ng/ml mitomycin-C (MMC) for 24 h. n=3 independent experiments. In
total >140 metaphases were counted. Statistical differences were determined with
an unpaired, 2-tailed, student’s t-test. Experiments carried out by Dr John
Reynolds.
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Figure 6.2. SLF2 and SMCS patient peripheral blood lymphocytes exhibit
elevated levels of chromosome aberrations

Quantification of the average number of chromosome aberrations (chromosome
gaps and breaks, chromatid gaps and breaks, and chromosome radials) in
metaphase spreads from SLF2 and SMC5 patient peripheral blood metaphases,
as well as those produced from a healthy, wildtype individual (WT1). 200
metaphases were counted in total from 2 independent blood samples.
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vector controls (Figure 6.3, Figure 6.4). Taken together, this indicates that mutations

in SLF2 and SMC5 cause increased levels of spontaneous chromosomal aberrations

Whilst investigating the levels of chromosomal aberrations present in blood peripheral
lymphocytes metaphases, it became evident that that a subset of chromosomes in
the patient samples exhibited unusual chromosome morphologies. | categorised
these into two classes; ‘Type 1’ chromosomes which presented with one or more
distinct gaps and/or breaks across both chromatids, and ‘Type 2’ chromosomes,
which seem to have two constricted centromeric regions, thereby resembling dicentric
chromosomes (Figure 6.5a). Quantifications revealed that there was an increased
proportion of both ‘Type 1’ and ‘“Type 2’ chromosomes in the SLF2 and SMC5 patient
blood peripheral lymphocytes metaphases (Figure 6.5b). The majority of these

consisted of ‘Type 1’ chromosomes with a single break.

To confirm if the “Type 2’ chromosomes present in the patient peripheral blood
lymphocytes were dicentric, | used fluorescence in situ hybridization (FISH) to
visualise centromeres (Figure 6.6). In this approach, fluorophore-coupled nucleotide
probes are hybridized to specific, complementary DNA sequences to aid the detection
of certain loci. SLF2 and SMC5 metaphase preparations were dropped onto slides,
denatured with formamide, and hybridized with a CENPB-Alexa-488 peptide nucleic
acid (PNA) probe. Immunofluorescence imaging of SLF2-P2 and SLF2-P3
metaphase spreads revealed numerous ‘Type 2’ chromosomes with dual centromeric

staining.

Dicentric chromosomes can arise when two chromosomes fuse, each with their own

centromere. This can occur when dysfunctional telomeres enable aberrant repair
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Figure 6.3. SLF2 and SMCS5 patient derived fibroblasts exhibit elevated
levels of chromosome aberrations

Quantification of the average number of chromosome aberrations (chromosome
gaps and breaks, chromatid gaps and breaks, and chromosome radials) in SLF2
(left) and SMCS5 (right) patient fibroblasts complemented with a lentivirus
encoding WT SLF2, WT SMCS5, or an empty vector. n=3 independent
experiments. >90 metaphases were counted. Statistical differences were
determined with an unpaired, 2-tailed, student’s t-test.
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Figure 6.4. SLF2 CRISPR U-2-0OS cell lines exhibit elevated levels of
chromosome aberrations

Quantification of the average number of chromosome aberrations in U-2-OS
SLF2 CRISPR clone A and clone B complemented with a lentivirus encoding WT
SLF2, WT SMCS5, or an empty vector. n=3 independent experiments. 150
metaphases were counted. Statistical differences were determined with an
unpaired, 2-tailed, student’s t-test.
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Figure 6.5. SLF2 and SMCS5 patient peripheral blood samples exhibit
unusual chromosome abnormalities

(a) Representative images of ‘Type 1’ and ‘Type 2’ chromosomes, indicated by
red arrows.

(b) Quantification of the average number of “Type 1’ and ‘Type 2’ chromosomes in
patient peripheral blood lymphocytes generated from samples attained from
SLF2 and SMCS5 patients, as well as an unrelated, healthy individual (WT1).
250 metaphases were counted in total from 2 independent blood samples.
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Figure 6.6. SLF2 and SMCS patient peripheral blood samples exhibit
dicentric chromosomes

Representative image of fluorescence in situ hybridization (FISH) performed with
a centromere specific probe on SLF2-P3 peripheral blood lymphocytes. Dicentric
chromosomes are highlighted in red.
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between deprotected chromosome ends (van Steensel et al.,, 1998, Pardo and
Marcand, 2005, Muraki et al., 2012). Considering that Smc5/6 is enriched at
telomeres and is associated with an accumulation of unresolved DNA structures in
these regions (Torres-Rosell et al., 2005, Chavez et al., 2010), | hypothesised that
the ‘Type 2 chromosomes may occur due to a role for the complex in telomeric
maintenance. To explore this further in the patient LCLs, | performed telomeric FISH
using a TelC-Cy5 PNA probe to visualise and quantify telomere abnormalities, such
as signal-free ends and/or fragile telomeres, which typically present with elongated
signals or multi-telomeric signals (Figure 6.7a). Previous work has suggested that this
fragility may arise due to improper chromatin condensation around under-replicated
DNA or stalled replication forks at telomeres (Sfeir et al., 2009). Initial quantifications
revealed that the proportion of fragile and signal-free telomeres ranged considerably
between LCLs, particularly between WT controls (Figure 6.7b). Thus, there appeared
to be a large degree of variation which was inherent to non-isogenic cell lines. To
avoid this, | conducted the same telomere FISH experiments using one of the
complemented U-2-OS SLF2 CRISPR cell lines (Figure 6.8). Immunofluorescence
analysis using SLF2 CRISPR mutant clone A did not reveal a difference in the levels
of signal-free chromosome ends between cells complemented with empty vector and
those complemented with WT SLF2. In contrast, cells complemented with WT protein
exhibited a mild, but significant, reduction in the levels of fragile, dysfunctional
telomeres in comparison to the vector only line, indicating that SLF2 may be important

for maintaining telomeric integrity in U-2-OS cells.

To question if the putative telomeric problems in SLF2 deficient cell lines were linked
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Figure 6.7. Levels of telomeric dysfunction vary considerably between
lymphoblastoid cell lines

(a) Representative images of telomere defects, indicated by white arrows.

(b) The number of signal free (left) and dysfunctional (right) telomere ends in
lymphoblastoid cell lines derived from SLF2 and SMC5 patients, as well as an
unrelated, healthy individual (WT1 and WT2), visualised using fluorescence in
situ hybridization (FISH) with a telomere specific probe. The red line denotes
the median. 30 metaphases were counted from one experiment.
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Figure 6.8. SLF2 CRISPR U-2-0OS clone A exhibits elevated levels of
dysfunctional telomeres

The number of signal free (left) and dysfunctional (right) telomere ends in SLF2
CRISPR U-2-0OS clone A complemented with a lentivirus encoding wildtype SLF2
or an empty vector, visualised using fluorescence in situ hybridization (FISH) with
a telomere specific probe. The red line denotes the median. n=3 independent
experiments. >80 metaphases were counted. Statistical differences were
determined with a Mann Whitney Rank Sum test.

224



to dysfunctional HR, Dr. Ryan Baxley, from the University of Minnesota, used
chromosome orientation FISH (CO-FISH) to measure the frequency of telomere sister
chromatid exchanges (t-SCESs) in the SLF2 patient LCLs (Baxley et al., 2021). By
using strand specific telomeric PNA probes, this technique enables the user to
visualise exchanges in genetic information. LCLs derived from SLF2-P1, SLF2-P3,
SLF2-P4-1, and SMC5-P8 all showed significantly elevated levels of telomeric sister
chromatid exchanges (t-SCEs) (Grange et al., 2022) compared to three WT control
LCLs. Together this suggests a role for SLF2 in maintaining genome stability at
telomeres by suppressing HR. This would be consistent with the known role of the

SMC5/6 complex in regulating recombination at repetitive genomic regions.

6.2.2 SLF2 and SMC5 patient cells exhibit increased levels of recombination
intermediates

Whilst a telomere maintenance defect could potentially explain the presence of the
‘type 2’ dicentric chromosomes, it is not as obvious as to why SLF2 and SMC5
patients exhibit increased levels of “Type 1’ segmented chromosomes. These ‘Type
1’ chromosomes were reminiscent of the segmented chromosomes seen in cells
which are defective in the resolution of recombination intermediates, via the co-
depletion of SLX4 and BLM, SLX4 and GEN1, or MUS81 and GEN1 (Garner et al.,
2013, Sarbajna et al., 2014, Chan et al., 2018). Accordingly, | next sought to question
if the elevated levels of t-SCEs seen in SLF2 and SMC5 patients reflected a genome-
wide increase in crossover events. To do so, | first quantified the levels of global sister
chromatid exchanges (SCEs) in metaphase spreads prepared from patient LCLs

(Figure 6.9). Analysis showed that both SLF2 and SMC5 patient cell lines exhibited
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Figure 6.9. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of sister chromatid exchanges

The number of sister chromatid exchanges in metaphase spreads produced from
SLF2 (a) and SMC5 (b) patient lymphoblastoid cell lines. Cells were either
untreated or exposed to 500 nM aphidicolin (APH) or 50ng/ml mitomycin-C
(MMC) for 24 h. n=3 independent experiments. In total >100 metaphases were
counted. Statistical differences were determined with a Mann Whitney Rank Sum

test.
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spontaneous increases in SCEs in the absence of exogenous replication stress,
comparable to the levels observed for the ATR-seckel syndrome LCL. After treatment
with MMC and APH, levels of SCEs were not notably exacerbated in the either SLF2
or SMC5 patient cell lines when compared to WT controls. Contrastingly, the ATR-
seckel syndrome LCL exhibited a significantly elevated number of crossover events

in response to MMC treatment.

To further confirm the increase in HR events in the patient cell lines, | performed
immunofluorescence analysis on SLF2 and SMC5 patient fibroblasts to quantify the
levels of spontaneous RAD51 foci in S/G2 cells (Figure 6.10). This analysis showed
that fibroblasts complemented with an empty vector exhibited significantly increased
levels RAD51 foci compared to cell lines complemented with WT SLF2 or SMC5.
Taken together, these observations demonstrate that both SLF2 and SMC5 patient-
derived cell lines exhibit increased levels of recombination, both globally and also at
telomeres, consistent with the known roles of the SMC5/6 complex in regulating
recombination at stalled replication forks and repetitive genomic regions.
Furthermore, this also suggests that, similar to cells lacking recombination resolution
and dissolution pathways, the ‘Type 1’ segmented chromosomes present in SLF2 and
SMC5 patient cells may result from increased levels of unresolved recombination

intermediates (Garner et al., 2013, Sarbajna et al., 2014, Chan et al., 2018).

6.2.3 SLF2 and SMCS5 patient cells exhibit increased sensitivity to G4
guadruplex stabilising agents

As discussed, SMC5/6 is implicated in the proper resolution of recombination
intermediates at difficult to replicate regions of the genome, including repetitive

regions such as rDNA and telomeres (Torres-Rosell et al., 2005, Menolfi et al., 2015).
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Figure 6.10. SLF2 and SMCS5 patient fibroblasts exhibit elevated levels of
RADS51 foci (data shown overleaf)

(a) The average percentage of S/G2-phase cells (CENPF positive) with >10
RAD51 foci in SLF2 (left) and SMCS5 (right) patient fibroblasts complemented
with a lentivirus encoding WT SLF2, WT SMCS5, or an empty vector. n=3
independent experiments. In total >140 metaphases were counted. Statistical
differences were determined with an unpaired, 2-tailed, student’s t-test.

(b) Representative immunofluorescent images of patient derived fibroblasts,
complemented with a lentivirus encoding WT SLF2, WT SMC5, or an empty
vector. DAPI shown in blue, CENPF in red and RAD51 in green.

228



) )
® 40+ *k S 40+
° ° * %k
2 . . 2 -
@ 8 30- 2 8 30- *
Q - Q -
w e — w 2
a aQ
Z % 20 - Zx 20+
0% 0%
g £ 10- g £ 10-
g S g S
c c
Q Q
s 0- T T s 0-
& A o A\ & &
xAQa \x% x\\e x‘O xAG '\x"oé x\\e x%
R AP 1e A At 69“’
PN AN L ¢ & FE
& 9 o % S & & 9
b SLF2-P1 + SLF2-P1 + SMC5-P8 + SMC5-P8 +
Vector SLF2 Vector SMC5

DAPI

CENPF

RAD51

Merge

229



Consistent with this role for the SMC5/6-SLF2-SLF1-RAD18 pathway, knockdown of
RNF168 has recently been shown to sensitize HCT116 cells to the G4-quadruplex
stabilising agent CX-5461 (Masud et al., 2021). G4-quadruplexes form at guanine-
rich regions, including telomeres where there is emerging evidence that the structures
contribute to end protection (Smith et al., 2011, Jurikova et al., 2020). However,
defects in the resolution of G4-quadruplexes could lead to difficulties in replicating
through regions that are prone to forming these secondary structures and give rise to
elevated levels of DNA damage, under-replicated regions of DNA and recombination
events, including problems at telomeric regions (Edwards et al., 2014, Lemmens et

al., 2015, Kolesnikova and Curtis, 2019, Lerner and Sale, 2019, Zhang et al., 2019).

Considering this, | sought to investigate whether difficulties in replicating through G4-
guadruplexes were a source of endogenous replication stress in SLF2 and SMC5
patient cells. To answer this, | questioned if treatment with CX-5461, a G4-quadruplex
stabilising agent, induced elevated levels of DNA damage. | first prepared metaphase
spreads from patient LCLs and quantified the levels of chromosome aberrations
(chromosome gaps and breaks, chromatid gaps and breaks, and chromosome
radials) (Figure 6.11). Analysis revealed that CX-5461 treatment induced elevated
levels of aberrations in SLF2-P1 and SMC5-P8 LCLs when compared to WT cells.
Increased levels of CX-5461 induced chromosome aberrations were also observed in
U-2-OS SLF2 CRISPR mutant clone A containing empty vector in comparison to WT

SLF2 expressing cells (Figure 6.12).

Interestingly, despite ‘Type 1’ segmented chromosomes being far less frequent in the
LCLs in comparison to the peripheral blood lymphocytes, exposure to CX-5461

induced increases in ‘Type 1’ segmented chromosomes in SLF2 and SMC5 patient
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Figure 6.11. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of chromosome aberrations in response to CX-5461
treatment

Quantification of the average number of chromosome aberrations (chromosome
gaps and breaks, chromatid gaps and breaks, and chromosome radials) in
metaphase spreads prepared from lymphoblastoid cell lines derived from patients
with mutations in SLF2, SMC5, or an unrelated, healthy individual (WT1). Cells
were either untreated or exposed to 250 nM CX-5461 for 24 hours. In total >150
metaphases were counted from at least 3 independent experiments. Statistical
differences were determined with an unpaired, 2-tailed, student’s t-test.
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Figure 6.12. SLF2 CRISPR U-2-0OS clone 1 exhibits elevated levels
chromosome aberrations in response to CX-5461 treatment

Quantification of the average number of chromosome aberrations (chromosome
gaps and breaks, chromatid gaps and breaks, and chromosome radials) in U-2-
OS SLF2 CRIPSR clone A, complemented with a lentivirus encoding wildtype
SLF2 or an empty vector. n=3 independent experiments. 150 metaphases were
counted. Statistical differences were determined with an unpaired, 2-tailed,
student’s t-test.
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LCLs, whilst levels were unchanged in the WT control (Figure 6.13). This may indicate
that difficulties in replicating through G4-quadruplex regions not only contribute to
elevated levels of DNA damage, but may also give rise to the unusual ‘Type 71’

chromosome gaps in SLF2 and SMC5 patient cell lines.

We then questioned if the increase in chromosome instability in the patient cell lines
following CX-5461 treatment was associated with elevated replication stress. To do
so, the DNA fibre assay was utilised. In untreated cells (Figure 6.14a, Figure 6.14b),
SLF2-P1 and SMC5-P8 fibroblasts showed no difference in the IdU/CIdU ratio
between cell lines complemented with and without WT SLF2/SMC5 protein. A ratio
close to one indicated that replication had progressed at a similar rate when incubated
with the first label (CldU) and second label (IdU). However, when CX-5461 was added
to the second IdU label, patient fibroblasts complemented with empty vector exhibited
a decrease in the ratio of IdU/CIdU tract length, showing that replication had slowed
or stalled (Figure 6.14b). In cell lines complemented with either WT SLF2 or SMCS5,
the IdU/CIdU ratio was restored to approximately one, suggesting that SLF2 and

SMCS5 are required for proper replication through G4-quadruplex structures.

To question if the CX-5461-induced replicative defects led to increased replication
stress persisting throughout the cell cycle, | also used patient fibroblasts to quantify
levels of CX-5461 induced 53BP1 bodies in G1 (Figure 6.14c). The proportion of
fibroblasts with 10+ bodies was consistently low in untreated experiments. However,
treatment with CX-5461 for 24 hours increased these levels, with patient fibroblasts
complemented with empty vector exhibiting a significant increase in the proportion of
cells with greater than 10 53BP1 foci when compared to cells complemented with WT

SLF2 or SMC5. Next, | sought to determine if the increased levels of CX-5461-
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Figure 6.13. SLF2 and SMCS5 patient lymphoblastoid cell lines exhibit
elevated levels of ‘Type I’ chromosomes in response to CX-5461 treatment

Quantification of the average number of “Type 1’ segmented chromosomes in
metaphase spreads prepared from lymphoblastoid cell lines derived from patients
with mutations in SLF2 and SMC5, as well as an unrelated, healthy individual
(WT1). Cells were either untreated or exposed to 250 nM CX-5461 for 24 hours.
In total >320 metaphases were counted from at least 4 independent experiments.
Statistical differences were determined with an unpaired, 2-tailed, student’s t-test.
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Figure 6.14. SLF2 and SMCS5 patient derived fibroblasts exhibit fork slowing
and elevated levels of 53BP1 bodies in response to CX-5461 treatment (data
shown overleaf)

(a) Experimental outline of the DNA fibre assay. Fibroblasts were sequentially
labelled with two different thymidine analogs, CldU (red) and |dU (green) for
30 mins each, as shown, with or without 250nM CX-5461 in the IdU label.

(b) Quantification of the ratio of IdU tract length to CldU tract length in untreated
and CX-5461 treated SLF2 and SMC5 patient fibroblasts complemented with
a lentivirus encoding WT SLF2, WT SMCS5, or an empty vector. Cells were
pulse labelled with CldU for 30 minutes and then pulse-labelled with 1dU, with
or without 250nm CX-5461. n=3 independent experiments. >250 ongoing fork
structures were counted. Statistical differences were determined with a Mann
Whitney Rank Sum test. Experiments carried out by Dr John Reynolds.

(c) Quantification of the percentage of cells with >10 53BP1 bodies in SLF2 and
SMCS5 patient fibroblasts complemented with a lentivirus encoding WT SLF2,
WT SMC5, or an empty vector. Cells were either untreated or exposed to
250nm CX-5461 for 24 hours. n=3 independent experiments. 300 cells were
counted. Statistical differences were determined with an unpaired, 2-tailed,
student’s t-test.
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induced replication stress had an impact on the viability of the patient cells (Figure
6.15). WT, SLF2-P1 and SLF2-P8 lymphoblastoid cell lines were continuously
exposed to increasing concentrations of CX-5461. After three population doublings in
the untreated cells, the cell numbers of both untreated and treated cells were counted,
and cell viability of the treated cells was expressed as a percentage of untreated cells.
This analysis showed that, in comparison to the WT control, the SLF2 and SMC5
patient cell lines exhibit decreased cellular viability with increasing concentrations of

CX-5461.

Taken together, these observations confirm that, in the absence of functional SLF2
and SMC5, exposure to CX-5461 causes increased levels of chromosome instability,
replication stress and a loss of cellular viability due to replication abnormalities. This
is consistent with a novel role for the SMC5/6 complex in the resolution of G4-
guadruplex lesions. However, as CX-5461 was first identified as an inhibitor of rDNA
transcription (Drygin et al., 2011), it is possible that the phenotypes that | have
described are due to the inhibition of RNA polymerase | and not the stabilisation of
G4-quadruplexes. To control for this, | also investigated the impact of the small
molecule DNA intercalator, BMH21, on the levels of chromosomal aberrations in the
patient LCLs (Figure 6.16a). BMH21 binds to rDNA and inhibits RNA polymerase |
transcription (Peltonen et al., 2014). 24 hours incubation with the drug induced
elevated numbers of aberrations in all LCLs, with no differences between SLF2 and
SMC5 patient cell lines compared to WT controls. Furthermore, whilst exposure to a
titration of BMH21 concentrations led to elevated levels of G1 53BP1 bodies in SLF2-

P1 and SMC5-P8 fibroblasts, there were also no differences between cell lines
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Figure 6.15. SLF2 and SMCS5 patient LCLs exhibit decreased cellular viability
upon exposure to CX-5461 treatment

The cellular viability of lymphoblastoid cell lines derived from SLF2 and SMC5
patients, as well as an unrelated, healthy individual (WT1), in response to
increasing doses of CX-5461 treatment. Cells were continuously exposed to
increasing concentrations of CX-5461. After the untreated cells have undergone
three population doubling times, cells were counted and plotted as percentage of
untreated cells. n=3 independent experiments. Statistical differences were
determined using a 2-way ANOVA. Error bars denote SEM.
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Figure 6.16. SLF2 and SMCS5 patient cells do not exhibit elevated levels of
chromosome aberrations or 53BP1 bodies upon exposure to BMH21

(a) Quantification of the average number of chromosome aberrations
(chromosome gaps and breaks, chromatid gaps and breaks, and
chromosome radials) in metaphase spreads prepared lymphoblastoid cell
lines derived from SLF2 and SMC5 patients, as well as an unrelated, healthy
individual (WT1). Cells were either untreated or exposed to 1um BMH21 for
24 hours. In total >150 metaphases were counted from 3 independent
experiments. Statistical differences were determined with an unpaired, 2-
tailed, student’s t-test.

(b) Quantification of the average percentage of cells with 10+ 53BP1 bodies in
SLF2 (left) and SMC5 (right) patient fibroblasts complemented with a lentivirus
encoding WT SLF2, WT SMCS5, or an empty vector. Cells were exposed to
titration of BMH21 (untreated, 250nm, 500nm, 1um) for 24 hours. n=3
independent experiments. 300 cells were counted. Statistical differences were
determined with an unpaired, 2-tailed, student’s t-test.
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complemented with WT protein or empty vector at any of the tested drug dosages
(Figure 6.16b). EU staining was used to confirm that the doses of BMH21 treatment
used on the fibroblast patient cell lines were sufficient to inhibit rDNA transcription, as
previously reported (Figure 6.17) (van Schie et al., 2020). Finally, | confirmed that
when incubated with 1uM BMH21, a dose that inhibits rDNA transcription, SLF2 and
SMCS5 patient fibroblasts possessing an empty vector could still replicate as efficiently
as cells expressing WT SLF2 and SMC5 protein (Figure 6.18). This confirms that the
replication stress phenotypes in cells treated with CX-5461 are more likely to be due
to the drug’s G4-quadruplex stabilising ability, rather than an indirect effect of

inhibiting RNA polymerase |I.

6.3 Discussion

The data presented in this chapter demonstrates that cell lines derived from patients
with mutations in SLF2 or SMC5 exhibit elevated levels of chromosome instability,
sister chromatid exchanges and RAD51 foci, which supports previous findings that
SMC5/6 is important for promoting proper HR, resolving recombination intermediates,
and limiting aberrant crossover events (Potts et al., 2006, Ampatzidou et al., 2006,
Chen et al.,, 2009, Bermudez-Lopez et al.,, 2010, Agashe et al.,, 2021). My
observations suggest that the SMC5/6-SLF2-SLF1-RAD18 pathway is important for
these functions, and that HR defects contribute to the chromosomal damage
observed in the patient cell lines. Several publications using yeast have proposed that
Smc5/6’s role in role HR may centre on its regulation of the STR ‘dissolvasome’, a
complex involved in processing recombination intermediates, via an interaction with
Sgsl (BLM’s homolog) and the SUMOylation of STR components (Bonner et al.,

2016, Bermudez-Lopez et al., 2016). Considering this, it would be interesting to know
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Figure 4.17. The impact of CX-5461 and BMH21 treatment on RNA
transcription (data shown overleaf)

Immunofluorescent images of SLF2 (a) and SMC5 (b) patient fibroblasts,
complemented with a lentivirus encoding wildtype (WT) SLF2, WT SMCS5, or an
empty vector, indicating the impact CX-5461 and BMH21 treatments on RNA
transcription. Cells were either untreated or exposed to 250nm of CX-5461 or a
titration of BMH21 (250nm, 500nm, 1um) for 24 hours. RNA transcription was
monitored using EU labelling. 1 mM of EU was added to the cells 30 minutes
before fixation and antibody staining. Images are representative of two
independent experiments which produced similar results.
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Figure 6.18. SLF2 and SMCS5 patient derived fibroblasts do not exhibit fork
slowing in response to BMH21 treatment

Quantification of the ratio of IdU tract length to CIdU tract length in untreated and
BMH21 treated SLF2 and SMC5 patient fibroblasts complemented with a
lentivirus encoding WT SLF2, WT SMC5, or an empty vector. Cells were pulse-
labelled with CldU for 30 minutes and then pulse-labelled with IdU, with or without
1uM BMH21. n=2 independent experiments. >250 ongoing fork structures were
counted. Statistical differences were determined with a Mann Whitney Rank Sum

test.
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whether SMC5/6 also functions to SUMOylate and/or regulate BLM in humans in the
same way as in yeast, and whether defects in this regulation contributes to the
increased levels of recombination events that | observed in SLF2 and SMC5 patient
cell lines. To begin to question this, immunoprecipitation experiments could be used

to first investigate whether SMC5/6 and BLM interact in human cell lines.

Alongside increased levels of chromosomal gaps and breaks, patient peripheral blood
lymphocytes exhibited elevated levels of unusual aberration types, categorised here
as ‘Type 1’ and ‘Type 2’ segmented chromosomes. As previously discussed, the more
common ‘Type 1’ chromosome gaps/breaks were reminiscent of chromosomal
aberrations observed in previous publications characterising resolvase deficient cells
(Garner et al., 2013, Sarbajna et al., 2014, Chan et al., 2018). Studies investigating
these structures in GEN1 knockout cell lines, as well as SLX4-null cells depleted of
BLM, were able to rescue elevated levels of chromosome segmentation via the
exogenous expression of the bacterial resolvase RusA. On the basis of this, the
authors proposed that this segmentation was caused by defects in chromatid
condensation around sites of unresolved chromosome intermediates (Garner et al.,
2013, Chan et al., 2018). The phenotypic similarities between these observations of
chromosome segmentation are a further indication that mutations in SLF2 and SMC5
contribute to problems in HR, with “Type 1’ chromosome gaps/breaks possibly arising
due to the accumulation of unresolved recombination intermediates. However, my
work fails to establish if this is due to an elevated number of HR events being initiated,
or whether the increased observation of recombination events are due to

delayed/defective processing during HR.
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Due to the aberrations’ scarcity in immortalised patient-derived cell lines, further study
of the ‘Type 1’ segmented chromosomes was difficult. However, treatment with CX-
5461 induced elevated levels of segmentation in patient LCLs. As a stabiliser of G4-
guadruplexes, this observation may suggest that SMC5/6 is particularly important for
ensuring proper HR at certain regions with complex secondary structures. Whilst G4-
guadruplexes have regulatory functions in several biological processes, these
structures are also believed to contribute to genomic instability by impeding replication
forks (Edwards et al., 2014, Lemmens et al., 2015, Kolesnikova and Curtis, 2019,
Lerner and Sale, 2019). Consistent with this, CX-5461 treatment led to elevated levels
of replication stress. In Saccharomyces cerevisiae, SMC5/6 mutants show an
accumulation of X-shaped structures at collapsed replication forks, suggesting that
the complex is required to restart stalled forks and prevent the accumulation of
recombination intermediates (Ampatzidou et al.,, 2006). Thus, it may be that G4-
guadruplexes represent difficult-to-replicate regions that specifically require SMC5/6
to either resolve these impediments or promote HR-mediated restart following fork
collapse. To question this further, it would be interesting to ask if CX-5461 treatment
induces elevated levels of SCEs and RADS51 foci, or if the CX-5461 induced

recombination or replication defects are rescued by RusA resolvase expression.

Metaphase spread analysis also revealed elevated numbers of putative telomere
fusions, referred to as ‘Type 2’ dicentric chromosomes, in the patient peripheral blood
lymphocytes. This suggested that the SMC5/6-SLF2-SLF1-RAD18 pathway is
important for maintaining telomeric integrity. In addition to this, U-2-OS SLF2 CRISPR
clone A exhibited increased levels of telomere dysfunction. Whilst this may be

consistent with observations of telomere fusions in patient cells, EBV-transformed cell
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lines maintain telomere length via the stimulation of telomerase, whereas U-2-OS
utilise the alternative lengthening of telomeres (ALT) pathway, which is unique to
cancer cell lines (Dilley and Greenberg, 2015). Although ALT is poorly understood, it
is thought that the process elongates telomeres via HR in ALT-associated PML bodies
(APBs) (Yeager et al., 1999, Cesare and Reddel, 2008). Previous studies have
suggested that SMC5/6 has specific functions in promoting ALT, with the complex
localising to APBs in ALT-positive cell lines where it is required for telomere
recombination. Consistent with this, loss of SMC5/6 components in SUSM1 ALT cells
are associated with progressive telomere shortening (Potts and Yu, 2007). Therefore,
it may be that the telomere dysfunction in the U-2-OS SLF2 CRISPR mutant cell line
reflects a role for the SMC5/6-SLF2-SLF1-RAD18 pathway in the HR-mediated

regulation of telomeres via ALT.

The increased levels of t-SCEs in SLF2 and SMC5 patient-derived LCLs is consistent
with studies that suggest that SMC5/6 has functions at telomeres in telomerase-
positive cells, being enriched at chromosome ends and involved in telomere
organisation (Zhao and Blobel, 2005, Torres-Rosell et al., 2005, Moradi-Fard et al.,
2016). Considering that SLF2 is associated with ATRX, a chromatin remodeller which
mediates HR at telomeres (Scott et al., 2021), it may be that the SMC5/6-SLF2-SLF1-
RAD18 pathway has specific functions in repair or replication at these regions.
Therefore, a loss of SMC5/6 pathway components could lead to elevated levels of
telomeric DNA breakage and aberrant recombination between deprotected
chromosome ends, giving rise to putative ‘Type 2’ dicentric chromosomes.
Considering that G4-quadruplexes are believed to accumulate at telomeres (Bryan,

2020), a role for SMC5/6 at these regions is further implied by the sensitivity of SLF2
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and SMC5 patient cell lines to CX-5461. However, it’s difficult to understand if this
reflects a specific role for SMC5/6 at chromosome ends, or instead a genome wide

function for the complex at G4-quadruplexes or other complex secondary structures.

There are approximately 375,000 sites in the human genome, including promoter
regions, which are predicted to be capable of forming G4-quadruplexes (Todd et al.,
2005), and may also require the function of SMC5/6-mediated HR for repair or
replication restart. DNA fibre experiments revealed a significant decrease in the speed
of replication forks progressing in the presence of CX-5461 in patient fibroblasts.
Whilst even mild genotoxic stress has been shown to lead to fork slowing (Zellweger
et al., 2015), these findings imply that a large proportion of forks are impacted by CX-
5461 treatment. This could suggest that SMC5/6 is important for proper replication,
and possibly HR-mediated restart, through G4-quadruplexes at numerous loci, not
just telomeres. To explore this further, it would be interesting to compare levels of
whole chromosome SCEs to levels of t-SCEs in response to CX-5461 treatment in
the patient cell lines. The telomere specific G4-stabilising agent, telomestatin (Kim et
al., 2002), could also be used to investigate if HR or replication defects are similarly
induced when only telomeric secondary structures are promoted. Telomeric DNA fibre
replication assays could then be utilised to question if G4-quadruplex stabilisation is
associated with elevated levels of telomeric replication fork stalling specifically

(Baxley et al., 2021).

Whilst the work discussed in this chapter suggests a functional role for the SMC5/6-
SLF2-SLF1-RAD18 pathway in the repair of or replication through regions with G4-
quadruplex structures, there are caveats to this conclusion. | was not able to

successfully optimise the use of anti-DNA/RNA G4-quadruplex antibodies for
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immunofluorescence and was therefore unable to confirm if there are increased levels
of endogenous G4 structures in SLF2 and SMC5 patient cell lines or even that CX-
5461 treatment led to an increase in G4-quadruplex structures. This is important if |
am to establish that the stabilisation of these structures causes the cellular sensitivity
to the drug, rather than alternative functions of CX-5461. For these reasons, it would
also be pertinent to verify my findings using additional G4-stabilising agents, such as
pyridostatin. CX-5461 also has been shown to cause the formation of abortive Top2
DSBs (Olivieri et al., 2020, Bruno et al., 2020, Bossaert et al., 2021). Thus, it may be
that SLF2 and SMC5 deficient cell lines are particularly sensitive to persistent DNA
catenation rather than, or as well as, G4-quadruplexes. This may be explained by the
possible association of SMC5/6 with condensin, as discussed in the previous chapter,
a factor involved in resolving these entanglements. It may be that CX-5461-mediated
inhibition of Top2 alongside a possible deregulation of condensin in SLF2 or SMC5
deficient cells leads to significant increases in DNA damage. Whilst a recent study in
yeast suggested that SMC5/6 is not required to minimise Top2-mediated DNA
entanglements (Dyson et al., 2021), it would be interesting to explore this in the
patient cell lines. Detailed experimentation using additional topoisomerase inhibitors
would determine if the defects presented in this chapter are related to DNA

catenation.

Nevertheless, in this chapter | present several novel exciting findings, including the
discovery of the unusual, segmented chromosome aberration phenotype present in
metaphases prepared from SLF2 and SMC5 patient blood samples. The
hypothesised role of SMC5/6 in the promotion of replication through G4-quadruplex

structures would be newly discovered function for the SMC5/6 complex, and future
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research on this would likely shed more light on the role of this complex in maintaining

genome stability during DNA replication.
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Chapter 7:

Discussion
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The SMC complexes represent a highly conserved family of ring shaped ATPases,
including cohesin (SMC2/4) and condensin (SMC1/3), both of which are known to
play well characterised roles in mitosis to ensure faithful cellular division (Nasmyth
and Haering, 2009, Aragon, 2018, Makrantoni and Marston, 2018). The human
SMC5/6 complex comprises of a heterodimer of SMC5 and SMC6, alongside a
number of accessory subunits (NSE1-4) (Taylor et al., 2001, Taylor et al., 2008,
Hallett et al., 2021a). Although less well delineated, SMC5/6 is believed to function
principally in DNA replication and repair (Ampatzidou et al., 2006, Bermudez-Lopez
et al., 2010, Menolfi et al., 2015, Aragon, 2018, Palecek, 2018, Agashe et al., 2021).
Whilst it is not yet understood how the individual subunits of SMC5/6 mechanistically
contribute to these roles, NSE2 exhibits SUMOylation activities through which it can
autoSUMOylate SMC5/6 complex components (Zhao and Blobel, 2005, Potts and Yu,
2005, Andrews et al., 2005, Kliszczak et al., 2012, Sole-Soler and Torres-Rosell,
2020). In humans, SLF2 has been shown to interact with the SMC5/6 complex and
facilitate its recruitment to damaged chromatin as part of the linear SMC5/6-SLF2-

SLF1-RAD18 protein pathway (Raschle et al., 2015).

The research described in this thesis identifies 11 patients with mutations in two
SMC5/6 related factors, SLF2 and SMC5, and characterises the cellular defects
present in cell lines and peripheral blood samples derived from these patients. These
individuals exhibit microcephaly and short stature, alongside frequent cardiac defects,
and anaemia. Consistent with SMC5/6’s known functions in genome stability, cell
lines derived from these patients showed elevated levels of DNA damage and

replication stress. However, the analysis of chromosome spreads also revealed an
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interesting chromosomal instability phenotype, characterised by segmented and

dicentric chromosomes, alongside ‘mosaic variegated hyperploidy’ (MVH).

The presence of such unusual chromosome abnormalities in the SLF2 and SMC5
patient cells is unique and provides a potential distinctive diagnostic criterion for
patients with this syndrome. This is particularly pertinent because the clinical
phenotypes caused by genome instability and replication stress-linked conditions are
often broad and overlapping (Zeman and Cimprich, 2014, Terabayashi and Hanada,
2018). Alongside whole exome sequencing, metaphase spread analysis could
therefore provide a very specific test that could narrow down the candidate genes

causally associated with this condition at early stages of diagnosis.

7.2.2 Clinical differences in patients associated with mutations in the
SMC5/6-SLF2-SLF1-RAD18 pathway

The link between elevated levels of replication stress, microcephaly and reduced body
size has a potentially simple explanation. The rapid expansion of pluripotent stem
cells during embryogenesis, as well as neural progenitor cells during neurogenesis,
induces elevated levels of replication stress which then require faithful replication-
associated DNA repair pathways to maintain genome stability. Accordingly, patients
with mutations in genes associated with replication or the replication stress response
exhibit significant increases in genome instability. This can lead to elevated levels of
cell death and reduced cellular proliferation in utero which can hinder growth and brain
development at critical developmental timepoints (Murga et al., 2009, Alcantara and
O'Driscoll, 2014, Reynolds et al., 2017). However, replication stress linked human
diseases have also been associated with severe defects in other tissues. For

instance, mutations in FA family proteins, which are required for the repair of DNA
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inter-strand crosslinks, give rise to bone marrow failure, which can, in severe cases,
develop into acute myeloid leukaemia (Zeman and Cimprich, 2014, Peake and
Noguchi, 2022). Experimentation using mouse models has suggested that a loss of
FA pathway components causes bone marrow failure by inducing stem cell defects in
the early stages early of embryogenesis, when hematopoietic stem cells and
progenitor cells amplify (Ceccaldi et al., 2012, Domenech et al., 2018). Together, this
suggests that the replication stress response is vital in utero for the expansion of
different rapidly dividing cell types. Considering that both embryonic and foetal
cardiomyocytes, cardiac muscle cells, undergo rapid cell division (Zhao et al., 2020),
it may be that the SMC5/6-SLF2-SLF1-RAD18 pathway is required to manage
replication stress in developing heart tissues, leading to cardiac defects when either
SLF2 or SMC5 is mutated. However, it’s still not well understood why different genes
involved in the replication stress response may be specifically required in certain

tissues at specific embryological timepoints.

The characterisation of SLF2 and SMC5 patients contributes to a spectrum of three
distinct diseases now associated with the dysfunction of the SMC5/6 complex. As
previously discussed, mutations in the E3 SUMO-ligase NSE2 subunit are associated
with 2 unrelated patients with severe primordial dwarfism, extreme insulin resistance
and primary gonadal failure (Payne et al., 2014). Contrastingly, 9 individuals with
NSE3 variants, from 4 unrelated families, have been reported to present with fatal
pediatric pulmonary disease, often accompanied by immune deficiency (van der
Crabben et al., 2016, Willemse et al., 2021). Thus, patient mutations within different
subunits of SMC5/6 give rise to distinct clinical presentations. This is despite their

similar cellular defects, including elevated levels of DNA damage markers and S-
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phase defects, all of which align with SMC5/6’s proposed roles in promoting proper
DNA repair and replication. However, considering that microcephaly is a hallmark of
replication stress diseases, it is curious that a reduction in head circumference was

not reported in NSE2 and NSE3 patients.

The differences between these clinical presentations may be explained by the varying
impacts of the patient mutations on the biochemical activities of SMC5/6, specifically
the E3 SUMO-ligase activity of NSE2, which has been shown to be important for the
DNA repair functions of the complex (Zhao and Blobel, 2005, Potts and Yu, 2005,
Andrews et al., 2005, Kliszczak et al., 2012). Whilst the impact of the NSE3 and SLF2
patient mutations on this activity have yet to be explored, the two NSE2 variants
studied by Payne et al were predicted to result in a loss-of-function, leading to a
significant decrease in protein stability and, in the case of one variant, a complete loss
of SMC5/6 auto-SUMOylation (Payne et al., 2014). Considering that the SUMO-ligase
activity of Nse2 is believed to be dependent on its interaction with Smc5/6 (Bermudez-
Lopez et al., 2015), where it docks onto the coiled-coil arm of Smc5 (Zhao and Blobel,
2005, Duan et al., 2009a), mutations in SMC5 could hypothetically disrupt the
complex’s SUMO functions, also. For instance, SMC5-P7’s p.Arg372del variant
presented with an amino acid deletion proximal to NSE2'’s binding site in yeast, which
may prevent its interaction with SMC5. Contrastingly, the p.His990Asp mutation
(SMC5-P8 and -P9) lies just upstream of the ATP-binding cassette (ABC) in SMC5,
and could, therefore, be predicated to interfere with the binding of ATP. Whilst this
may not impede NSEZ2’s interaction with the SMC5/6 complex, research in yeast has
suggested that ATPase-defective Smc5 is unable to auto-SUMOylate (Bermudez-

Lopez et al., 2015). This suggests that at least some of Smc5/6’'s SUMO-ligase
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functions are dependent on its ATPase activity and could be disrupted by the
p.His990Asp variant in humans. Certainly, a mild disruption of NSE2 function in the
hypomorphic SLF2 and SMC5 patient derived cell lines, compared to the putative
loss-of-function mutations in the NSE2 patients, may provide a rationale for the

contrasting disease presentations between the two syndromes.

Whilst SMC5/6’s SUMO-ligase function is certainly important for faithful repair (Zhao
and Blobel, 2005, Potts and Yu, 2005, Andrews et al., 2005, Kliszczak et al., 2012),
NSE2’'s C-terminal RING domain, which encodes this activity, is dispensable for
cellular survival (Bermudez-Lopez et al., 2015). Experiments in Saccharomyces
cerevisiae, for instance, have shown that whilst the deletion of Nse2’s SP-RING motif
is not lethal, the loss of other Smc5/6 subunits are, suggesting that the complex has
other essential functions that are independent of Nse2’s SUMOylation activities (Zhao
and Blobel, 2005). Thus, it is conceivable that the instability of the complex as a whole
is associated with a different disease phenotype when compared with the loss of the
SUMO-ligase. Considering that the identified p.Pro209Leu and p.Leu264Phe NSE3
variants were shown to disrupt the interactions between SMC5/6 subunits, this may
explain the extreme fatal pulmonary disease observed in NSE3 patients. Furthermore,
cell lines derived from patients with these variants showed that the protein expression
of NSE3, SMC5 and SMC6 was significantly reduced, indicating that the missense
mutations in NSE3 significantly destabilise the SMC5/6 complex (van der Crabben et
al., 2016). Together with NSE1 and NSE4, NSE3 forms a bridge between the SMC5
and SMC6 subunits (Palecek et al., 2006, Hudson et al., 2011, Guerineau et al.,
2012), a function that may explain why mutations in NSE3 impact the stability of

multiple SMC5/6 complex components. In contrast, the patient mutations in NSE2
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were shown to be associated with only a mild decrease of SMC5 and SMC6
expression (Payne et al., 2014), whilst the SLF2 and SMC5 variants failed to affect
the protein levels of other complex components. Thus, it appears that the identified
SMC5/6 patient mutations have varying impacts on the stability and overall function

of the complex.

When considering the impact of the SMC5/6 associated patient mutations, it is also
important to note that the precise biochemical activities and cellular functions of
SMC5/6’s individual subunits have not yet been fully elucidated, many of which may
be interrelated. For instance, whilst SLF2 has been shown to promote the recruitment
of SMC5/6 to chromatin at sites of DNA damage (Raschle et al., 2015), it is yet
unknown whether this role is dependent on other SMC5/6 complex components which
could also potentially disrupt this function if mutated. Certainly, multiple SMC5/6
subunits have been shown to bind DNA via several domains, likely conferring
multivalent DNA binding properties (Roy et al., 2015, Zabrady et al., 2016, Alt et al.,
2017, Yu et al., 2021). Furthermore, the loading of the complex onto damaged
chromatin is intricately linked with SMC5/6’s ATPase activity which is believed to drive
a conformational change in the complex, allowing it to interact with DNA (Lammens
et al., 2004, Kanno et al., 2015, Adamus et al., 2020). Interestingly, recent research
in yeast has implicated Nse5/6, the functional paralogues of SLF1/2, in the regulation
of the complex’s ATPase activity (Taschner et al., 2021), suggesting a possible
dynamic role for these factors in the interaction of the SMC5/6 complex and
chromatin. Finally, the NSE1 subunit contains a RING domain which is suggestive of
ubiquitin ligase activity, although evidence for this activity is mixed. Whilst NSE1 on

its own supports only very weak ubiquitin ligase activity (Pebernard et al., 2008a,
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Doyle et al., 2010, Kolesar et al., 2022), some in vitro experiments have suggested
that this can be greatly stimulated by the interaction of the subunit with NSE3 and
NSE4 (Doyle et al., 2010, Kolesar et al., 2022). Considering ubiquitin modifications
play a significant role in the cellular movement of proteins (Haglund and Dikic, 2005),
it's possible that this activity is important for the repair and replication functions of
SMC5/6. In human cells, however, no in vivo ubiquitin targets for NSE1 have yet been
identified, meaning the subunit’s functions are largely unknown. Taken together, this
demonstrates that SMC5/6 complex components have diverse but often overlapping
functions, and suggests that it may, therefore, be difficult to make firm conclusions
about the impact of the loss of specific SMC5/6 complex activities on disease

presentations.

Loss of function mutations in RNF168, an E3 ubiquitin ligase required for the
recruitment of the SMC5/6-SLF2-SLF1-RAD18 protein pathway to DNA damage
(Raschle et al., 2015), have also been associated with human disease. RNF168
variants were first identified in a single patient exhibiting radiosensitivity, immune
deficiency, dysmorphic features and learning difficulties, a clinical presentation
defined as RIDDLE syndrome (Stewart et al., 2007, Stewart et al., 2009). 3 further
patients with RNF168 mutations, from two unrelated families, have since been
identified. Consistent with the first RIDDLE syndrome patient, these patients
presented with radiosensitivity and immunodeficiency. However, all 3 individuals also
exhibited telangiectasia and ataxia (Devgan et al., 2011, Pietrucha et al., 2017), with
one patient presenting with microcephaly and pulmonary failure (Devgan et al., 2011).
Therefore, whilst cellular radiosensitivity and immunodeficiency appear to be

hallmarks of syndromes associated with RNF168 mutations, RNF168 patients also
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present with numerous other varying clinical phenotypes. Some of these phenotypes
are shared by patients with mutations in either SLF2, SMC5, NSE2 or NSES3,
indicating that they may develop due to similar defects in the stability or recruitment
of the SMC5/6-SLF2-SLF1-RAD18 pathway. It is yet unknown why RNF168 patients
are so phenotypically variable, although it's possible that this could also be caused
by the varying impacts of RNF168 mutations on SMC5/6 functions. The clinical
discrepancies between patients with mutations in RNF168 and those with mutations
in SMC5/6 complex components could be explained, at least in part, by RNF168’s
additional roles outside of SMC5/6 localisation. For instance, RNF168 also promotes
the recruitment of 53BP1, a key DSBR factor, to sites of DNA damage (Stewatrt et al.,
2009, Bohgaki et al., 2013). Interestingly, the fact that a cell line from a RIDDLE
patient with mutations in RNF168 also exhibits MVH, to a very similar extent to SMC5
and SLF2 patients, despite the clear differences in clinical symptoms, may also
suggest that MVH doesn’t significantly contribute to the development of either

syndrome.

However, it's also possible that the clinical phenotypes as yet reported in patients with
mutations in SMC5/6 and RNF168 do not represent a consistent or complete clinical
spectrum due to the small number of patients identified so far. Instead, it’s likely that
a more complete understanding of the clinical presentations of these syndromes, and
any differences between them, will only be reached once many more additional
patients are identified. Equally, it's important to note that many of the SLF2 and SMC5
patients investigated in this research are also young and may go on to develop
symptoms common to other SMC5/6 associated diseases, such as lung disease or

cardiac defects, later in life.
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7.2.3 ldentifying the endogenous lesion in SMC5 and SLF2 derived cell
lines

SLF2 and SMC5 patient derived cell lines exhibited elevated levels of replication
stress, DNA damage markers and SCESs, consistent with a role for the SMC5/6-SLF2-
SLF1-RAD18 pathway in replication fork stability pathways and HR mediated repair.
I's possible that these functions are linked, with SMC5/6 promoting HR-mediated
replication fork restart at stalled or damaged forks. However, considering that levels
of chromosome aberrations and SCEs didn’t significantly increase with the addition
of DNA damaging agents, it seems likely that the replicative dysfunction present in
SLF2 and SMC5 patient cell lines affects just a subset of replication forks. Consistent
with this, exposure to CX-5461, a drug which stabilises G4-quadruplexes, led to
elevated levels of DNA damage and replicative dysfunction, alongside decreased
levels of cell viability. This suggests that SMC5/6 promotes proper replication by
unwinding these DNA secondary structures or promoting the restart of replication
forks stalled at G4-quadruplexes, either of which would be a novel role for the
complex. However, further work would be required to clarify whether these putative
functions are specific to G4-quadruplexes, or whether SMC5/6 promotes proper
replication at other loci associated with different types of DNA secondary structures,

such as hairpins and i-Motifs.

Investigations in yeast have suggested that SMC5/6 interacts with and promotes the
SUMOylation of Sgs1BM as well as the other members of the Sgsl-Top3-Rmil
‘dissolvasome’- a complex which resolves recombination intermediates via
dissolution to produce non-cross over products of HR (Bonner et al., 2016, Bermudez-

Lopez et al., 2016). This could suggest that the SMC5/6-SLF2-SLF1-RAD18 pathway
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promotes faithful HR in human cells by regulating BLM-mediated dissolution.
Consistent with this, yeast Sgs1B™M mutants, including SUMO mutants, and Nse2
SUMO-ligase dead mutants exhibit elevated levels of joint molecules following methyl
methanesulfonate (MMS) treatment (Branzei et al.,, 2006, Bonner et al., 2016,
Bermudez-Lopez et al., 2016), which induces elevated levels of replication stress
(Tercero and Diffley, 2001). However, the precise mechanism by which SMC5/6 may
regulate BLM is contested, with experiments in yeast and human cell lines, as well as
mouse models, demonstrating that a depletion of both Sgs1/BLM and SMC5/6
complex components leads to either synthetic lethality or sickness, suggesting that
their roles are not entirely epistatic (Raschle et al., 2015, Menolfi et al., 2015, Jacome
et al., 2015). This may explain why mutations in either BLM or SMC5/6 give rise to
overlapping yet distinct disease phenotypes, despite their similar roles in promoting
HR. For instance, similarly to patients with mutations in SLF2 and SMC5, Bloom
syndrome, caused by BLM loss-of-function mutations, is characterised by short
stature and microcephaly. In contrast, however, Bloom patients also typically exhibit
photosensitive facial skin lesions and an increased risk of cancer. (Arora et al., 2014,
Cunniff et al., 2017). Furthermore, whilst mutations in BLM, SMC5 and SLF2 are all
associated with increased SCEs, the hyperrecombination observed in BLM defective
cell lines far exceeds the levels associated with SLF2 and SMC5 defects (Chaganti

et al., 1974).

One possible explanation for the clinical and cellular discrepancies between patients
with Bloom syndrome and individuals with mutations in SLF2 or SMC5 could be that
SMC5/6 has an active role in regulating certain loci-specific BLM functions. If human

SMC5/6 does indeed regulate BLM-mediated HR at damaged replication forks at
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specific loci, this would be consistent with the hypothesis that SMC5/6 is required at
just a subset of replication forks. Interestingly, research has implicated BLM in the
unwinding G4-quadruplexes throughout the genome during replication. Current
models predict that, without this function, the replication machinery can stall, leading
to fork collapse and aberrant recombination (Mohaghegh et al., 2001, Bachrati et al.,
2006, Drosopoulos et al., 2015, van Wietmarschen et al., 2018). Consistent with this,
in both human and murine BLM knockout models, SCEs are enriched at G4 motifs in
actively transcribed genes, where G4-quadruplex structures are believed to act as
targets of transcriptional regulation (van Wietmarschen et al., 2018). It's not yet
understood how the persistence of these replication impeding structures may
contribute to the general replication stress observed in BLM knockout lines, but it's
possible that they play a significant role, alongside the disruption of BLM-mediated

dissolution at DSBs.

Whilst the Smc5/6-mediated SUMOylation of Sgs1BM has yet only been implicated in
the proper resolution of HJs and D-loops at damaged replication forks (Bonner et al.,
2016, Bermudez-Lopez et al., 2016, Agashe et al., 2021), this research has been
primarily undertaken in yeast, where G4-quadruplex motifs are predicted to be
significantly less abundant than in humans (Wu et al., 2021). Therefore, it may be that
the unwinding of G4-quadruplexes is far more important for faithful replication in
mammalian cells, and represents a far more prominent function for BLM in humans.
If SMC5/6 does have a role in promoting BLM-dependent resolution of G4-
guadruplexes and HR intermediates, it may explain why SMC5 and SLF2 patient
derived cell lines exhibit a sensitivity to CX-5461, a G4-stabilising drug. It would also

implicate these structures as an endogenous lesion that the patient cell lines
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specifically struggle to traverse during replication, rather than a general ‘difficult-to-

replicate’ structure inducing SMC5/6-mediated replication restart (Figure 7.1).

Previous studies have demonstrated a causative link between defective HR and
distinct chromosome abnormalities, reminiscent of the segmented ‘Type 71’
chromosome gaps/breaks present in cells with mutations in SLF2 or SMC5 (Garner
et al., 2013, Sarbajna et al., 2014, Chan et al., 2018). Again, this implicates SMC5/6
in the proper resolution of HR intermediates. Considering this, it is interesting that
these chromosome abnormalities have not yet been associated with other human
diseases, specifically those related to defective HR. However, it is important to note
that, whilst this phenotype appeared in experimental cellular models depleted of HR
resolvases and dissolution factors (Garner et al., 2013, Sarbajna et al., 2014, Chan
et al., 2018), and in the context of hypomorphic mutations in human disease these
aberrations may be far rarer. It may also be that the chromosome abnormalities are
more easily observable in specific cell lines, suggesting that these structures can be
overlooked in certain models due to cell-type differences. Interestingly, levels of
segmented ‘Type 1’ chromosomes gaps/breaks were elevated in SLF2 and SMC5
patient LCLs after CX-5461 treatment. Whilst it's possible that this is an indirect effect,
occurring simply because CX-5461 induces elevated levels of fork stalling, this
supports the hypothesis that SMC5/6 is specifically required to either avoid or resolve
HR-intermediates at G4-quadruplexes (Figure 7.1). As previously discussed, G4-
quadruplexes also preferentially form at telomeric regions, which are G-rich and
present with a single-stranded 3’ overhang (Tang et al., 2007). Thus, the putative

stabilisation of telomeric G4-quadruplexes in patient cell lines may also explain the
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Figure 7.1 A model for the induction of ‘Type 1’ and ‘Type 2’ chromosomes
abnormalities in SLF2 and SMC5 patient cell lines

In normal, healthy cells, the SMC5/6 complex is recruited to damaged replication
forks in an SLF2 dependent manner, where it promotes replication fork stability and
fork restart. However, the SMC5 and SLF2 patient mutations described in this study
are predicted to impede the proper recruitment of the SMC5/6 complex and/or
disrupt the complex’s biochemical activities in patient cells. As studies in yeast
report that Sgs1 (a homologue of mammalian BLM) interacts with SMC5/6 to
promote Sgs1’s activities and localisation to sites of damage, | hypothesise that
SLF2 and SMCS5 patient mutations also disrupt the proper function of BLM in patient
cell lines.

Due to the role of BLM in resolving G4-quadruplexes, the loss of SMC5/6-mediated
BLM activity in SLF2 and SMC5 patient cells could lead to the stabilisation and
persistence of G4-quadruplexes within the replisome, at gene regulatory elements
and at telomeres. This increase in G4-quadruplexes would obstruct DNA replication,
leading to elevated levels of stalled forks, DNA damage, and regions of under-
replicated DNA persisting through to mitosis. The increased levels of persisting G4-
guadruplexes, replication fork stalling, and the disruption of SMC5/6-mediated BLM
regulation could all contribute to the elevated levels of HR intermediates observed in
SMCS5 and SLF2 patient cells.

| propose that the ‘“Type 1’ chromosome gaps and breaks result from defective
condensation of chromatin surrounding these G4-quadruplex associated HR
intermediates. Further to this, | hypothesis that the stabilisation/persistence of G4-
guadruplex structures at telomeres in patient cell lines leads to replication stress,
DNA damage and HR defects at chromosome ends. This would ultimately lead to
telomeric degradation and the subsequent deprotection of telomeres, resulting in
chromosome ends fusing to form ‘Type 2’ dicentric chromosomes.
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elevated levels of telomeric dysfunction in these regions, subsequent fusions, and the

generation of ‘Type 2’ dicentric chromosomes (Figure 7.1).

Whether SMC5/6’s putative functions in HR represent a primary function for the
complex is yet unknown. However, since the loss of SMC5/6 subunits are lethal in
Saccharomyces cerevisiae, whilst the depletion of HR factors are not, it may be that
the complex has additional functions outside of HR which are important for cellular

survival (Zhao and Blobel, 2005).

7.2.4 Does SMC5/6 have a specific role in mitosis?

As discussed in chapter 5, metaphase spread analysis revealed that SLF2 and SMC5
patient peripheral blood lymphocytes and LCLs exhibit chromosome gains in a subset
of cells. Immunofluorescence analysis of these patient cell lines revealed a number
of mitotic defects that could likely contribute to chromosome gains, including lagging
chromosomes and multipolar spindles, linked to centrosome over-duplication in S/G2.
Considering that the centrosome over-duplication and multipolar spindles were
induced by exogenous replication stress, it may be that these mitotic issues arise due
to SMC5/6-associated replication defects, such as S-phase arrest. Although further
work would be needed to question if the lagging chromosomes observed in SLF2 and
SMC5 patient lines are also exacerbated by replicative dysfunction, experiments in
yeast have shown that treatment with MMS induces chromosome segregation defects
in Smc5/6 mutants cells, including SUMO-ligase dead Nse2 mutants. (Bermudez-
Lopez et al., 2010). This is consistent with previous work which has demonstrated
that chromosome missegregation and UFBs are conferred by the loss of SMC5/6 prior

to S-phase specifically (Venegas et al., 2020).
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In addition to this, increased levels of railroad chromosomes and cohesion fatigue in
both SLF2 and SMC5 patient peripheral blood and LCLs suggests that mutations in
either factor induces cohesion defects which may also contribute to changes in
chromosome numbers. These phenotypes are frequently observed in some
cohesinopathies, including WABS and Roberts syndrome, multisystem disorders
driven by mutations in the cohesin network (van der Lelij et al., 2009, van der Lelij et
al., 2010a, van der Lelij et al., 2010b, van Schie et al., 2020). Whilst this could imply
a regulatory role for SMC5/6 in cohesin recruitment or function, a loss of sister
chromatid cohesion is also commonly observed in cancer cell lines lacking cohesin-
related mutations, where the phenomenon is causally associated with increases in
replication stress. Accordingly, a number of replication-stress inducing drugs,
including hydroxyurea, cisplatin, and etoposide, have been shown to induce elevated
levels of chromatid separation during mitosis (Kukolj et al., 2017, Benedict et al.,
2020). Some studies have attributed this to replication-stress induced metaphase
arrest in which chromosomes are exposed to the pulling forces of the mitotic spindle
for a prolonged period, risking cohesion fatigue (Kukolj et al., 2017, Masamsetti et al.,
2019). However, one recent study using RPEL1 cell lines with oncogenic mutations
argued against this. The authors used a combination of DNA fibre and comet assays
to show that cohesin removal was required for successful replication coupled DSBR
during periods of elevated replication stress, suggesting that, under these conditions,
the increased loss of cohesin at stalled or damaged replication forks may lead to a
premature loss of sister chromatid cohesion (Benedict et al., 2020). Thus, there may
be a distinction between cohesion defects induced by mutations in or related to

cohesin, and those caused by increases in replication stress, with further work
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required to distinguish between either driver in the context of the mutations in SLF2

and SMC5.

Acknowledging this, it is possible that the MVH observed in the SLF2 and SMC5
patient cell lines is the result of several sources of mitotic dysfunction driven by
increases in replication stress (Figure 7.2). However, this raises questions as to why
other genome instability and replication-stress linked disorders do not present with
significant levels hyperploidy, despite similar defects in repair and replication.
Interestingly, MVH has yet only been reported in patients with mutations in SLF2,
SMC5 and RNF168, rather than other SMC5/6 complex components. This could
suggest that these factors are required for a novel function, whether that be
replication-linked or mitotic, which is important to maintain chromosome stability.
Considering that replication-stress induced multipolar spindles are common to both
syndromes, it could be that spindle abnormalities play a critical role in driving these
chromosome gains (Figure 7.2). However, further analysis will be required to
determine whether any other SMC5 and SLF2 associated mitotic problems, such as
cohesion defects, are also associated with the RIDDLE syndrome LCL, or other cell
lines exhibiting defects in RNF168. Furthermore, analysis of the SLF2 and SMC5
patient derived blood samples and cell lines has indicated that the proportion of
hyperploid cells can vary significantly between individual patients and samples.
Therefore, it may be that MVH is associated with mutations in other SMC5/6 complex
components but that this has yet to be reported due to the small patient cohorts and

the scarcity of hyperploid cells.
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Figure 7.2. A model for the generation of hyperploid cells in SLF2 and SMC5
patient cell lines

Patient mutations in SLF2 and SMC5 lead to the defective recruitment or activity of
the SMC5/6 complex at damaged replication forks, resulting in elevated levels of
replication stress and other S-phase associated defects. This results in several
defects during mitosis, such as lagging chromosomes, which mis-segregate and
form micronuclei, and a premature loss of cohesin, leading to cohesion fatigue. A
mechanism for SMC5/6-associated cohesion fatigue has yet to be elucidated but
may be caused by prolonged metaphase arrest due to elevated levels of replication-
stress, or the removal of cohesin at replication forks during HR-mediated restart.

| propose that delayed S-phase progression in SLF2 and SMC5 patient cell lines
treated with replication stress inducing drugs causes centrosome amplification in S-
phase, ultimately leading to mitotic cells with multipolar spindles. This, together with
lagging chromosomes and cohesin fatigue, induces considerable chromosome mis-
segregation and ultimately large alterations in chromosome number.

| hypothesise that over successive rounds of mitosis, cells with gains in
chromosome numbers may accumulate, whilst cells that experience significant
chromosome losses undergo cell death, generating a significant proportion of cells
with hyperploidy. Whilst this study did not associate the disruption of SLF2 and
SMCS5 with the gross mis-localisation of mitotic factors, it is possible be that SMC5/6
has undiscovered specific miotic functions which also contribute to such significant
chromosome gains.
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7.2.5 Considering a potential link between SMC5/6 and cancer

Replication stress and genome stability are both considered major drivers of cancer
(Negrini et al., 2010, Macheret and Halazonetis, 2015). However, the relationship
between replication stress and tumorigenesis is not straightforward. Unlike other
genome instability disorders, replication stress-linked conditions are not typically
characterised by the development of cancers (Zeman and Cimprich, 2014,
Terabayashi and Hanada, 2018). Instead, as previously discussed, these disorders
frequently present with neurodevelopmental issues and growth defects, suggesting
that elevated levels of replication stress drive disease progression via increased
levels of cell death during development (Murga et al., 2009, Alcantara and O'Driscoll,
2014, Reynolds et al., 2017). However, seeing that replication stress is a key driver
of DNA damage, mitotic issues, and general genome instability, it is curious that these
conditions do not present with cancers more frequently (Zeman and Cimprich, 2014,

Gelot et al., 2015).

Considering that aneuploidy is a hallmark of most tumours (Taylor et al., 2018), it is
also interesting that cancer is not yet associated with mutations in SLF2 or SMCS5,
particularly as the extreme chromosome gains associated with SLF2 and SMC5
dysfunction extend far beyond that seen in typical replication stress disorders.
However, as with replication stress, our understanding of the role of aneuploidy in
cancer development is complicated. Whilst aneuploidy is believed to be generally
deleterious, with studies demonstrating that gains of single chromosomes impair cell
proliferation (Torres et al., 2007, Williams et al., 2008a, Stingele et al., 2012), some
studies have noted that, in certain conditions, copy number alterations of specific

genes can drive increases in cell survival and tumorigenesis (Ben-David et al., 2014).
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This may explain why MVA syndrome, which confers random changes in
chromosome numbers, is associated with an increased risk of some cancers (Kajii et
al., 2001, Yost et al., 2017). Whilst much remains unknown regarding the production
of hyperploid cells in the SLF2 and SMC5 patients, such as the frequency with which
they are generated, how long they persist, and whether the affected cells accumulate
chromosomes over several rounds of cellular division, interesting questions are raised
regarding how MVH may contribute to the disease phenotype observed in the SLF2
and SMC5 patients and whether these patients, like those with MVA, are likely to

develop cancer in the future.

7.2.6 Future work

The phenotypic analysis of the SLF2 and SMC5 patient cell lines presented in this
thesis links the SMC5/6-SLF2-SLF1-RAD18 pathway with several known cellular
functions, including replication and HR. Interestingly, however, my research also
suggests a number of possible novel functions for SMC5/6 in mitosis and the
regulation of G4-quadruplexes. Further work will now be required to mechanistically

explore these putative roles and confirm their dysfunction in the patient cell lines.

As discussed, the segmented ‘Type 1 chromosome gap/break abnormalities
observed in SLF2 and SMC5 patient cell lines are reminiscent of aberrations
associated with persistent HR intermediates (Garner et al., 2013, Sarbajna et al.,
2014), suggesting that the SMC5/6-SLF2-SLF1-RAD18 pathway has important roles
in resolving these structures. However, my work has yet to conclusively verify that
these aberrations are linked to defective HR. In previous studies, the exogenous

expression of RusA, a bacterial HJ resolvase, and the subsequent rescue of
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segmented chromosomes, has been used to confirm the presence of persisting HJ
intermediates (Garner et al., 2013, Chan et al., 2018). Thus, future work could explore
whether the SLF2 and SMC5 patient mutations induce HR defects, and whether these
defects drive the formation of the segmented ‘Type 1’ chromosome abnormalities, by
guestioning if the expression of RusA is sufficient to reduce elevated levels of these
structures. Similarly, experiments could then question if RUsA expression rescues
other cellular defects associated with mutations in SLF2 and SMC5, such as the
elevated levels of fork stalling. These observations would causatively link these
phenotypes with HR dysfunction. It may also be interesting to ask if the resolution of
persistent HR intermediates, which may otherwise contribute to chromosome
missegregation, leads to a reduction in the number of cells exhibiting chromosome
gains. To question this, the chromosome number of patient derived cells transfected
with RusA could be analysed after extended periods of cell culture. As has been
previously discussed, it's possible that SMC5/6’s putative HR function is conferred via
the NSE2-mediated SUMOylation of BLM and the BTR complex. To explore this
further in the context of this disease model, it would be interesting to determine if the
SUMOylation activity of SMC5/6 is compromised in patient cells, and if BLM’s SUMO
modifications are disrupted. Considering SMC5/6 may regulate BLM during HR-
mediated fork restart at damaged replication forks, proximity ligation assay (PLA)
could also be used to question if BLM’s localisation to replication forks is disrupted in

the SLF2 and SMCS5 patient cell lines.

The presence of MVH in the patient cell lines represents a unique cellular phenotype
associated with mutations in SLF2 and SMC5. However, it also raises critical

guestions regarding whether these chromosome gains are the result of elevated
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replication stress, or instead a novel function for the SMC5/6 complex in mitosis.
Whilst my research failed to observe any gross mislocalisation of mitotic factors
previously associated with SMC5/6, future research should work to establish if the
dysfunction in SLF2 or SMC5 instead disrupts the enzymatic functions of these factors
or deregulates any of their downstream substrates. As discussed in this thesis, the
generation of hyperploid cells could theoretically arise due to numerous cellular
defects, including a loss of sister chromatid cohesion, multipolar spindles and lagging
chromosomes. To understand more regarding the role of these putative dysfunctions,
it would be interesting to use live cell imaging to monitor the progression of patient
derived cells through mitosis. This would give a detailed insight into the aberrant
mitotic phenotypes associated with defects in SLF2 and SMC5 and an understanding
of how these abnormalities may lead to chromosome gains. Alternatively, future
experiments could focus on exploring the possible relationship between SMC5/6’s
replicative functions and hyperploidy. By treating SLF2 and SMC5 patient cells with
replication-stress inducing drugs for elongated periods of time, experiments could
guestion if elevated levels of replication-stress are associated with an increased
number of hyperploid cells, suggesting a causative link between the two. Considering
that the levels of SCEs and chromosome aberrations did not significantly increase in
response to replication stress inducing drugs it may be that the replicative functions
of SMC5/6 are specific to a subset of replication forks. Thus, exacerbating the
possible link between replication stress and chromosome gains may be easier if

endogenous lesions causing the replicative dysfunction can be directly targeted.

My research proposes that SMC5/6 may have specific functions related to G4-

guadruplexes, with treatment with CX-5461, a G4-stabilising agent, inducing
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significantly elevated levels of chromosomal damage and fork stalling, alongside
decreased cellular viability. Future work should use G4-quadruplex antibodies to
confirm both the endogenous persistence of these structures, as well as their CX-
5461-mediated stabilisation, via immunofluorescence. As discussed in chapter 6, it
would be important to verify that the CX-5461-induced cellular defects in the patient
cells are caused by the G4-stabilising activities of the drug, rather than its functions
as a Top2 poison or an RNA polymerase | inhibitor, by testing the sensitivity of the
cells to other G4-quadruplex stabilising agents (e.g. pyridostatin), Top2 poisons (e.g.
etoposide and doxorubicin) and RNA polymerase | inhibitors (e.g. BMH-21). The link
between G4-quadruplexes and HR defects in the patient cell lines could then be
explored further by determining if treatment with G4-quadruplex stabilising drugs
induces significantly elevated levels of SCEs. Since G4-quadruplexes are believed to
form frequently at telomeres (Bryan, 2020), it would also be pertinent to ask if G4
structures represent the endogenous lesions responsible for the ‘“Type 2’ dicentric
chromosomes observed in the SMC5 and SLF2 patient cell lines. This could
hypothetically occur if these ‘difficult-to-replicate’ lesions induce elevated levels of
DNA damage at chromosome ends, leading to their deprotection. An interesting way
to query the relationship between SMC5/6 and these loci would be to use BrdU-seq
to investigate sites of G2/M synthesis and question if these regions of incomplete S-
phase replication are enriched at telomeres or G4-structures (Wang and Saponaro,

2021).

My research contributes to a broad clinical spectrum of SMC5/6 associated
syndromes, linked to defects in different subunits. In order to mechanistically

understand the cellular phenotypes observed in SLF2 and SMC5 patient cell lines, as

275



well as their distinction from other SMC5/6 related conditions, it will be important to
investigate how the patient variants impact the structure and biochemical activities of
the complex. A first step to understanding this could be to use western blotting to
determine the protein expression levels of NSE1-4 in the patient cell lines. This will
reveal if mutations in SLF2 or SMC5 disrupt the stability, and therefore likely impacting
their activity, of the other complex subunits. By pulling down SMC5 or SMC6 and
probing for NSE subunits, immunoprecipitation studies could also be used to assess
precisely iffhow the patient mutations impact the interaction of certain complex
components and the assembly of SMC5/6. Another way of determining this could be
to use BiolD or mass spectrometry experiments to compare SMC5 or SLF2
interactors in WT and patient cell lines. Any differences could also help to identify
potential downstream pathways responsible for the SMC5/6-associated cellular

dysfunction.

In order to specifically assess the impact of the patient variants on the SUMOylation
activity of NSE2, which docks onto the arm of SMC5 and could hypothetically be
disrupted by SMC5 mutations (Duan et al., 2009a), the auto-SUMOylation activity of
NSE2 should be investigated. Tagged SUMO could be expressed in the patient
fibroblasts, with immunoprecipitation experiments then used to pull down SUMO and
probe for NSE2 (and vice versa). This would determine whether the interaction
between SUMO and NSE2 is decreased in patient cell lines in comparison to WT
controls. The SUMOylation of various other factors, including SMC5, SMC6 and BLM,
or other SMC5/6 interacting proteins identified by the previously discussed BiolD and

mass spectrometry studies, could also be assessed to question if this is impacted by
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the patient variants. These interactions could then be confirmed in vitro using purified

constructs.

As discussed above, it will be particularly important to investigate the possible
SMC5/6-mediated SUMOylation of BLM, which | hypothesise could be disrupted in
the patient cells lines and thereby responsible for the HR-associated defects. If BLM
was shown to be SUMOylated by SMC5/6, the site(s) of BLM’s SUMOylation could
be determined, either by mass spectrometry or the mutation of predicted
SUMOylation sites. If identified, mutant BLM which cannot be SUMOylated by
SMC5/6 could be exogenously expressed in WT cell lines to question if this disruption
is sufficient to induce similar phenotypes to the ones seen in the patient cell lines. It
may then also be interesting to ascertain when in the cell cycle BLM, or any other
identified factor, may be SUMOylated by SMC5/6, and confirm whether this is linked
specifically to S-phase functions. By arresting patient cell lines at different points in
the cell cycle, pulling down BLM and probing for exogenously expressed and tagged
SUMO, in untreated and SMC5/6 siRNA treated experiments, it would be possible to
identify when SMC5/6-mediated BLM SUMOylation occurs. The same experiments
could also be conducted in conjunction with different drug treatments to question if
this SUMOylation occurs in response to replication stress generally, or if it is

exacerbated by specific drugs, such as G4-stabilising agents.

Since SMC5 and SMC6 have important ATPase activities which modulate the
interaction of the complex with DNA, the ATP binding and hydrolysis activity of purified
preparations of WT and patient variant SMC5/6 complexes could be compared.
Previous studies have assayed SMC5/6's ATPase activities by measuring the

proportional oxidation of NADH (Taschner et al., 2021). By utilising these assays to
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monitor levels of ATP turnover at saturating ATP concentrations, these investigations
could also determine whether the putative decreases in ATPase activity associated
with patient mutations are likely to be impacted by defective ATP hydrolysis, or
instead by decreased ATP binding by SMC5/6. These purified complexes could also
be incubated with DNA constructs and analysed using an electrophoretic mobility shift
assay to understand the extent to which defective SMC5/6 ATPase activity may
disrupt the complex binding to DNA. Using this method, it would be possible to
guestion how the complex interacts with DNA, and whether this interaction is
enhanced at, or specific to, certain structures, for instance double strand breaks,
replication forks, regressed forks or G4-quadruplexes, and whether these interactions

were impacted differently by the patient variants and differences in ATPase activity.

The impact of these mutations on the development of the patients’ clinical and cellular
phenotypes could then be confirmed using animal models. A conditional SMC5
knockout mouse model has been generated already, exhibiting reduced brain size
and sensorimotor issues (Atkins et al., 2020). In addition to this, collaborators of my
work (Dr Erica Davis) have recently generated SLF2 and SMC5 knockout zebrafish
which phenocopy microcephaly and reduced body size. SMC5 knockout zebrafish
could be rescued with WT SMCS5, but not the patient variants, thus confirming the
pathogenicity of these mutations (Grange et al., 2022). It may now be interesting to
guestion if these phenotypes can be rescued by the concomitant deletion of p53, or
other factors which are associated with SMC5/6. Since zebrafish are considered to
be excellent models of heart development (Francoeur and Sen, 2021), it's possible
that future work could use these models to explore the association of cardiac defects

with SMC5/6 dysfunction, as well as replication stress and MVH. Neuronal zebrafish
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cells could be isolated to monitor the presentation of these abnormalities in this
specific cell type, also. To question this even further, it may be interesting to develop
brain organoid models. Induced pluripotent stem cells could be generated from patient
and WT fibroblasts, then differentiated into neurons and grown into organoids, with
the size of these organoids and the cellular defects of the neurons compared between

the different genetic backgrounds.

7.2.7 Summary

The research presented in this thesis characterises a new human syndrome related
to mutations in SLF2 and SMC5. The cellular phenotypes associated with these
individuals provide further evidence for the role of SMC5/6 in DNA replication and
repair and suggests functions for the complex in telomere maintenance and
replication through G4-quadruplex structures. However, major questions remain
regarding the precise role of the SMC5/6 complex in replication and mitosis and the
cause of the MVH in the patient cell lines. By expanding the range of clinical
phenotypes associated with SMC5/6 dysfunction, this work also questions why
mutations in different SMC5/6 complex components give rise to such contrasting
clinical presentations. These questions will hopefully be answered with more
research, the discovery of more patients, the identification of new syndromes

associated with other SMC5/6 subunits and the further use of animal models.
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Embryonic development is dictated by tight regulation of DNA replication, cell
division and differentiation. Mutations in DNA repair and replication genes
disrupt this equilibrium, giving rise to neurodevelopmental disease char-

acterized by microcephaly, short stature and chromosomal breakage. Here, we
identify biallelic variants in two components of the RAD18-SLF1/2-SMC5/6
genome stability pathway, SLF2 and SMCS, in 11 patients with microcephaly,
short stature, cardiac abnormalities and anemia. Patient-derived cells exhibita
unique chromosomal instability phenotype consisting of segmented and
dicentric chromosomes with mosaic variegated hyperploidy. To signify the
importance of these segmented chromosomes, we have named this disorder
Atelis (meaning - incomplete) Syndrome. Analysis of Atelis Syndrome cells
reveals elevated levels of replication stress, partly due to a reduced ability to
replicate through G-quadruplex DNA structures, and also loss of sister chro-
matid cohesion. Together, these data strengthen the functional link between
SLF2 and the SMC5/6 complex, highlighting a distinct role for this pathway in

maintaining genome stability.

Despite the fundamental nature of DNA replication and cell division,
inherited variants in genes involved in these processes are an under-
lying cause of human disease. Whilst these syndromes usually display
unique clinical features that define them diagnostically, they typically
exhibit common neurodevelopmental deficits, such as severe micro-
cephaly and pre- and post-natal growth retardation'~. Assuch, many of
these syndromes can be collectively referred to as microcephalic
dwarfism (MD) disorders. This constellation of conditions includes
Meier-Gorlin Syndrome, Seckel Syndrome Spectrum Disorders, Bloom
Syndrome and Microcephalic Osteodysplastic Primordial Dwarfism
type Il and can be broadly classified as having deficiencies in one of
three cellular processes: DNA replication, DNA repair, and mitotic cell
division™*. Although mechanistically distinct, the common clinical
phenotypes exhibited by these diseases are thought to result from a
reduction in cellular proliferation and/or excessive cell death in the
developing embryo, which reduces the number of cells available to
maintain normal foetal growth®. Cells from these patients often exhibit
signs of increased genome instability, such as micronuclei and/or

elevated chromosome breakage. A distinct subgroup of these syn-
dromes exhibit rare cytogenetic anomalies, for example, mosaic var-
iegated aneuploidy syndrome (MVA)*® caused by variants in the
spindle assembly checkpoint genes BUBIB, CEP57 and TRIPI13, or rail-
road chromosomes and premature chromatid separation (PCS) asso-
ciated with Warsaw Breakage Syndrome (WABS) and Cornelia de Lange
syndrome, caused by variants in the helicase DDXI11 and components
of SMCY/3 cohesin complex respectively’°. Whilst, the presence of
these chromosomal abnormalities is a useful diagnostic tool they can
also help dissect the cellular mechanisms underlying the disease
pathology.

Here, we report 11 patients with a neurodevelopmental disorder
overlapping clinically with MVA and Fanconi Anemia (FA) with
pathogenic variants in SLF2 and SMC5, two components of the
recently discovered RAD18-SLF1/2-SMC5/6 genome stability pathway”.
The precise function of the SMC5/6 complex remains enigmatic,
however, it has been linked to a number of fundamental processes,
including DNA transcription, DNA replication, DNA repair and
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chromosome segregation'”, Evidence suggests that the primary
function of this complex occurs during DNA replication to stabilize
stalled forks, suppress the activity of pro-recombination factors and
promote efficient replication through difficult-to-replicate and/or
repetitive regions of the genome, such as rDNA and telomeres™. In
contrast, the function of SLF1 and SLF2 remain unclear, other than a
reported role in recruiting the SMC5/6 complex to sites of DNA
damage™.

Analysis of SLF2 and SMC5 patient-derived cell lines revealed
spontaneous replication stress and multiple mitotic abnormalities that
give rise to a unique, diagnostically relevant, genome instability phe-
notype consisting of segmented, dicentric and rail-road chromo-
somes, and mosaic variegated hyperploidy (MVH). The underlying
basis for this chromosomal instability is not fully understood, but our
data suggest that it may arise, in part, from the failed resolution of
aberrant DNA structures during S-phase, such as G-quadruplexes (G4),
potentially leading to a combination of under-replicated DNA and
unresolved recombination intermediates persisting through to mito-
sis. Together, these data demonstrate that despite a hitherto unknown
role as a core component of the SMC5/6 complex, SLF2 is essential for
the SMC5/6 cohesin-like complex to maintain genome stability by
regulating both DNA replication and cell division.

Results
Patients with microcephaly and short stature have biallelic SLF2
(FAM178A) and SMCS variants
Whole exome sequencing (WES) was carried out on seven patients (P1,
P2, P3, P4-1, P4-2, P5 and P6) from five families, presenting with
microcephaly, short stature, mild to severe developmental delay and
spontaneous chromosome breakage. After aligning WES reads to the
reference genome, variant calling, and filtering for rare variants (MAF
<0.005), analysis under a recessive model of inheritance identified
biallelic variants in SLF2 (FAM178A) in all seven patients. All identified
SLF2 variants segregated amongst family members (with the exception
of patients P1 and P5 where parental material was unavailable) and
were present at a frequency of <0.5% in the gnomAD database (Fig. 1a,
c; Supplementary Data 1-7; Supplementary Fig. 1a). Comparative
genomic hybridization (CGH) array analysis carried out on gDNA from
patient P5 confirmed the homozygosity of the identified SLF2 variant.
Given that SLF2 had been identified previously as part of the
RADI8-SLF1/2-SMC5/6 genome stability pathway", we hypothesized
that variants in other components of this pathway may also give rise
to a similar neurodevelopmental disorder. By querying gene match-
ing platforms, four patients exhibiting microcephaly and growth
retardation that had undergone WES were identified to carry biallelic
variants in SMCS: patient P7 (c.1110 1112del; p.Arg372del, c.1273C>T;
p.Arg425Ter) and patients P8, P9-1 and P9-2 (c.2970C>G;
p.His990Asp) (Fig. 1a, c; Supplementary Data 1; Supplementary
Data 8-10; Supplementary Fig. 1b). All variants were verified by
Sanger sequencing, segregated amongst family members in an
autosomal recessive paradigm and were present at a frequency of
<0.5% in gnomAD.

SLF2 and SMCS variants give rise to neurodevelopmental
abnormalities, cardiac defects and anemia

All individuals with SLF2 and SMC35 variants presented with a similar
clinical phenotype, including marked microcephaly (-3.57 to -11.88
SD) and a reduction in height (-2.19 to -8.24 SD) (Fig. 1b; Supplemen-
tary Data 1). Moreover, the majority of patients also exhibited a
developmental delay along with learning difficulties. Mild skeletal
defects (i.e., clinodactyly), skin hyperpigmentation and ocular
abnormalities were present in several patients (Supplementary Data 1).
Notably, two of seven SLF2 patients (P4-1, PS) and all four SMC5
patients (P7, P8, P9-1 and P9-2) displayed cardiac defects (Supple-
mentary Data 1), such as atrial or ventricular defects, a phenotype

commonly observed in patients with cohesinopathies™® but not DNA
replication disorders. Furthermore, five of eleven patients (P3, P4-1, P4-
2, P5, P9-2) also developed anemia, with one of these patients (P9-2)
subsequently developing myelodysplastic syndrome (Supplementary
Data 1). This, coupled with other clinical features, could potentially
result in future cases being mistakenly diagnosed with an atypical form
of FA in the absence of a clear genetic diagnosis using WES. This is
particularly relevant since components of the SMC5/6 complex have
been previously shown to functionally interact with the FA pathway to
repair DNA damage”. Only one patient (P3) developed severe pul-
monary disease similar to patients with variants in the SMC5/6 com-
plex subunit NSMCE3'"®", whereas insulin-resistant diabetes and
metabolic dysfunction, which are characteristic to patients with
NSMCE2 variants were absent among this cohort®’. Collectively, these
clinical and genetic observations support the premise that variants in
SLF2 and SMCS5 cause microcephaly and short stature associated with
cardiac defects and the development of anemia.

SLF2 and SMCS variants compromise protein stability, interac-
tions with other components of the RAD18-SLF1/2-SMC5/6
pathway and recruitment to sites of DNA damage

To determine the pathogenicity of the identified patient variants, we
carried out western blotting on extracts from SLF2 patient-derived cell
lines (SLF2-P1, SLF2-P2, SLF2-P3 and SLF2-P4-1) to ascertain if SLF2
protein abundance or stability was compromised. Notably, all four of
the SLF2-mutant patient cell lines examined exhibited a reduction or
absence of detectable full length SLF2 protein whilst maintaining wild
type (WT) levels of RAD18, SMCS, and SMC6 protein (Fig. 2a). SLF1
protein level was not tested due to the absence of an available
antibody.

We next investigated the SLF2 variants in patients P2 and P3 in
more detail. Analysis of cDNA from the SLF2-P3 cell line demonstrated
that the synonymous homozygous variant ¢.3330G>A (p.Argl110Arg),
disrupted splicing leading to an in-frame deletion of exon 17 (Sup-
plementary Fig. 2a, b). We then analysed the impact of the c.3486G>C
(p.GInl162His) variant, present in patient P2, on splicing. Multiple SLF2
transcripts are annotated in the human genome and although
¢.3486G>C (p.GIn1162His) introduces a nonsynonymous change in the
two longest transcripts (NM 018121 and NM 001136123), it only affects
mRNA splicing of the most abundant SLF2 transcript (NM 018121) by
impairing the exon 19 splice donor splice site (Supplementary Figs. 2c,
3a-e). The p.(GIn1162His) variant also displayed compromised protein
stability when expressed transiently indicating that this variant dis-
rupts both mRNA and protein stability (Supplementary Fig. 3f).
Together, these data suggest that most of the identified SLF2 variants
have an adverse effect on protein stability.

In contrast, analysis of SMCS5 patient cell lines revealed that the
homozygous p.(His990Asp) variant present in patients P8, P9-1and P9-
2 had little detectable impact on the protein stability of SMCS, or
RAD18, SLF2, and SMC6 (Fig. 2b). Only a cell line derived from patient
P7 exhibited a reduced abundance of SMCS protein, presumably due
to the presence of a nonsense variant (p.Arg425Ter) on one of the
SMCS alleles. As loss of Smc5 is embryonically lethal®, it is possible that
the SMCS variants are hypomorphic and that significant disruption of
SMCS protein stability to the extent observed with the SLF2 variants is
incompatible with life.

SLF1 and SLF2 have been identified as bridging factors between
RADIS8 and the SMC5/6 complex at sites of stalled replication". To
address whether the SLF2 and SMCS variants compromised their
ability to bind components of the RAD18-SLF1/2-SMC5/6 pathway, we
initially mapped the binding sites of RAD18, SLF1 and SMC6 on SLF2.
Using co-immunoprecipitation analysis with tagged proteins, we
determined that the binding of RAD18 and SLF1 to SLF2 requires the
C-terminal 471 amino acids (aa702-1173), which also overlapped with
the SMC6 binding site located at amino acids 589-810 (Supplementary
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Fig. 4a-d). All patient-associated variants in SLF2, with the exception of
p.(GIn1162His), are located within or truncate the SLF1/RADI18 binding
domain of SLF2 (Fig. 1c). Consistent with SLF1 binding being essential
for SLF2 to mediate bridging between RAD18 and the SMC5/6 com-
plex, co-immunoprecipitation studies using extracts from hydro-
xyurea (HU) treated SLF2 patient-derived LCLs revealed a failure of all

cell lines tested to co-purify SMC6 with RAD18 (Fig. 2c). Furthermore,
all SLF2-mutant proteins, with the exception of p.(GIn1162His), failed
to or exhibited a reduced ability to, be recruited to sites of DNA
damage induced by laser micro-irradiation (Supplementary Fig. 4¢).
We next extended the coimmunoprecipitation analysis to include
SMCS patient LCLs (Fig. 2d). The interaction between RAD18 and SMC6
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Fig. 1| SLF2 and SMCS variants cause severe microcephaly and short stature.
a Table listing biallelic SLF2 and SMCS variants in 11 individuals. ss, splice site cre
ated or destroyed by variant. * * denotes that the allele variant was not present in
the gnomAD database. Scores predicting the pathogenicity of the identified mis
sense variants in SLF2 and SMCS were generated using Polyphen 2 (http://genetics.
bwh.harvard.edu/pph2/). NA Not applicable. b Length and head circumference
(occipital frontal circumference; OFC) at birth and at the age of last exam as

z scores (s.d. from population mean for age and sex; SD). Dashed line at 3 SD
indicates cut off for normal population distribution. Orange values indicate SMC5
patients and blue values indicate SLF2 patients. ¢ Schematic of full length WT SLF2
protein and SLF2 patient variants. APIM, atypical PCNA binding motif. SMC, SMC5/6
binding region. SLF1, SLF1 binding region. d Schematic of full length WT SMC5
protein and SMCS5 patient variants. CC coiled coil region.

in SMC5-P8 and SMC5-P9-1 cells was observed to be at WT levels,
suggesting that p.(His990Asp) had no discernible impact on the
integrity of the RAD18-SLF1/2-SMC5/6 complex, whereas the associa-
tion of RADI8 with SMC6 was partially affected in SMC5-P7 cells.
However, both the p.(Arg372del) and p.(His990Asp) SMC5 mutants
failed to re-localize efficiently to sites of laser micro-irradiation
induced damage, with the latter being more severely affected (Sup-
plementary Fig. 4f). These observations indicate that whilst these
variants largely do not appear to compromise their binding to com-
ponents of the RAD18-SLF1-SLF2-SMC5/6 pathway, they do affect their
re-localization to and/or retention at sites of damage.

To gain insight into why the SMCS mutants affected stability of the
SMC5/6 complex at sites of damage, we carried out co-
immunoprecipitation analysis to assess if these mutations affected
binding to other components of the complex. Interestingly, whilst the
p.(His990Asp) mutation did not significantly affect binding to other
components of the SMC5/6 complex, the p.(Arg372del) significantly
compromised binding to SLF2, SMC6 and NSMCE?2 (Fig. 2e). Moreover,
endogenous NSMCE2 exhibited reduced binding to SMCS5 in cells from
patient SMCS5-P7 (Fig. 2f). Consistent with these observations, the Nse2
binding site on yeast Smc5 lies in close proximity to Lys368, which is
the yeast functional equivalent of human SMC5 Arg372 (Supplemen-
tary Fig. 5). This suggests that the failure of the p.(Arg372del) mutant
SMCS to be recruited to sites of laser damage may be due to this
mutation compromising the binding of other key components of the
SMC5/6 complex.

To explore the possibility that the p.(His990Asp) may have a
deleterious impact on the structure of the SMC5/6 complex, we
compared the AlphaFold model for human SMCS5 to the X-ray crystal
structures for the head domain of Pyrococcus furiosus Rad50
(Pf.Rad50) in both the unliganded and ATP-bound forms?. Notably,
His990 lies just upstream of the ATP-binding cassette (ABC) signature
motif of Smc5 (Supplementary Fig. 6a), a region of the protein implicit
in both binding ATP and mediating the complex set of conformational
changes that occur when SMC proteins bind nucleotide®. Interest-
ingly, His990 sits in a position functionally equivalent to Phe791 of
Pf.Rad50 - a residue known to interact directly with the adenine moiety
of bound ATP*. Whilst mutation of His990 to aspartic acid would
appear to be tolerated and unlikely to cause any gross-misfolding of
the protein, as judged by the lack of steric clashes produced by the
mutation (Supplementary Fig. 6b), it removes an aromatic amino acid
and replaces it with one carrying a negative charge. As such, this would
alter the overall charge of a region that normally functions to accept
the adenine moiety. Therefore, it is likely that the p.(His990Asp)
mutation perturbs the ability of the complex to either bind or turnover
ATP, in turn affecting its association with, or retention on chromatin®.

Cell cycle arrest and increased apoptosis in the developing brain
underlies the development of microcephaly in zebrafish lacking
slf2 and smcS

To gain insight into how SLF2 and SMCS5 patient-associated variants
affect neurodevelopment, we utilized CRISPR-Cas9 genome editing to
ablate the single zebrafish orthologs of each of sif2 and smc5 in zeb-
rafish embryos. Single guide (sg) RNAs targeting the primary isoforms
of sif2 and smc5 (Supplementary Fig. 7a, f) were injected, with or
without recombinant Cas9 protein, into -l.4collalegfp reporter
embryos at the single-cell stage, which were allowed to develop until

3 days post-fertilization (dpf) (Supplementary Fig. 7b, c, g, h). This
reporter allows visualization of craniofacial patterning during embry-
onal development®. Bright field lateral images were acquired to mea-
sure head size and ventral fluorescent images of GFP-positive cells
allowed visualization of the pharyngeal skeleton. Similar to the clinical
phenotype exhibited by SLF2 and SMCS5 patients, zebrafish embryos
lacking sif2 and smcS5 displayed a significant reduction in head size and
aberrant craniofacial patterning, as indicated by a broadening of the
angle of the ceratohyal cartilage; a major mandibular structure
(Fig. 3a-f). Furthermore, unlike smc$, which is an essential gene”, we
were able to generate stable F2 slf2 mutants possessing a frameshifting
8 bp deletion allele in slf2 exon 7 (c.515 522del; p.Serl72 Ser174fsTer191;
Supplementary Fig. 7d, e). Consistent with our observations from FO
embryos injected with sgRNA and Cas9, stable F2 sif2 null mutants also
exhibited microcephaly and aberrant craniofacial patterning (Fig. 3g).

To validate these findings, we used morpholinos (MO) to suppress
the expression of sif2 and smcS in zebrafish embryos. Splice blocking
MO targeting the single zebrafish ortholog of each gene, sif2 (exon 11)
and smc5 (exon 3), were designed and depletion of s/f2 and smc5 mRNA
was confirmed by RT-PCR after injection into zebrafish larvae (Sup-
plementary Fig. 8a-d). MO were injected into -1.4collal:egfp reporter
embryos at the single-cell stage. Injected embryos were reared to 3 dpf
and then bright field images were acquired to measure head size and
ventral fluorescent images of GFP-positive cells to visualize the phar-
yngeal skeleton. Comparable to our observations from the zebrafish
embryos lacking slf2 and smc$, zebrafish embryos depleted of sif2 and
smcS5 using MO also displayed a significant reduction in head size and
aberrant craniofacial patterning in the pharyngeal skeleton (Supple-
mentary Figs. 8e-h, 9a-f), which could both be rescued by re-
expression of WT human SLF2 or SMC5 mRNA.

To confirm the pathogenicity of the SMCS5 disease associated
variants we utilized our smc5 morphant zebrafish model to ascertain
whether the three patient-associated SMCS variants could rescue the
developmental abnormalities caused by loss of smcS5 expression. Nei-
ther the p.(Arg425Ter), p.(Arg372del) nor p.(His990Asp) variants
could complement the reduced head size and increased ceratohyal
angle resulting from smc5 depletion (Supplementary Fig. 9g-i), rein-
forcing that they confer a loss of function effect. In contrast, both the
head size and ceratohyal angle could be restored to normal following
expression of WT human SMCS or a polymorphic SMCS variant,
p.(Arg733GlIn), identified from gnomAD.

To investigate the two principal underlying causes of micro-
cephaly, slowed cell cycle progression and/or increased apoptosis in
the developing brain®?*%%, fixed whole-mount sif2 and smc5 depleted
zebrafish embryos were stained with markers of cell cycle stage (G2/M:
phospho-histone H3 serine-10) and apoptosis (TUNEL). FO CRISPR
embryos injected with either sif2 or smc5 sgRNA with recombinant
Cas9 (Fig. 4) exhibited a pronounced increase in both phospho-histone
H3 and TUNEL staining in the developing brain when compared to
control zebrafish. Importantly, this phenotype was recapitulated in
zebrafish embryos transfected with sif2 or smc5 MO, which could be
complemented by re-expression of the orthologous WT human mRNA
(Supplementary Fig. 10). Together, these in vivo data confirm that a
functional RAD18-SLF1/2-SMC5/6 pathway is required for normal
development of the brain and cartilaginous structures, and compro-
mising this pathway triggers a G2/M cell cycle arrest and the onset of
apoptosis leading to microcephaly.
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SLF2/SMCS5 mutant patient-derived cell lines exhibit increased
spontaneous replication stress

Although the SMC5/6 complex has been implicated in regulating
numerous DNA repair and replication pathways, it is thought that its
primary function is to promote efficient replication***’. Therefore, we
used DNA fiber analysis to study the impact of SLF2 and SMCS variants

on replication dynamics. All SLF2 and SMCS mutant LCLs examined
exhibited asignificant increase in spontaneous replication fork stalling
and fork asymmetry comparable to that observed in an LCL derived
from an ATR-Seckel Syndrome patient (Fig. 5a-d). Importantly, this
increased spontaneous replication fork stalling was also observed in
patient-derived fibroblasts and could be suppressed by re-expressing
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Fig. 2 | Impact of patient associated variants on the stability of SLF2 and SMC5
protein and the integrity of the SMC5/6 complex. a Representative immunoblot
analysis of cell extracts from lymphoblastoid (LCL) cell lines derived from patients
with variants in SLF2. WT AH and WT LQ (WT wild type) indicate unrelated heathy
individuals. b Representative immunoblot analysis of cell extracts from

LCLs derived from patients with variants in SMC5. WT SW and WT WCS indicate
unrelated heathy individuals. ¢, d Whole cell extracts prepared from WT cell lines,
SLF2 patient LCLs (c) or SMCS patient LCLs (d) were subjected to immunopreci
pitation with the indicated antibodies, and inputs and immunoprecipitates (IP)
were analysed by immunoblotting (IB). e U 2 OS cells expressing Flag SLF2 were

transfected with WT or mutant GFP SMC5. GFP SMC5 was precipitated from cell
extracts using GFP Trap beads and co precipitated proteins were detected using
immunoblotting with the indicated antibodies. *represents a cross reaction of the
NSMCE2 antibody to GFP. f Whole cell extracts prepared from WT cell lines or
SMCS patient LCLs were subjected to immunoprecipitation with the indicated
antibody, and inputs and immunoprecipitates were analysed by immunoblotting.
Immunoblotting and immunoprecipitation experiments in (a, b, c, d, f) are repre
sentative of two independent experiments with similar results. Panel e is repre
sentative of three independent experiments with similar results.

WT SLF2 or SMCS (Fig. Se, f; Supplementary Fig. 11a, b). Unlike the ATR-
Seckel cell line, all the SLF2-mutant LCLs and one of the SMC5 mutant
LCLs exhibited WT levels of replication fork speed (Supplementary
Fig. 11c, d). In contrast, LCLs carrying the homozygous p.(His990Asp)
exhibited a moderate reduction in replication fork speed.

To confirm these observations, we used CRISPR-Cas9 gene editing
in U-2 OS cells to generate SLF2 knockout clones. Despite several
attempts we were unable to generate complete SLF2 knockout clones.
Rather, we generated two hypomorphic (HM) clones, each with one
expressed mutant allele of SLF2 in conjunction with one or more
truncating mutant alleles: SLF2 HM cl.1 (p.Asn411Lysins16, p.Ser403-
Ter, p.Asn4liLysfsTer3) and SLF2 HM cl.2 (p.Asp398 Ser404del,
p.Ser403ThrfsTer14). These clones were subsequently complemented
by re-expressing WT SLF2 (Supplementary Fig. 12). Importantly, DNA
fiber analysis of these SLF2 HM clones demonstrated that the vector
complemented SLF2 HM cell lines exhibited significantly elevated
levels of spontaneous fork stalling compared to the WT SLF2 com-
plemented clones (Fig. 5g).

Since spontaneous replication stress exhibited by cells can be
attributed to defective ATR-dependent DNA damage signaling, we
used DNA fiber analysis and western blotting to monitor activation of
the ATR-dependent stress response®. In contrast to the ATR-Seckel
syndrome cell line, all the SLF2 or SMCS patient cell lines were capable
of activating ATR or the intra-S phase checkpoint in response to HU
and MMC (Supplementary Figs. 11e, f, 13) indicating that dysregulation
of the ATR stress response pathway does not account for the observed
DNA replication defects. This is consistent with previous work
demonstrating that loss of the SMC5/6 pathway does not affect acti-
vation of the ATR-dependent DDR".

We next investigated the cellular impact of the increased spon-
taneous replication fork instability observed in the patient cell lines
using different markers of replication stress. Significantly, both SLF2
and SMCS patient cell lines exhibited elevated signs of spontaneous
replication stress including the presence of DNA double strand breaks
(DSBs) in S-phase cells (53BP1 foci in EdU positive cells), an increased
frequency of mitotic cells undergoing mitotic DNA synthesis (MiDAS),
elevated levels of 53BP1 G1 bodies and the formation of micronuclei
(Fig. 6a-d, Supplementary Fig. 14a-d)"*°. Crucially, all these pheno-
types could be complemented by re-expressing either WT SLF2 or
SMCS (Fig. 6). Moreover, the U-2 OS SLF2 HM cell lines also exhibited
elevated levels of micronuclei compared to the corrected WT SLF2
expressing clones (Fig. 6e).

Hypomorphic variants in SLF2 and SMCS are associated with
mitotic abnormalities, segmented chromosomes, cohesion
defects and mosaic variegated hyperploidy

Consistent with the elevated levels of spontaneous replication stress,
LCLs derived from SLF2 and SMC5 mutant patients all exhibited
increased levels of chromosomal aberrations (such as chromosome
and chromatid gaps/breaks and chromosome radials) comparable to
that observed in an ATR-Seckel Syndrome LCL (Fig. 6f, g). Notably, this
phenotype was not significantly exacerbated by exposure to either
APH or MMC, unlike LCLs from an ATR-Seckel Syndrome patient

(Supplementary Fig. 15a, b). Importantly, the elevated spontaneous
levels of chromosomal aberrations in the SLF2/SMCS patient fibro-
blasts and the U-2 OS SLF2 HM cells, were rescued by re-expression of
either WT SLF2 or SMCS (Fig. 6h, i).

In addition to the spontaneous chromosomal aberrations, meta-
phase spread analysis of both the peripheral blood and patient-derived
LCLs of SLF2 and SMCS5 patients revealed that a significant subset of
cells exhibited large increases in chromosome numbers, with some
metaphases having >100 chromosomes (Fig. 7a; Supplementary
Figs. 16a, b, 17a). Unlike MVA, which typically involves the loss/gain of
small numbers of chromosomes, the cytogenetic abnormality
observed in SLF2 and SMCS patient cells predominantly involved huge
chromosomal gains. Therefore, we have termed this cytogenetic
abnormality mosaic variegated hyperploidy (MVH), i.e., chromosome
number >46.

To investigate the cause of the MVH, we explored whether SLF2
or SMCS5 patient-derived cell lines exhibited spontaneous mitotic
abnormalities. Both SLF2 and SMCS5 patient fibroblast cell lines, and
U-2 OS SLF2 HM cells, displayed a significant increase in mitotic cells
with lagging chromosomes in empty vector complemented cells
compared to cells re-expressing WT protein (Fig. 7b-d), consistent
with previous reports”?*2. Additionally, when we examined the
origins of these lagging chromosomes/micronuclei using CENPA as a
marker of centromeres, it was evident that a significant proportion of
the micronuclei were positive for CENPA, suggesting that they could
have resulted from failed mitotic segregation (Supplementary
Fig. 16¢, d). This is supportive of the RAD18-SLF1/2-SMC5/6 pathway
playing an important role in promoting proper chromosomal
segregation.

Since SMC5/6 forms a cohesin-like complex and has been impli-
cated in facilitating centromeric and sister chromatid cohesion”**,
we analysed metaphase spreads from SLF2 and SMC5 patient-derived
cells for the presence of cohesion defects. SLF2 and SMCS peripheral
blood lymphocytes showed loss of sister chromatid cohesion as evi-
denced by the presence of rail-road chromosomes (Fig. 7e; Supple-
mentary Fig. 17b). Moreover, SLF2 and SMC5 patient-derived LCLs
exhibited PCS after treatment with the proteasome inhibitor MG132,
which is known to induce cohesion fatigue by preventing the
metaphase-to-anaphase transition®® (Fig. 7f). Together, these obser-
vations suggest that the MVH characteristic to SLF2 and SMCS patient
cells may also be caused by PCS resulting from cohesion fatigue.

However, given the extent of the karyotypic abnormalities it
seemed plausible that other cellular defects may contribute to the
large increases in chromosome number seen in SLF2 and SMC5 mutant
cell lines in addition to PCS. Replication stress can trigger centrosome
amplification via fragmentation of the pericentriolar material (PCM)*’
or premature centriole disengagement, which can lead to mitotic
arrest and aneuploidy-induced cell death and microcephaly®. To
investigate whether centrosome abnormalities could contribute to the
cellular pathology associated with SLF2 and SMC5 dysfunction,
patient-derived cell lines were subjected to immunofluorescence with
antibodies to PCNT1 (a component of the PCM) and mitosin/CENPF
(marker of S/G2 cells) before and after incubation with aphidicolin
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(APH). Notably, following APH exposure a significant proportion of S/
G2 cells possessed more than two centrosomes (Fig. 7g). We also
observed that APH treatment had a profound effect on mitosis with
>10-50% of SLF2 and SMCS patient-derived LCLs exhibiting multi-
polar spindles during mitosis (Fig. 7h, Supplementary Fig. 16e). This
increase in centrosome number and multi-polar spindles is not due to
higher levels of replication stress in the APH treated patient cells as
quantification of APH-induced G1 53BP1 bodies revealed no difference
between empty vector and WT SLF2/SMC5 complemented cells
(Fig. 7i). Therefore, itis likely that the MVH observed in SLF2 and SMC5

patient cells arises as a consequence of multiple defects including
unresolved replication stress, PCS, chromosome mis-segregation and
centrosome amplification.

SLF2/SMC5 mutant cells are unable to replicate efficiently in the
presence of stabilized G-quadruplex structures

During our analysis of metaphase spreads of peripheral blood lym-
phocytes from SLF2 and SMCS patients, we noted that among the
increased levels of spontaneous chromosomal damage, two distinct
types of chromosome abnormality were evident (Fig. 8a;
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Fig. 3 | Loss of sif2 and smc$ in zebrafish give rise to microcephaly and aberrant
craniofacial patterning. a Top: Representative lateral bright field images acquired
at 3 days post fertilization (dpf); white dashed shape depicts head size measured.
Bottom: Representative ventral images of GFP signal from the anterior region of
1.4collal:egfp transgenic reporter larvae at 3 dpf. The white dashed lines show the
ceratohyal angle. b Quantification of lateral head size measurements. Larvae were
injected with two independent sgRNAs targeting slf2 with or without Cas9; n=3
independent experiments (left to right; 56, 37, 37, 36, 36 larvae/batch).
¢ Quantification of the ceratohyal angle. Larvae were injected with two independent
slf2 sgRNAs: n = 3 independent experiments (left to right; 39, 42, 30, 20, 44 larvae/
batch). d Top: Representative lateral bright field images at 3 dpf. Bottom: Repre
sentative ventral images of GFP signal in the anterior region of 1.4collal:egfp smcS
sgRNAL transgenic larvae at 3 dpf. e Quantification of lateral head size measure
ments in 3 dpf larvae (as shown in panel a); n =3 independent experiments (left to
right; 50, 50, 52, 46, 53, 38 larvae/batch). The chart shows two independent

experiments for sgRNAL and sgRNA2 with a vertical line grouping independent
controls with test conditions. f Quantification of the ceratohyal angle. Larvae were
injected with two independent smc5 sgRNAs: n =3 independent experiments (left
to right; 34, 53, 37, 62, 28, 48 larvae/batch). The chart shows two independent
experiments for sgRNAL and sgRNA2 with a vertical line grouping independent
controls with test conditions. g Left: Representative lateral bright field images of
WT control and sif2/ mutants at 3 dpf. Right: Quantification of lateral head size
measurements in 3 dpf WT control and sif2/ mutant larvae (as shown in a); n=3
independent experiments (left to right; 10, 12, 12 larvae/batch). In (a, b): (top left)
white dashed shape depicts head size measured; (bottom left) white dashed lines
show the ceratohyal angle measured. MK Meckel’s cartilage, CH ceratohyal carti
lage (indicated with arrowheads, respectively), and CB ceratobranchial arches
(asterisks). Scale bars represent 300 pm, with equivalent sizing across panels. Error
bars represent standard deviation of the mean. Statistical differences were deter
mined with an unpaired Student’s ¢ test (two sided).

Supplementary Fig. 18). The first type of abnormal chromosome, which
we termed segmented chromosomes, contained one or more chro-
mosome gaps/breaks along the body of the chromosome (type 1).
Type 1 segmented chromosomes with two or more gaps/breaks were
particularly evident in SLF2-P1 and SLF2-P3, whilst most of the seg-
mented chromosomes in SLF2-P2 and SMC5-P7 possessed one gap/
break. The second type of abnormal chromosomal structure resem-
bled a dicentric chromosome, which was confirmed by the presence of
two centromeres using centromere-specific FISH probes (type
2) (Fig. 8b).

The type 1 segmented chromosomes were reminiscent of the
chromosomal abnormalities resulting from combined inactivation of
GEN1 and either MUSS8I or SLX4, suggesting that they may be caused
by an inability to resolve recombination intermediates®“°. Accord-
ingly, both SLF2 and SMCS5 patient-derived cell lines exhibited elevated
levels of recombination as indicated by increased levels of sponta-
neous RADS51 foci and sister chromatid exchanges (SCEs) in the patient-
derived fibroblasts and LCLs respectively (Fig. 8c, Supplementary
Figs. 19a, b, 15c¢, d). This is in line with previous work demonstrating a
role for the SMC5/6 complex in resolving recombination
intermediates*™**. We also observed an increased frequency of telo-
meric SCEs in SLF2-mutant LCLs (Supplementary Fig. 19c), which
could, in part, contribute to the generation of the observed dicentric
chromosomes. To investigate whether the spontaneous chromosomal
aberrations observed in SLF2/SMC5 mutant cells could arise as a
consequence of the presence of unresolved HR intermediates, we
examined the effect of stably expressing the bacterial Holliday junc-
tion resolvase, RusA, in patient-derived cell lines on genome stability*°.
In line with SLF2 and SMCS5 dysfunction causing unresolved HR inter-
mediates to accumulate and this leading to increased genome
instability, expression of WT RusA increased the level of spontaneous
chromosome aberrations in SLF2/SMC5 mutant cells lines com-
plemented with an empty vector but not with WT SLF2 or SMCS5
(Supplementary Fig. 19d, e).

It is known that the SMC5/6 complex is important for the dis-
solution of replication stress-induced recombination, especially at
repetitive regions prone to forming secondary structures and natural
replication pause site intermediates**>™*°, This is consistent with our
observations that the replication stress phenotype observed in SLF2/
SMC5 mutant cells was not markedly exacerbated by exposure to
MMC, APH and HU (Fig. 5; Supplementary Figs. 11, 13). Recently, it has
been shown that RNF168, which promotes the recruitment of the
RAD18-SLF1/2-SMC5/6 pathway to damaged replication forks, is
important for signaling the presence of G-quadruplex (G4) DNA
structures stabilized by the RNA polymerase | inhibitor, CX5461".
Since cells deficient in BRCA1/2 and the cohesin-associated helicase
DDX11 are also hypersensitive to this agent**** and DDX11 was shown
to function with SMC5/6 to repair DNA damage'~°*', we hypothesized
that the RADI8-SLF1/2-SMC5/6 pathway might play a role in

suppressing replication stress at sites of stabilized G4 structures. To
test this possibility, we first investigated the effects of CX5461 on DNA
replication using DNA fiber analysis. This revealed that whilst WT SLF2
and SMCS5 expressing patient fibroblasts could replicate normally in
the presence of CX5461, SLF2 and SMC5 patient fibroblasts com-
plemented with an empty vector exhibited a significant reduction in
replication fork speed when incubated with this G4-stabilizing com-
pound (Fig. 8d). Additionally, SLF2 and SMCS5 patient-derived fibro-
blasts, LCLs and U-2 OS SLF2 HM cells treated with CX5461 exhibited
increased levels of Gl-phase 53BP1 bodies and chromosome aberra-
tions (Fig. 8e, Supplementary Fig. 20a, c). In keeping with this, LCLs
from SLF2-P1 and SMCS5-P8 displayed an increased sensitivity to
CX5461 (Fig. 8f). Strikingly, we also observed that CX5461 treatment
induced a significant increase in the levels of type 1 segmented chro-
mosomes in the SLF2 and SMCS5 patient LCLs, but not in the WT LCLs
(Supplementary Fig. 20b). These data suggest a role for SLF2 and the
SMC5/6 complex in resolving replication stress at sites of stabilized
G4 structures.

Whilst CX5461 is known to inhibit RNA polymerase I and stabilize
G-quadruplexes, more recently it has also been identified as a TOP2
poison®>*. Given the pleiotropic nature of CX5461, we sought to
identify which genotoxic lesion induced by CX5461 was causing the
increased replication stress in cells deficient in components of the
SMCS5/6 complex. In this respect, we carried out DNA fiber and chro-
mosomal aberration analysis on patient-derived cell lines following
exposure to pyridostatin (a G-quadruplex stabilizer), etoposide (a TOP2
poison) and BMH21 (an RNA polymerase I inhibitor). Interestingly, only
exposure to pyridostatin caused a significant reduction in replication
progression and an increase in the levels of chromosome aberrations in
SLF2 and SMCS5 mutant cell lines (Fig. 8g, Supplementary Fig. 20d).

Taken together, these observations support the notion that the
spontaneous replication stress and chromosomal instability displayed
by cells from patients with SLF2/SMCS5 mutations is caused, in part, by
an inability to resolve a specific subset of replication-associated
recombination intermediates arising at sites of G4 structures.

Discussion

Disrupting the delicate balance between stem cell proliferation and
differentiation profoundly affects embryonic development, particu-
larly body growth and brain development. Rapidly proliferating plur-
ipotent stem cells exhibit constitutively high levels of replication stress
and as such are heavily reliant on replication-associated DNA damage
response pathways to maintain genome stability. Unsurprisingly,
patients with pathogenic variants in genes encoding components of
the replisome, the DNA damage response (DDR) and factors that
maintain sister chromatid cohesion exhibit developmental abnormal-
ities including severe microcephaly and dwarfism. Furthermore, var-
iants in centrosome components and regulators of the microtubule-
spindle network can also result in these developmental abnormalities
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by affecting the orientation of the spindle pole and/or triggering
excessive cell death through the generation of aneuploid cells'. How-
ever, it is often difficult to determine whether the cellular pathology
underlying the development of these neurodevelopmental disorders
results primarily from the presence of aberrant replication or defective
mitosis®***%,

Here we report the clinical and genetic characterization of 11
patients with biallelic variants in two components of the newly
described RAD18-SLF1/2-SMC5/6 DDR pathway, SLF2 and SMCS, exhi-
biting microcephaly, short stature, cardiac defects and anemia. How-
ever, in contrast to FA and other known disorders, cells from these
patients exhibit a unique chromosomal instability phenotype,
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Fig. 4 | Loss of slf2 and smc5 induces apoptosis and altered cell cycle progres
sion in zebrafish larvae. a Representative dorsal inverted fluorescent images
showing TUNEL positive cells in control and s/f2 FO mutants at 2 dpf (left two
panels), and control and smc5 FO mutants at 3 dpf (right two panels). The blue
dashed line indicates the region of interest (ROI) quantified. Embryos of the same
developmental stage and similar magnification were evaluated for all s{f2 and smcS
conditions. b Left: Quantification of TUNEL positive cells in the ROI of control and
slf2 FO mutants at 2 dpf shown in panel a (left to right; 27, 23, 19, 29, 30 embryos/
condition were analysed from 3 independent experiments). Right: Quantification of
TUNEL positive cells in control and smc5 FO mutants at 3 dpfin the ROl as shown in
panel a (left to right; 37, 27, 22, 25, 23, 23 embryos/condition were analysed from 3
independent experiments). The chart shows two independent experiments for
sgRNAL and sgRNA2 with a vertical line grouping independent controls with test

conditions. ¢ Representative dorsal inverted fluorescent images showing phospho
histone H3 (pHH3) positive cells in control and s{f2 FO mutants at 2 dpf (left two
panels), and control and s{f2 FO mutants at 3 dpf (right two panels). Embryos of the
same developmental stage and similar magnification were evaluated for all s/f2 and
smcS conditions. d Left: Quantification of pHH3 positive cells of control and sif2 FO
mutants at 2 dpf in the ROI as shown in panel a (left to right; 21, 24, 22, 24, 26
embryos/condition were analysed from 3 independent experiments). Right:
Quantification of pHH3 positive cells in the ROl in control and smcS FO mutants at 3
dpf as shown in panel a (left to right; 25, 23, 26 embryos/condition were analysed
from 3 independent experiments). For all panels: Statistical differences were
determined with an unpaired Student’s ¢ test (two sided). Error bars represent
standard deviation of the mean. Scale bars, 30 um with equivalent sizing across
panels.

hallmarked by segmented and dicentric chromosomes and mosaic
variegated hyperploidy, arising from a combination of replication
stress- and mitosis-associated cellular pathologies. Given that the
segmented chromosomes seen in SLF2 and SMCS5 patient cells repre-
sent a chromosome instability phenotype not previously associated
with any known DNA repair or replication deficiency disorder, we have
named this syndrome, Atelis Syndrome (ATS), after the Greek word for
incomplete to signify the importance of these atelic or segmented
chromosomes as a diagnostic marker of the disease.

The SMC5/6 complex has been shown to have many functions in
the cell, including regulating homologous recombination (HR)-
dependent DNA repair, stabilizing and restarting stalled replication
forks, maintaining replication through highly repetitive regions of
the genome, maintaining rDNA stability, elongating telomeres by
ALT and controlling the topology of unusual DNA structures'>***%%,
In contrast, little is known about the functions of SLF1 and SLF2,
which were identified during a large proteomic screen of proteins
associated with damaged replication forks". However, it has been
suggested that SLF1 and SLF2 are functional orthologs of the yeast
Nse5 and Nse6 proteins, respectively, which are important for loca-
lizing the SMC5/6 complex to DNA damage and regulating its ATPase
activity"5,

Pursuant to the role of the SLF1/2-SMC5/6 complex in maintaining
replication fork stability, we demonstrate that cells from ATS patients
exhibit elevated levels of spontaneous replication stress, although this
was not exacerbated significantly following exposure to replication
stress-inducing agents (HU, MMC or APH). This suggests that the
clinical phenotype resulting from variants in SLF2 and SMC5 may not
simply arise from elevated levels of replication stress, but rather from
deficits with a subset of replication forks, such as those replicating
through difficult-to-replicate regions of the genome or encountering
specific types of endogenous DNA lesions. Consistent with this
hypothesis, ATS cells fail to replicate efficiently in the presence of
stabilized G4 structures and accumulate chromosomal damage, sug-
gesting that the RAD18-SLF1/2-SMC5/6 pathway functions to resolve
replication intermediates occurring at these lesions. Since
G4 structures have been shown to be enriched at telomere repeat
sequences®, a defect in the ability to replicate through these lesions
could result in genome instability at telomeres, potentially explaining
the presence of dicentric chromosomes in ATS patient cells.

ATS patients exhibit overlapping clinical and cellular features with
WABS patients, including microcephaly, growth restriction, skin
hyperpigmentation, ocular abnormalities and heart defects. Moreover,
cell lines derived from both ATS and WABS patients exhibit loss of
sister chromatid cohesion and premature chromatid separation®.
Interestingly, the loss of sister chromatid cohesion in WABS cell lines is
exacerbated upon exposure to replication stress-inducing genotoxins,
including G4 stabilizing agents*’. Notably, cells from Ddx1I null mice
display loss of sister chromatid cohesion, chromosome segregation
errors and aneuploidy, which has been shown to induce a G2/M cell
cycle delay and apoptosis®>. This suggests that a failure to resolve

specific endogenous DNA lesions, such as G4 structures, in ATS cells
may directly compromise cohesion, or exacerbate a pre-existing
cohesion defect, thus giving rise to chromosome segregation defects
and aneuploidy that triggers cell death in highly proliferative tissues,
such as the developing brain.

It is clear that the RAD18-SLF1/2-SMC5/6 pathway plays additional
cellular roles beyond promoting replication through G4 lesions. In
yeast, the smc5/6 complex restrains recombination at programmed
fork pause sites, for example, in the rDNA locus****** and, in mam-
malian cells, SMC5/6 is involved in suppressing HR at highly repetitive
sequences, e.g., rDNA, centromeres and telomeres'***. Consistent with
this, ATS cells exhibit elevated levels of RAD5I foci in S-phase cells and
spontaneous SCEs and tSCEs. Interestingly, segmented chromosomes
have been observed in cells that have a combined defect in both the
Holliday junction dissolution and resolution pathways®, indicating
that the gaps in the type 1 segmented chromosomes may result from a
failure to dissolve/resolve recombination intermediates*..

Cells from NSMCE2 and NSMCE3 mutant patients are not known
to display segmented or dicentric chromosomes, and whilst NSMCE3
patient-derived cells exhibit aneuploidy and structural chromosome
abnormalities, hyperploidy to the extent seen in ATS cells was not
reported®®.  This indicates that neither NSMCE2 nor
NSMCE3 subunits are essential for this SMC5/6 function, or that the
hypomorphic variants in these genes retain sufficient function to
suppress these chromosomal phenotypes. Consistent with the latter
scenario, Nsmce2 transgenic mice lacking SUMO E3 ligase activity
developed normally, whereas a complete loss of Nsmce2 resulted in
early embryonic lethality associated with chromosome segregation
defects®. Notably MEFs derived from the Nsmce2 knockout mice
exhibited increased spontaneous replication stress and genome
instability due to a failure to detangle recombination intermediates
similar to ATS patient cell lines (e.g., elevated levels of BRCAL foci,
increased sister chromatid and telomeric SCEs and chromosomal
segregation errors)® indicating that ATS represents a more severe
form of SMC5/6 dysfunction.

Interestingly, the clinical phenotype exhibited by patients with
variants in the SMC5/6 complex components NSMCE2 and NSMCE3 are
different from each other, with the former being associated with
microcephalic primordial dwarfism and insulin resistance’® and the
latter being associated with severe pulmonary disease and
immunodeficiency'®". It is unclear why these clinical presentations are
different, especially as the cellular phenotype resulting from NSMCE2
and NSMCE3 variants are similar'®*°, One possible important cellular
difference between the two disorders is that the patient-associated
missense variants in NSMCE3 result in the destabilization of the SMC5/
6 complex to a much greater extent than the nonsense variants present
in NSMCE2 patients'®°. It is notable that the clinical phenotype of ATS
patients more closely resembles that of NSMCE2 patients than NSMCE3
patients, and like NSMCE2 patient variants, SLF2 and SMCS patient
variants do not destabilize the SMC5/6 complex to any significant
degree.
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Taken together, we have demonstrated that variants in two
components of the RAD18-SLF1/2-SMC5/6 pathway give rise to a FA/
MVA-like disorder, termed Atelis Syndrome, with clinical and
cellular features overlapping with WABS, MVA, NSMCE2 variants and
FA. In vivo ablation of slf2 and smcS in zebrafish recapitulate
patient phenotypes including microcephaly and craniofacial

patterning defects, likely due to concomitant cell cycle defects
and apoptosis. We show that cells from ATS patients display a unique
and complex chromosomal instability phenotype consisting of
atelic (segmented) and dicentric chromosomes coupled with MVH,
which should allow for cytogenetic diagnosis of patients with this
disorder.
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Fig. 5 | Patient derived cell lines from individuals with biallelic SLF2 or SMC5
variants exhibit increased levels of spontaneous replication fork instability.
a Top: Schematic representation for DNA fiber analysis in untreated cells. The
indicated cell lines were pulse labeled with CldU for 20 min, then pulse labeled with
1dU for 20 min. Bottom: DNA fiber analysis of SLF2 patient derived LCLs or LCLs
from a WT individual. The percentage of ongoing forks (left) or stalled forks (right)
was quantified. n =4 independent experiments. A minimum of 1500 fork structures
were counted. b DNA fiber analysis of SMC5 patient derived LCLs or WT LCLs.
Quantification of the levels of ongoing forks (left) or stalled forks (right). n=4
independent experiments. A minimum of 750 fork structures were counted.

¢, d Quantification of replication fork asymmetry of WT, SLF2 patient (c) or SMC5
patient LCLs (d). n =4 independent experiments. A minimum of 75 fork structures
were counted. Red lines denote median values. A Mann Whitney rank sum test was

performed for statistical analysis. Replication fork asymmetry represents the ratio
of the left to right fork track lengths of bidirectional replication forks. e, f DNA fiber
analysis of SLF2 (e) and SMCS (f) mutant fibroblast cell lines infected with lenti
viruses encoding WT SLF2, WT SMCS, or an empty vector. The percentage of
ongoing forks (left) or stalled forks (right) in untreated cells was quantified. A
minimum of 350 fork structures in total were counted over 3 independent
experiments. g DNA fiber analysis of U 2 OS SLF2 CRISPR hypomorphic (HM) cells
infected with lentiviruses encoding WT SLF2 or an empty vector. The percentage of
stalled forks in untreated cells was quantified. A minimum of 1000 fork structures
in total were counted over 3 independent experiments. For (a, b, e, f, ); a Student’s
t test (two sided, equal variance) was performed for statistical analysis and error
bars denote SEM.

Methods

Research subjects

Informed consent was obtained from all participating families to take
clinical samples and to publish clinical information in accordance with
local approval regulations and in compliance with the Declaration of
Helsinki principles. This study was approved by the West Midlands,
Coventry and Warwickshire Research Ethics Committee (REC: 20/WM/
0098), the Scottish Multicentre Research Ethics Committee (REC: 05/
MREOO/74), the Lancaster General Hospital Institutional Review Board
and the Institutional Review Boards of Yokohama City University
Graduate School of Medicine (ID: A190800001) and Jichi Medical
University (ID: G21-V06). A collaboration to study the pathological
significance of the identified SLF2 and SMCS variants was established
via GeneMatcher®.

Exome sequencing

Genomic DNA from affected children and family members was
extracted from peripheral blood using standard methods. Whole
exome capture and sequencing was performed as described to a
minimum of 30x coverage®’. Exome sequencing for families 8 and 9
was conducted in collaboration with the Regeneron Genetics Center as
previously described®. Briefly, DNA was sheared (Covaris S2), exome
capture performed using the Agilent SureSelect v5 enrichment kit
according to manufacturer’s instructions, and libraries were
sequenced with 125 bp read-pairs using the Illumina HiSeq 2500 V4
platform. All analyses were performed as described®. Variants were
confirmed by bidirectional capillary dye-terminator sequencing and
annotated using the reference sequences, GenBank: NM 018121.4,
NM 001136123.2 and NM 015110.4. Capillary sequencing was per-
formed in the MRC Human Genetics Unit, Edinburgh, UK, the Uni-
versity of Birmingham, UK, the Bioscientia Institute for Medical
Diagnostics, Germany, the Rare Disease Genomics Department,
Yokohama City University Hospital, Japan and the Regeneron Genetics
Center, Regeneron Pharmaceuticals Inc., USA.

Cell lines

Patient-derived lymphoblastoid cell lines (LCLs) were generated from
peripheral blood samples with Epstein Barr virus (EBV) transformation
using standard methods and were maintained in RPMI-1640 medium
(Life Technologies) supplemented with 10% FBS, L-glutamine and
penicillin-streptomycin. The ATR-Seckel LCL used in this study was
reported previously®. Dermal primary fibroblasts were grown from
skin-punch biopsies and maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher Scientific) supplemented with 20%
FCS, 5% L-glutamine and 5% penicillin-streptomycin. Primary fibro-
blasts were immortalized with a lentivirus expressing human telo-
merase reverse transcriptase (hTERT) that was generated by
transfecting 293FT cells (Thermo Fisher Scientific) with the plasmids:
pLV-hTERT-IRES-hygro (Addgene #85140), psPax2 (Addgene #12260)
and pMD2.G (Addgene #12259). Selection was performed using
Hygromycin (Thermo Fisher Scientific) at 70 pg/ml. All LCLs were

routinely grown in RPMI-1640 (Thermo Fisher Scientific) supple-
mented with 10% FCS, 5% L-glutamine and 5% penicillin-streptomycin.
Patient cell lines were validated using Sanger sequencing and immu-
noblotting. Fibroblast and U-2 OS cell complementation was carried
out using the pLVX-IRES-Neo lentiviral vector (Takara Bio) encoding
2xMyc-tagged SLF2 or untagged SMCS.

293FT cells (Thermo Fisher Scientific) were maintained in DMEM
supplemented with 10% FBS, 5% l-glutamine and 5% penicillin-
streptomycin and U-2-OS cells were cultured in McCoy’s 5A medium,
supplemented with 10% FBS, and 5% penicillin/streptomycin.
293FT cells were transiently transfected with GFP-BLM or GFP
expression vectors using Lipofectamine 2000 (Thermo Fisher Scien-
tific). U-2 OS cells were transiently transfected with SLF2/SMC5
expression vectors using FUGENE 6 Transfection Reagent (E2692,
Promega) or Lipofectamine 3000 Reagent (L3000015, Thermo Fisher
Scientific) where indicated. Stable GFP-SMCS5 cell lines were generated
by G418 selection and low expressing clones were selected based on
GFP expression. All cell lines were routinely tested for mycoplasma.

Western blotting

Whole-cell extracts were obtained by sonication in UTB buffer (8 M
urea, 50 mM Tris, 150 mM B-mercaptoethanol) and analyzed by
SDS-PAGE following standard procedures. Protein samples were run
on 6-12% acrylamide gels with SDS-PAGE and transferred onto a
nitrocellulose membrane. Immunoblotting was performed using
antibodies to: RAD18 (Fortis Life Sciences, A301-340A; 1:1000), SMC5
(Fortis Life Sciences, A300-236A; 1:500), SMC6 (Fortis Life Sciences,
A300-237A; 1:22000), SLF2 (generated in house; 1:1000)", GAPDH
(Genetex, GTX100118; 1:1000), Myc (Abcam, ab32; 1:1000), GFP
(SCBT, sc-9996; 1:1000), HA (SCBT, sc-7392; 1:1000), a-Tubulin
(Sigma-Aldrich, T9026; 1:20,000), ATR (Fortis Life Sciences, A300-
137A; 1:1,000), phospho-ATR (Thr1989) (GeneTex, GTX128145;
1:500), FANCD2 (SCBT, sc-20022; 1:1,000), CHK1 (SCBT, sc-8408;
1:1,000), phospho-CHKI1 (Ser345) (Cell Signaling Technology, 2341;
1:100), NBS1 (Genetex, GTX70224; 1:10,000); phospho-NBS1 (Ser343)
(Abcam, 47272; 1:500); SMC1 (Fortis Life Sciences, A300-055A;
1:1,000); phospho-SMC1 (Ser966) (Fortis Life Sciences, A300-050A;
1:1,000); HA (Abcam, Ab9110; 1:1000). Loading controls for all blots
were derived from re-probing the same membrane, except for the
phospho-antibody immunoblots, for which paired gels were run
simultaneously and blotted in parallel for phosphorylated and total
proteins.

Co-immunoprecipitation and GFP-Trap pull-downs

For GFP-Trap pulldown experiments with 293FT cells, cells transfected
with plasmids using Lipofectamine 2000, were treated with 2 mM HU
for 16 h and harvested. Cells were incubated in lysis buffer (150 mM
NaCl, 50 mM Tris-HCI pH 7.5, 2 mM MgCl,, 1% NP40, 90 U/ml Benzo-
nase (Novagen) and EDTA-free protease inhibitor cocktail [Roche]) for
30 min with rotation at 4 °C. Cell lysates were then pre-cleared at
65,000 x g at 4°C for 30 min. For GFP-Trap, 3-5mg of lysate was
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incubated with GFP-Trap agarose beads (ChromoTek) for 5h at 4 °C.
The resulting GFP-Trap complexes were washed with wash buffer
(150mM NaCl, 50mM Tris-HCI pH 7.5, 0.5% NP40, and complete
protease inhibitor cocktail [Roche]) and analysed by SDS-PAGE.

For immunoprecipitations from patient-derived LCLs, 3 mg of
lysate (prepared with the same lysis buffer as above) was

immunoprecipitated with 5 pg of antibody (RADI1S8; Fortis Life Sci-
ences, A301-:340A or NSMCE2; Fortis Life Sciences, A304-129A) and
protein A-sepharose beads (GE Healthcare). Complexes were washed
with wash buffer (as described above) and analysed by SDS-PAGE.
Experiments were carried out in the presence of Benzonase nuclease
to exclude the possibility of interactions being mediated by DNA.
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Fig. 6 | SLF2 and SMCS5 patient cells exhibit S phase associated DNA damage.
aPercentage of cells positive for EdU staining with >10 53BP1 foci in SLF2 and SMC5
mutant fibroblast cell lines infected with lentiviruses encoding WT SLF2, WT SMCS,
or an empty vector. A minimum of 900 EdU positive cells across 3 independent
experiments were counted. b SLF2 and SMCS patient fibroblast cell lines were
pulsed with 10 pM EdU for 45 min, fixed, and mitotic DNA synthesis was visualized
by mitotic EdU incorporation following labeling with click chemistry. The percen
tage of mitotic cells with EdU foci was quantified. A minimum of 300 mitotic cells
were counted. n =3 independent experiments. ¢ Immunofluorescent microscopy
analysis to quantify the percentage of G1 phase cells (CENPF negative cells) with >3
53BP1bodies in WT SLF2, WT SMCS, or an empty vector expressing SLF2 and SMC5
patient fibroblasts. n =3 independent experiments. A minimum of 750 G1 phase
cells were counted. d Levels of micronuclei in cells from (c). n=3 independent
experiments. A minimum of 2500 cells were counted. e Levels of micronucleiin U 2
OS SLF2 CRISPR HM cells infected with lentiviruses encoding WT SLF2 or an empty

vector. n=3 independent experiments. A minimum of 1700 cells were counted.

f, g Quantification of the average number of chromosomal aberrations per meta
phase (which includes chromatid/chromosome gaps, breaks, fragments and
chromosomes radials) in WT, SLF2 patient (f), or SMC5 patient LCLs (g). n=3
independent experiments. A minimum of 140 metaphases were counted. h Average
number of chromosomal aberrations per metaphase (chromatid/chromosome
gaps, breaks, fragments and chromosome radials) in SLF2 and SMC5 mutant
fibroblast cell lines infected with lentiviruses encoding WT SLF2, WT SMCS5, or an
empty vector was quantified. n =3 independent experiments. A minimum of 90
metaphases were counted. i Average number of chromosomal aberrations (chro
matid/chromosome gaps, breaks, fragments and chromosome radials) per meta
phase in U 2 OS SLF2 CRISPR HM cell lines expressing either WT SLF2 or an empty
vector. n=3 independent experiments. A minimum of 100 metaphases were
counted. In all cases, a Student’s ¢ test (two sided, equal variance) was performed
for statistical analysis and error bars denote SEM.

For immunoprecipitations from U-2 OS cells, cell lysates were
generated using EBC buffer (150-mM NaCl; 50-mM Tris, pH 7.5; 1-mM
EDTA; 0.5% IGEPAL CA-630). Lysates were subject to Co-IP using Strep-
Tactin Sepharose (IBA GmbH) prior to immunoblot using the following
antibodies: GFP (sc-9996, SCBT; 1:1000), HA (sc-7392, SCBT; 1:1000),
RADI8 (A301-340A, Fortis Life Sciences; 1:1000), SMC6 (A300-237A,
Fortis Life Sciences; 1:2000), SMCS5 (Fortis Life Sciences, A300-236A;
1:500), NSMCE2 (Fortis Life Sciences, A304-129A; 1:500), o-Tubulin
(T9026, Sigma-Aldrich; 1:20000).

Laser micro-irradiation

U-2 OS cells were grown on coverslips and sensitized to laser induced
DSB formation using 5-Bromo-2-deoxyuridine (B9285-50MG, Sigma-
Aldrich) for 24 h. GFP-SLF2 expression vectors were transiently trans-
fected 24 h prior and GFP-SMCS5 stable expressing cells were used for
micro-irradiation. Laser micro-irradiation induced DSB formation was
performed as previously described’® with 1 h allowed for recovery.
Cells were pre-extracted using CSK buffer (100 mM NaCl, 10 mM
HEPES, 3 mM MgCl,, 300 mM Sucrose, 0.25% Triton-X-100, 1 mM
PMSF) prior to fixation in formalin buffer (AMPQ43182, VWR) for
15 mins at room temperature (RT).

Fixed coverslips were blocked with 5% Bovine Serum Albumin
(A7906, Sigma-Aldrich) for 1 h prior to staining with anti-y-H2AX
(Ser139) (1:1000, 05-636, Merck) and anti-GFP (1:500, PABG1, Chro-
motek) overnight at 4 °C. After PBS washes cells were stained with
Alexa Fluor secondary antibodies and 4’,6-Diamidino-2-Phenylindole
(DAPI, D1306, Molecular Probes) for 30 min at RT. After further
washing, coverslips were dried completely and mounted for imaging
using Mowiol (81381, Sigma-Aldrich).

Zebrafish husbandry and embryo maintenance

All zebrafish experiments were performed according to protocols
approved by the Duke University and Northwestern University insti-
tutional animal care and use committees (IACUC). Wild type (WT: ZDR
or NIH) adults or transgenic —1.4collal:egfp* adults were maintained
on an AB background and subjected to natural matings to generate
embryos for microinjection and/or phenotyping. Embryos were grown
in egg water (0.3 g/L NaCl, 75 mg/L CaSO,, 37.5 mg/L NaHCO3, 0.003%
methylene blue) at 28 °C until assessment. Zebrafish sex is unknown
until animals are -3 months old. Therefore, in the larvae at <5 days post
fertilization, it is not possible to know how many males and females are
present, and there should be no sex-dependent effects at this stage.
However, adults that were used to generate embryos were crossed in a
1 male to 1 female ratio.

CRISPR-Cas9 genome editing of zebrafish embryos

Reciprocal translated BLAST of human SLF2 (NP 060591.3) and SMC5
(NP 055925.2) was performed against the zebrafish genome and found
a single ortholog corresponding to either protein (transcripts targeted:

slf2: ENSDART00000136689.3, smc5: ENSDART00000122170.4). To
identify CRISPR/Cas9 single guide RNA (sgRNA) targets in both genes,
CHOPCHOPv2" (and http://chopchop.cbu.uib.no) was used. sgRNAs
were generated using the GeneArt precision gRNA synthesis kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions
(Supplementary Table 1). 1 nl of cocktail containing 100 pg sgRNA with
or without 200 pg of Cas9 protein (PNA Bio) was injected into the cell
of single-cell staged zebrafish embryos. To estimate the percentage
mosaicism of genome-edited cells, genomic DNA from individual
embryos was extracted at 2 days post fertilization (dpf; two controls
and ten founder [FO] embryos per sgRNA). PCR was used to amplify the
sgRNA targeted region using flanking primers and heteroduplex ana-
lysis was performed using polyacrylamide gel electrophoresis (PAGE).
PCR products were denatured, reannealed slowly, and migrated on a
20% polyacrylamide gel (Thermo Fisher Scientific). PCR products from
five embryos per sgRNA were randomly selected from the hetero-
duplex analysis, cloned into a TOPO-TA vector (Thermo Fisher Scien-
tific) and sequenced using BigDye terminator 3.1 chemistry (Applied
Biosystems). To isolate stable s/f2 mutants, FO animals were crossed to
WT ZDR adults and heterozygous F1 mutants bearing the c.515 522del
(p.Ser172 Ser174fs191Ter) variant were identified. Mutant F1 adult sib-
lings were inter-crossed to generate homozygous F2 animals for phe-
notyping. slif2 mRNA expression level was monitored by qRT-PCR
(QuantStudio, Thermo Fisher Scientific) using SYBR Green detection kit
(Thermo Fisher Scientific) with normalization to S-actin.

Transient suppression of slf2 and smc$ in zebrafish embryos
Splice blocking morpholinos (MOs) were designed to target the sif2
exon 11 (ellill) and smcS exon 3 (e3i3) splice donor sites (Gene Tools;
Supplementary Table 1)). Each gene was transiently suppressed inde-
pendently by injecting 1 nl at different doses (3, 6, and 9 ng) into one to
four cell staged zebrafish embryos. To validate MO efficiency, total
RNA was extracted from pools of 2 dpf embryos (25 animals/condition;
controls and MO-injected) using Trizol (Thermo Fisher Scientific)
according to manufacturer’s instructions. cDNA was synthesized with
the QuantiTect Reverse Transcription kit (Qiagen), RT-PCR of the MO
target locus was performed, and PCR products were separated on a 1%
agarose gel. Resulting PCR bands were gel purified with the QIAquick
gel extraction kit (Qiagen) and cloned into the TOPO-TA cloning vector
(Thermo Fisher Scientific). Purified plasmids from resulting colonies
(n=4/PCR product) were sequenced using BigDye 3.1 terminator
chemistry according to standard protocols.

Molecular cloning and site-directed mutagenesis of human SLF2
and SMCS constructs for expression of human proteins in
zebrafish

Full length Gateway-compatible SLF2 (NM 018121.4) and SMCS
(NM 015110.4) open reading frame (ORF) entry vectors were obtained
(Horizon). WT ORFs of both genes were inserted into a pCS2+ Gateway
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destination vector using LR clonase Il (Thermo Fisher Scientific). SMCS
variants identified in either affected individuals (p.His990Asp,
p.Arg372del, p.Arg425Ter) or in gnomAD (dbSNP ID: rs59648118,
p.(Arg733GIn); 16 homozygotes of 140,814 individuals, negative con-
trol) were inserted using site-directed mutagenesis as described
(Supplementary Table 1)%. After full ORF sequence confirmation of all

Untreated

assays.

APH

WT and mutant plasmids, each construct was linearized with Notl and
in vitro transcription was performed with the mMessage mMachine
SP6 Transcription kit (Thermo Fisher Scientific) according to manu-
facturer’s instructions. 150 pg SLF2mRNA with 6 ng sif2MO and 150 pg
SMCS mRNA with 9 ng smc5 MO was used for in vivo complementation
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Fig. 7 | SLF2 and SMCS patient cells exhibit mosaic variegated hyperploidy,
mitotic abnormalities and sister chromatid cohesion defects. a Quantification
of the numbers of chromosomes per metaphase in peripheral blood lymphocytes
from SLF2 or SMCS patients, or an unrelated WT individual. 200 metaphases were
counted in total from 2 independent blood samples. b Average number of mitotic
cells with mis segregated lagging chromosomes in SLF2 and SMC5 mutant fibro
blast cell lines infected with lentiviruses encoding WT SLF2, WT SMCS, or an empty
vector. n =3 independent experiments for SLF2 P1, SMC5 P7 and SMCS5 P8, and
n=4 independent experiments for SLF2 P2. A minimum of 250 mitotic cells were
counted. ¢ Representative images of mitotic cells from (b) with lagging chromo
somes (scale bar: 10 uM). d Average number of mitotic cells with mis segregated
lagging chromosomes in U 2 OS SLF2 CRISPR HM cells infected with lentiviruses
encoding WT SLF2 or an empty vector. n = 3 independent experiments. A minimum
of 190 mitotic cells were counted. e Left: percentage of metaphases with rail road
chromosomes in peripheral blood lymphocytes from SLF2 or SMCS5 patients, or an

unrelated WT individual. A minimum of 380 metaphases were counted in total from
2 independent blood samples. Right: Representative images of metaphases (scale
bar: 10 uM). f Percentage of metaphases with premature chromatid separation
following 4 h treatment with 25 uM MG132 in SLF2 and SMCS patient LCLs. n=4
independent experiments. 200 total metaphases were counted. g Percentage of S/
G2 cells (CENPF positive cells) with >2 centrosomes with or without 24 h exposure
to 250 nM APH. n = 3 independent experiments. A minimum of 900 CENPF positive
cells were counted. h Percentage of mitotic cells in SLF2 and SMC5 mutant LCLs
with multi polar spindles in untreated cells and cells exposed to 250 nM APH for
24 h. A minimum of 300 mitotic cells were counted over 3 independent experi
ments. i The percentage of G1 phase cells (CENPF negative cells) with >5 53BP1
bodies in SLF2 and SMCS5 mutant fibroblast cell lines, with or without 24 h exposure
to 500 nM APH. n = 4 independent experiments. A minimum of 390 Gl phase cells
were counted. In all cases, a Student’s t test (two sided, equal variance) statistical
test was performed and error bars denote SEM.

Live imaging of zebrafish larvae

Images of tricaine-anesthetized larvae at 3 dpf were captured using the
Vertebrate Automated Screening Technology (VAST) Bioimager
(Union Biometrica) mounted to an AXIO Imager.M2m microscope
(Zeiss) with a 10x objective lens. Larvae were passed sequentially
through a 600 pm capillary on the detection platform. Each larva was
detected by software on the computer screen and oriented auto-
matically for lateral and ventral side images with a pre-provided tem-
plate setting in the software. VAST software (version 1.2.6.7) operated
in automatic imaging mode with a 70% minimum similarity threshold,
as described”. Bright field lateral images were captured with the VAST
onboard camera and a fluorescent signal from ventrally positioned
larvae with an Axiocam 503 monochrome camera (Zeiss) and ZenPro
software (Zeiss).

TUNEL assay and phospho-histone H3 (pHH3) immunostaining
in zebrafish larvae

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) assays or pHH3 immunostaining on whole-mount embryos
were performed as described”””*”*. Embryos were dechorionated at 2
dpf (slf2 and smc5) or 3 dpf (smc5) and fixed overnight in 4% paraf-
ormaldehyde (PFA) at 4 °C. Embryos were then dehydrated in metha-
nol at 20 °C for 2 h and gradually rehydrated in methanol in PBS and
0.1% Tween (PBST) in the following percent volume/volume ratios: 75/
25; 50/50; 25/75 for 10 min each at RT. Embryos were bleached for
12 min in a solution of 9 ml PBST +1ml H,0,+0.05g KOH before
proteinase K treatment and fixation in 4% PFA for 20 min at RT. For
TUNEL, embryos were then incubated in equilibration buffer for 1 h
and treated overnight with TdT enzyme at 37°C in a humidified
incubator. Following treatment with digoxigenin (ApopTag red in situ
apoptosis detection kit, Sigma-Aldrich) for 2 h, embryos were washed
3x with PBST (10 min each) and processed for imaging. For
pHH3 staining, embryos were washed 3x (10 min each) with PBST and
incubated in blocking solution (IF buffer [1% BSA in PBST] +10% FBS])
for 1 h. Embryos were then treated with primary antibody diluted in 1%
BSA overnight: anti-pHH3 (SCBT, sc-374669: 1:500) at 4 °C. Following
staining with a secondary antibody: Alexa Fluor 488 goat anti-rabbit
IgG (Thermo Fisher Scientific, A11008: 1:500) diluted in 1% BSA for 2 h
at RT, embryos were washed 2x (10 min each) with IF buffer and pro-
cessed for imaging. For both TUNEL and pHH3 stained embryos, a
z-stacked fluorescent signal of the dorsal aspect was captured with a
Nikon AZ100 microscope facilitated by a Nikon camera controlled by
Nikon NIS Elements Software.

Zebrafish image analysis

Image) (NIH) was used to measure lateral head size, ceratohyal angle
and count cells (TUNEL or pHH3) in the specified head region. Raw
images were exported as TIF files and contrast and brightness were
adjusted using identical settings for all images across the experiments.

To measure head size, a straight line was drawn from the posterior
otolith to the tip of the mouth (line a), the dorsal head area outlined
(line b), and the arbitrary shape closed with a line perpendicular to line
a (line c). Ceratohyal angle was measured with the angle tool. To count
TUNEL or pHH3 positive cells, the image-based tool for counting nuclei
(ICTN) plugin for ImageJ was used. A consistent region between the
two eyes was selected that spanned the most anterior region of the
head to the most anterior region of the yolk.

Immunofluorescence in human cells

Patient-derived fibroblasts or U-2 OS CRISPR HM cells were seeded
onto coverslips at least 48 h before extraction and fixation. Cells were
pre-extracted for 5 min on ice with ice-cold extraction buffer (25 mM
HEPES [pH 7.4], 50 mM NaCl, 1ImM EDTA, 3mM MgCl,, 300 mM
sucrose, and 0.5% Triton X-100) and then fixed with 4% paraf-
ormaldehyde (PFA) for 10 min. For immunofluorescence involving
patient-derived LCLs, cells were seeded onto Poly-L-Lysine coated
coverslips 20 min before fixation with ice-cold methanol for 20 min.
For immunofluorescence using cells treated with exogenous DNA
damage, patient-derived fibroblasts or LCLs cells were incubated with
500 nM APH, 50 ng/ml MMC or 250 uM CX5461 (Selleck Chemicals,
S2684), as indicated in the figure legends, 24 h before fixation.

Fixed cells were then stained with primary antibodies specific to
YH2AX (Sigma-Aldrich, 05-636; 1:1,000), CENPA (Abcam, Ab13939;
1:750), 53BP1 (Novus Biologicals, NB100-304; 1:1,000), CENPF/Mitosin
(Abcam, Ab5; 1:500 and BD Transduction Laboratories, 610768; 1:500),
o-Tubulin (Sigma-Aldrich, B-5-1-2; 1:4000), PCNT (Abcam, Ab4448;
1:100), and RADS51 (Merck, PC130; 1:500), and with secondary anti-
bodies: anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher Scientific,
A11070; 1:1000) and anti-mouse IgG Alexa Fluor 594 (Thermo Fisher
Scientific, A11032; 1:1000). Cells were then stained with DAPI and
visualized with a 100x oil-immersion objective lens on a Nikon Eclipse
Ni microscope.

To visualize DNA replication, cells were incubated in medium
containing 10 pM EdU for 30-45 min before harvesting. EQU immu-
nolabeling was performed using the Click-iT EdU Imaging Kit (Thermo
Fisher Scientific, C10337) according to the manufacturer’s protocol.

DNA fiber spreading assay

Patient-derived fibroblasts or U-2 OS cells were seeded at least 48 h
prior to harvesting. Cells were incubated with 25 mM CIdU for 30 min,
washed with media containing 250 mM IdU (with or without 250 uM
CX5461,1uM pyridostatin, 50 nM etoposide or 1uM BMH21), incubated
with 250 mM IdU (with or without 250 uM CX5461, 1 uM pyridostatin,
50 nM etoposide or 1 yM BMH21) for 30 min, and harvested by tryp-
sinization. For patient-derived LCLs, untreated cells were incubated
with 25 mM CIdU for 20 min, washed with media containing 250 mM
IdU, before being incubated with 250 mM IdU for 20 min and har-
vested. LCLs were incubated with 50 ng/mI MMC for 24 h prior to pulse
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labeling with 25 mM CIdU for 20 min and then 250 mM IdU for 20 min.
For all incubation or washing steps, 50 ng/ml MMC was present in the
media. For cells treated with HU, after being incubated with 25mM
ClIdU for 20 min, LCLs were incubated with media containing 2 mM HU
for 2 h, before being washed in media containing 250 mM IdU, then
incubated with 250 mM IdU for 20 min and harvested.

Following harvesting, cells were washed with PBS and resus-
pended to a concentration of 500,000 cells/ml in PBS, and then lysed
in lysis buffer (200mM Tris-HCI [pH 7.5], 50 mM EDTA, 0.5% SDS)
directly on glass microscope slides. DNA fibers were spread down the
slide by gravity, fixed in methanol/acetic acid (3:1) and denatured with
2.5 M HCI. The thymidine analogs, CIdU and IdU, were detected via rat
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Fig. 8 | Variants in the RAD18 SLF1/2 SMC5/6 complex compromise the ability
of cells to replicate in the presence of stabilized G4 quadruplex structures.

a Left: Average number of segmented chromosomes per metaphase in peripheral
blood lymphocytes (PBLs) from SLF2 or SMCS5 patients, or an unrelated WT indi
vidual. 250 total metaphases were counted from 2 independent blood samples.
Middle: Representative images of ‘type 1" and ‘type 2’ segmented chromosomes.
Right: Representative image of a metaphase exhibiting segmented chromosomes
from SLF2 P3 PBLs (scale bar: 10 uM). b Representative image of FISH with a
centromere specific probe showing dicentric chromosomes in a metaphase pre
pared from SLF2 P3 PBLs (scale bar: 10 uM). ¢ Average number of sister chromatid
exchanges in metaphase spreads from SLF2 and SMCS5 patient derived LCLs. n=3
independent experiments. A minimum of 100 metaphases were counted.

d Quantification of the IdU:CldU track length ratio in untreated and CX451 treated
SLF2 and SMCS patient fibroblast cells. Cell lines were pulse labeled first with CldU
for 30 min, followed by 1dU, with or without 250 nM CX5461, for 30 min.n=3
independent experiments. A minimum of 250 ongoing fork structures were
counted. e Average number of chromosomal aberrations (chromatid/chromosome

gaps, breaks, fragments and chromosome radials) per metaphase in SLF2 and SMC5
patient derived LCLs with and without 24 h exposure to 250 nM CX5461. n=35
independent experiments. A minimum of 350 metaphases were counted. Student’s
t test (two sided, equal variance) was performed. Error bars denote SEM. f LCL
proliferation assay. WT and SLF2 and SMCS patient derived LCLs were cultured in
increasing concentrations of CX5461 for the time untreated cells took to undergo
three population doublings. Cell viability following CX5461 treatment was calcu
lated as a percentage of the number of untreated cells. n=4 independent experi
ments. Error bars denote SEM. A two way ANOVA statistical test was performed.
g Quantification of 1dU:CldU track length ratio in untreated, pyridostatin , etopo
side and BMH21 treated SLF2 and SMC5 mutant fibroblast cells. Cell lines were
pulse labeled first with CIdU for 30 min, followed by IdU with or without 1uM
pyridostatin, 50 nM etoposide or 1 uM BMH21, for 30 min. n=3 independent
experiments. A minimum of 150 ongoing forks were counted. For (¢, d, g), red lines
denote median values, and a Mann Whitney rank sum statistical test was
performed.

anti-BrdU antibody (clone BU1/75, ICR1; Abcam, ab6326; 1:500) and
mouse anti-BrdU antibody (clone B44; BD Biosciences, 347583; 1:500)
respectively, and secondary antibodies conjugated to Alexa Fluor 594
or Alexa Fluor 488 (Thermo Fisher Scientific). Labeled DNA fibers were
visualized with a Nikon Eclipse Ni microscope with 100x oil-immersion
objective lenses, and images were acquired with NIS Elements software
(Nikon Instruments). Replication fork structures and CldU and IdU
track lengths were then quantified with ImageJ software (US NIH).

Metaphase spreads

Giemsa-stained metaphase spreads from patient-derived cell lines or
U-2 OS CRISPR SLF2 HM cells were prepared by adding of 0.2 mg/ml
colcemid (KaryoMAX, Life Technologies) and incubating for 3 h. The
cells were then harvested by trypsinization, subjected to hypotonic
shock for 30 min at 37 °C in hypotonic buffer (10 mM KClI, 15% FCS),
and fixed in ethanol/acetic-acid solution (3:1). The cells were dropped
onto microscope slides, stained for 15 min in Giemsa-modified solution
(Sigma-Aldrich; 5% vol/vol in water), and washed in water for 5 min. For
analysis of cohesion fatigue in SLF2 patient LCLs, the metaphase
spread protocol was followed as above. However, instead of adding
colcemid, 25uM MGI132 (Sigma-Aldrich, M7449) was added 4 h before
harvesting.

To prepare Giemsa-stained metaphase spreads from peripheral
blood, whole blood was diluted in RPMI-1640 and 180 pg/ml PHA
(Thermo Fisher Scientific) was added for 48-72 h at 37 °C. 4 h prior to
harvesting 0.2 mg/ml colcemid was added. The cells were pelleted and
then subjected to hypotonic shock for 10 min at 37 °C in hypotonic
buffer (0.075M KClI). Finally, the cells were then fixed in methanol/
acetic-acid solution (3:1) and processed as described above.

Fluorescence in situ hybridization

For Fluorescence In Situ Hybridization (FISH) was carried out on per-
ipheral blood lymphocytes metaphases using a peptide nucleic acid
(PNA) pan-centromere FISH probe conjugated to Alexa Fluor 488 (5
-ATTCGTTGGAAACGGGA-3’, PNA Bio, F3004 CENPB-Alexa488).
Briefly, the PNA FISH probes was made up as per the manufacturer’s
instructions. Metaphase spreads were harvested from patient blood
samples as above, and metaphases were dropped onto acetic-acid
humidified microscope slides. 24 h later, the slides were rehydrated in
PBS, dehydrated in an ethanol series (70%, 95%, 100%) and air dried.
The slides were pre-warmed to 37 °C and before being incubated with
hybridization buffer (20 mM Tris, pH7.4, 60% formamide, 0.5%
blocking reagent [Roche Blocking Reagent, 11096176001], 1% v/v PNA
probe) for 10 min at 85 °C. The slides were then incubated in a dark,
humidified chamber at RT for 2 h, before being washed in wash buffer
(70% formamide, 10-mM Tris) and dehydrated in an ethanol series
(70%, 95%,100%). The slides were then air dried and fixed with prolong

gold DAPI mounting medium (ProLong Gold Antifade Mountant with
DAPI, P36935).

Sister chromatid exchange analysis

For sister chromatid exchange analysis, LCLs were incubated with
10 pM BrdU for 48 h before incubating with 0.2 pg/ml demecolcine for
3 h. Cells were then resuspended in 0.075M KCl and incubated at 37 °C
for 1h, fixed in methanol/acetic acid (3:1) and dropped onto micro-
scope slides. The slides were then incubated in 10 pg/ml Hoescht for
20 min and exposed to UVA light for 1h in 2x SSC buffer. Slides were
incubated in 2x SSC buffer for 1 h at 60 °C and stained with 5% Giemsa.
For metaphase spread analysis of cells treated with exogenous DNA
damage, patient-derived LCLs cells were incubated with 500 nM APH
or 50 ng/ml MMC 24 h before harvesting.

For analyses of telomere sister chromatid exchange, LCLs were
cultured in the presence of BrdU:BrdC (final concentration of 7.5 mM
BrdU (MP Biomedicals, 100166) and 2.5mM BrdC (Sigma-Aldrich,
B5002)) for 10 h prior to harvesting. KaryoMAX colcemid (Gibco,
15212-012) was added at a concentration of 0.1 pg/mL during the last
2 h. Cells were collected and washed in 75 mM KCI. Cells were then
fixed 3x in methanol:acetic acid (3:1) by adding fixative solution
dropwise with constant gentle agitation by vortex. Following fixation,
cells were dropped onto microscope slides and metaphase spreads
were allowed to dry overnight. Next, slides were rehydrated in Ix PBS
and then treated with 0.5 mg/ml RNase A (Sigma-Aldrich, R5125) for
30 min at 37 °C. Next, slides were treated with 0.5 ug/ml Hoescht 33258
(Sigma-Aldrich, 861405) in 2x SSC for 15 min at RT, UV-irradiated, and
digested with Exolll (NEB M0206L) for at least 30 min at 37 °C. Slides
were then washed once in Ix PBS and dehydrated in an ethanol series
(70%, 90%, 100%) and air dried. FISH was performed using a TelC-
Alexa488-conjugated PNA probe (PNA Bio, F1004; 1:1,000) followed by
a TelG-Cy3-conjugated PNA probe (PNA Bio, F1006; 1:1,000) diluted in
hybridization solution (10 mM Tris-HCI pH 7.2; 70% formamide; 0.5%
blocking reagent (Roche, 11096176001)) each for 2 h at RT. Next, slides
were washed at RT twice for 30 min in PNA wash A (70% formamide,
0.1% BSA, 10 mM Tris pH 7.2) and 3x for 5 min in PNA wash B 100 mM
Tris pH 7.2, 150 mM NaCl, 0.1% Tween-20). The second PNA wash B
contained DAPI (Life Technologies, D1306) at a 1:1000 concentration.
Slides were then dehydrated and dried as described above prior to
mounting with Vectashield (Vectalabs, H1000). Slides were imaged
using a Zeiss Spinning Disk confocal microscope. Image analyses were
blinded and used FIJI version 2.1.0/153.c. Statistical analysis was per-
formed using GraphPad Prism version 9.4.1.

LCL proliferation assays
LCL proliferation assays were carried out as previously reported®.
Briefly, LCLs were seeded at a concentration of 0.25 x 10° cells per mlin
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25cm? flasks and incubated with an increasing concentration of
CX5461. The treated cells were counted when the untreated cells had
reached a concentration of 2.0 x 10° cells per ml (approximately three
population doubling times). The viability of the cells was expressed as
a percentage of the untreated cell count.

Plasmids, mutagenesis and sequencing primers

Total RNA was extracted from cell lines using RNeasy Mini kit (Qia-
gen) according to the manufacturer’s instructions. DNA was removed
by treatment with DNase I (Qiagen), and cDNA was generated using
Superscript Il and primed with oligo-dT (Thermo Fisher Scientific).
PCR was carried out using Phusion Hot Start Il (Thermo Fisher Sci-
entific). 2xMyc-SLF2 or untagged SMCS5 lentiviral expression con-
structs were generated by cloning a PCR-generated cDNA into the
Notl site of pLVX-IRES-neo (Takara Bio). The SLF2 and SMCS5 ORFs
were verified by sequencing using the primers in Supplementary
Table 2.

Full length SLF2 cDNA was also cloned into pcDNA4/TO (Thermo
Fisher Scientific) and deletion constructs were generated using KOD
Hot Start DNA polymerase (Merck) according to manufacturer’s
instructions. The following primer sets in Supplementary Table 3 were
used to generate the SLF2 deletion constructs and SLF2 ‘minimal
binding region’ (MBR) constructs. GFP-SLF2 is previously described".
Full length SMC5 cDNA was amplified and cloned into pEGFP-C1
(Takara Bio) using Kpnl/BamHI. SLF2/SMCS5 mutagenesis was achieved
using the QS Site-Directed Mutagenesis Kit (E0554S, NEB) according to
manufacturer’s instructions. The following primer sets in Supple-
mentary Table 3 were used to generate mutant expression vectors.
SLF2 p.GInl162His variant was generated using gene synthesis
(Thermo Fisher Scientific).

Lentiviral plasmids encoding the bacterial Holliday junction
resolvase RusA were a kind gift from Agata Smorgorzewska*’.

RT-PCR analysis of patient cells

RT-PCR of SLF2 was performed using transcript specific primers
(Supplementary Table 4) to assess the mRNA levels of the two longest
annotated SLF2 transcripts (NM 018121.4 and NM 001136123.2) in
patient whole blood RNA (Paxgene) or commercially-obtained human
cDNA panels: Human Universal QUICK-Clone II (Clontech), which is
pool of cDNA obtained from 35 different healthy adult or fetal tissues;
and Human multiple tissue cDNA (MTC) panel I (Clontech). PCR pro-
duct was migrated on a 1% agarose gel for 40 min at 100 V.

CRISPR-Cas9 genome editing of U-2 OS cells

Pairs of SLF2 targeting guide RNAs (sgRNA 1, 5-AGTTTCAT-
CACTCGGTTCCT-3; sgRNA 2, 5-GGCTTGGCACCTTCAAATTC-3)
were designed using the CHOPCHOP web tool (version 2)”*7¢ and
hybridized and ligated into the purpose built AIO-GFP All-in-One
Cas9D10A nickase vector at unique Bbsl and Bsal sites. These con-
structs were transfected into U-2 OS cells using FUGENE transfection
reagent according to manufacturer’s instructions (3:1 ratio of FUGENE
to DNA). Cells were sorted for high GFP expression by fluorescence-
activated cell sorting (FACS) into 96-well dishes and recovered in
McCoys 5A media supplemented with 20% FBS and 5% penicillin-
streptomycin. After 3 weeks, 25 colonies were chosen to be propa-
gated and screened for successful gene editing. After propagating,
potential clones were lysed in lysis butter (100 mM Tris/HCI pH 8.5,
5SmM EDTA, 0.2% SDS, 200 mM NacCl, 100 pg Proteinase K/ml) and the
DNA was precipitated with isopropanol and resuspended in 10 mM
Tris/HCI, 0.1 mM EDTA, pH 7.5. Screening of genomic DNA from clones
was achieved by sequencing a region of SLF2 surrounding the Cas9
nickase cut sites (Reverse primer, 5~AGTTCCGATAATCCACCCCTT-3’;
Forward primer, 5-TTTCTGCAACCAGGTAGTCCT-3'). Following sec-
ondary screening of five clones by Western blotting, two SLF2 CRISPR
HM clones were chosen (renamed as cll and cl.2) and were

characterized further by inserting the amplified region of SLF2
described above into TOPO-TA vectors. 20 TOPO-TA vector clones
were then sequenced for both cl.1 and cl.2 to identify all SLF2-mutant
alleles and ensure no WT allele was present. The HM clones cl.1 and cl.2
were then complemented by 2xMyc-tagged SLF2 cloned into pLVX-
IRES-neo (Takara Bio).

Statistical analysis

Statistical analyses were performed as indicated in the figure legends.
A p value of <0.05 indicates significance. The number of independent
experimental replicates is denoted in the figure legends. In all cases,
independent experiments represent distinct samples, and not the
same sample measured repeatedly.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The datasets generated during WES that support this study are avail-
able from the corresponding authors upon reasonable request.
Informed consents from patients do not cover the deposition of
sequencing data from the patient samples, but data can be shared for
research purposes with permission of the patient or his/her legal
guardian. Gene variant frequency was obtained from the gnomAD
database (https://gnomad.broadinstitute.org/). Accession codes for
genes/proteins analysed within this study are: Human SLF2 (NM
018121.4, NM 001136123.2, NP 060591.3), Human SMC5 (NM 015110.4,
NP 055925.2), zebrafish slf2 (XM 002664123.6, XP 002664169.3),
zebrafish smc5 (NM 001193541.1, NP 001180470.1). Plasmids obtained
from Addgene (https://www.addgene.org/) used in this study: pLV-
hTERT-IRES-hygro (Addgene #85140), psPax2 (Addgene #12260) and
pMD2.G (Addgene #12259). PDB files used within this study to model
the structural impact of SMCS patient variants: Saccharomyces cere-
visiae Smc5 3HTK [https://doi.org/10.2210/pdb3HTK/pdb], Pyr-
ococcus furiosus RAD50 1F2Thttps://doi.org/10.2210/pdblF2T/pdb]
and 1FTU [https://doi.org/10.2210/pdb1FTU/pdb]. AlphaFold models
used to facilitate structural predictions: human SMC5 (AF-Q8IY18-
F1). Source data are provided with this paper.
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Abstract

The ATRX ATP-dependent chromatin remodelling/helicase protein associates with the
DAXX histone chaperone to deposit histone H3.3 over repetitive DNA regions. Because
ATRX-protein interactions impart functions, such as histone deposition, we used proximity-
dependent biotinylation (BiolD) to identify proximal associations for ATRX. The proteomic
screen captured known interactors, such as DAXX, NBS1, and PML, but also identified a
range of new associating proteins. To gauge the scope of their roles, we examined three
novel ATRX-associating proteins that likely differed in function, and for which little data were
available. We found CCDC71 to associate with ATRX, but also HP1 and NAP1, suggesting
a role in chromatin maintenance. Contrastingly, FAM207A associated with proteins involved
in ibosome biosynthesis and localized to the nucleolus. ATRX proximal associations with
the SLF2 DNA damage response factor help inhibit telomere exchanges. We further
screened for the proteomic changes at telomeres when ATRX, SLF2, or both proteins were
deleted. The loss caused important changes in the abundance of chromatin remodelling,
DNA replication, and DNA repair factors at telomeres. Interestingly, several of these have
previously been implicated in alternative lengthening of telomeres. Altogether, this study
expands the repertoire of ATRX-associating proteins and functions.

Author summary

ATRX s a protein that is needed to keep repetitive DNA regions organized. It does so in
part by binding the DAXX histone chaperone to deposit histone proteins on DNA and
assemble structures known as nucleosomes. While important, ATRX has additional func
tions that remain understudied. To better understand its various biological roles, we first
identified the other proteins that are found in its proximity. ATRX associating proteins
were implicated in a range of functions, in addition to histone deposition. Our results sug
gest that ATRX associating proteins likely help compact DNA after it is assembled into
nucleosomes, and also promote its stability.

PLOS Genetics | htips://doi.org/10.1371/journal.pgen.1009909 November 15,2021
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We then examined the effect of ATRX on telomeres (repetitive DNA regions at the end
of chromosomes). ATRX and at least one of its associating proteins suppressed spurious
DNA exchanges at telomeres. To understand why, we then identified proteomic changes
that occur at telomeres when ATRX was deleted. Loss of ATRX altered the enrichment of
a surprising number of proteins at telomeres, including several DNA damage response
and chromatin remodelling proteins.

Introduction

The alpha thalassemia/intellectual disability, X linked (ATRX) protein is an SNF2 type ATP
dependent chromatin remodeller/helicase that maintains chromatin over repetitive DNA
regions, such as pericentric heterochromatin and telomeres. The protein promotes chromatin
compaction [1 3] and prompt DNA damage repair [4, 5]. ATRX deregulation is intimately
linked to disease. Germline ATRX mutations cause ATR X Syndrome, a rare X linked disorder
characterized by alpha thalassemia and intellectual disability [6]. Loss of functional ATRX is
also frequently observed in cancers that utilize alternative lengthening of telomeres (ALT) to
extend telomeres and evade replicative senescence [7, 8]. Moreover, ectopic ATRX expression
in ALT+, ATRX null cells sharply suppresses ALT activity [9].

ALT occursin 4 15% of cancers, though much higher rates are observed in malignancies of
mesenchymal and neuroepithelial origin [10]. ALT is characterized by long and heterogeneous
telomeres [11] that are typically associated with a loss of chromatin compaction [12]; presence
of telomeric DNA in PML bodies (known as ALT associated PML bodies, or APBs) [13]; high
levels of telomere exchange and synthesis [14 16]; and an accumulation of extrachromosomal,
circular telomeric DNA [17]. Recent evidence suggests that ALT is an adaptive response
caused by a failure to reactivate telomerase, changes in chromatin compaction, and high levels
of DNA damage at telomeres [18 20]. Loss of ATRX is likely an early event in ALT [21], and
progressive downstream changes on heterochromatin that enable replication stress at telo
meres likely select cells that adopt the ALT phenotype [20]. Cells that use this telomere mainte
nance mechanism then experience ‘self perpetuating’ replication stress and double stranded
DNA breaks at telomeres, further sustaining the phenotype [22, 23].

ALT can take different routes (i.e., RAD51 dependent or independent) but is akin to break
induced replication and leads to telomere synthesis [18, 19, 24]. This is thought to occur
within APBs, where telomeres and DNA repair factors amass [13]. The formation of APBs,
and ALT, are influenced by some of these very same DNA repair proteins, including the
MREI11 RAD50 NBS1 (MRN) complex [25 27]. The MRN complex initiates DNA end resec
tion for homology directed repair [28] and its deregulation promotes ALT activity in some can
cer cells [9, 29]. Affinity purification mass spectrometry (AP MS) experiments found ATRX to
co purify with the MRN repair complex [30, 31]. ATRX has been proposed to sequester the com
plex away from telomeres, thereby limiting homology directed repair associated with ALT [9].

ATRX binds several other proteins. It associates with heterochromatin through its
ATRX DNMT3 DNMT3L (ADD) domain that binds trimethylated lysine 9 on histone H3
(H3K9me3) in the absence of H3K4 modifications [32 34]. A PxVxL like motif also binds het
erochromatin protein 1 (HP1) and influences the localization of the ATRX protein [34, 35].
ATRX forms a complex with the histone chaperone Death Domain associated Protein 6
(DAXX) to deposit the replication independent histone variant H3.3 [36, 37], thereby main
taining nucleosome density and genomic integrity over repetitive DNA elements [1 3, 38, 39].
ATRX also influences sister chromatid cohesion at telomeres. It antagonizes macroH2A1.1
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deposition, whose accumulation on chromatin impedes tankyrase 1 dependent resolution of
sister telomere cohesion when entering mitosis [40]. As a result, cells that lack ATRX have
high levels of intra chromosomal telomeric sister chromatid exchanges (t SCEs). In inter
phase, ATRX promotes sister chromatid cohesion and cells lacking ATRX have high levels of
inter chromosomal telomere exchanges [15].

ATRX clearly plays multiple roles and is influenced by its protein protein interactions.
Comprehensive biochemical characterizations of ATRX protein protein interactions have
been invaluable, but are limited to a few stable interactions (i.e., DAXX, the MRN complex)
that remain associated after harsh extractions [30, 31, 41]. We therefore screened ATRX pro
tein protein associations using proximity dependent biotinylation (BioID) [42, 43], which tags
proteins (prey) that are proximal to a protein of interest (bait) in live cells. Our experiments
confirmed robust associations between ATRX and DAXX, as well as with the MRN complex.
In addition to established interactions, we also identified uncharacterized proximal associa
tions with proteins involved in rRNA processing, chromatin remodelling, and the DNA dam
age response. We then examined the role of three poorly characterized proteins that likely
differed in function. Our proteomic analyses ascribed roles in ribosome biogenesis, chromatin
compaction, and telomere stability for FAM207A, CCDC71, and SLF2, respectively, under
scoring the diversity of the cellular roles played by ATRX.

SLF2 (SMC5/6 localization factor 2) was previously identified in a proteomic screen for fac
tors that accumulate at DNA crosslinks, along with SLF1. Together these proteins link the
RAD18 DNA damage response protein and the cohesin like structural maintenance of chro
mosome 5 and 6 (SMC5/6) complex [44]. SMC5/6 are conserved proteins that facilitate DNA
repair, replication, and mitotic segregation, including over repetitive DNA regions [45, 46].
Recent work using magnetic tweezers showed that SMC5/6 captures and compacts DNA ter
tiary structures in an ATP dependent manner [47, 48]. In the context of ALT, deregulation of
SMC5/6, and E3 SUMO ligase activity conferred by an accessory protein, facilitates APB for
mation, homology directed repair, and ALT [49, 50]. We found ATRX to slightly increase the
amount of SLF2 on telomeres. While a loss of either ATRX or SLF2 had a limited effect on telo
mere exchanges, the loss of both proteins showed aberrant telomere exchanges. This indicates
arole for these proteins in suppressing telomere recombination. To better understand how
ATRX and SLF2 impact telomeres, we performed another BioID screen on the RAP1 telomeric
(shelterin complex) protein. A loss of ATRX, SLF2, or both proteins revealed important
changes in the binding of chromatin remodelling, DNA replication, and repair proteins at
telomeres. Taken together, our data highlight a diverse array of functions by which ATRX
influences chromatin and telomeres.

Results
BioID reveals novel and diverse associations with ATRX

We theorized that a proximity based protein labeling methodology in live cells would capture
ATRX protein protein associations that are not represented when using biochemical means.
We therefore made use of proximity dependent biotinylation (BioID) [42, 43] to identify pro
teins that directly or indirectly associate with the ATRX protein (Fig 1A). ATRX was fused to a
FLAG tagged BirA* biotin ligase at either the N or C terminus, and expressed from isogenic,
tetracycline inducible HEK293 Flp In T REx cells (herein denoted as HEK293 Flp In). This
produced nuclear bait proteins capable of biotinylating associating proteins in living cells,
regardless of whether they are direct or indirect, or static or dynamic. Cells were lysed under
stringent conditions, and the proteins purified using streptavidin beads (S1(A) S1(C) Fig). To
identify ATRX associating proteins, we rigorously filtered the ATRX BiolID against a total of
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Fig 1. Proximity-dependent biotin identification (BioID) of ATRX-associating proteins. A: Experimental pipeline. The BirA* biotin ligase was fused
to ATRX to biotinylate proximal proteins. Labeled proteins were captured on streptavidin beads and analyzed by mass spectrometry. B: Dot plot
showing prey proteins identified with ATRX-BirA* that were enriched over endogenous biotinylation (untransfected) and unspecific pan-cellular
biotinylation (BirA* alone—BFDR < 5%, SAINT [53]). Data represent two biological replicates. Proteins in boldface remained statistically enriched
when the nuclear localization signal (NLS)-BirA* control was used to further filter the ATRX BioID data. C-D: Proximity-ligation assay (PLA) showing
proximal associations between endogenous proteins in the MO3.13 human glial cell model. PLA data plots account for ~ 100 nuclei in three
independent experiments, with the exact number of nuclei assessed indicated in brackets. The p-values were obtained using a 2-sided Student’s t-test
with unequal variance. Scale bars = 4 um.

https://doi.org/10.1371/journal.pgen.1009909.g001

20 negative controls consisting of untransfected cells and isogenic HEK293 Flp In cells
expressing BirA* alone. This identified 36 ATRX proximal associations with a Bayesian false
discovery rate (BFDR) < 5% and at least 5 peptides detected across biological duplicates (Fig
1B). BirA* fused to a nuclear localization sequence (NLS) was included for comparison. The
DAXX histone chaperone, NBS1 component of the MRN complex, PML protein, BLM heli
case, IMP3 U3 snoRNP protein, and the SUPT16H and SSRP1 subunits of the FACT histone
chaperone were common to our BioID and published AP MS experiments in HeLa and
HEK293T cells [30, 31, 41, 51], or the curated BioGRID database [52]. Affinity purified ATRX
predominantly captured DAXX, the MRN complex, and the FACT histone chaperone by mass
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spectrometry [30, 31, 41]. BioID expands this repertoire by considering proximal associations
and biochemically labile interactions. Gene ontology analysis of the ATRX BioID showed an
enrichment of proteins relating to chromosome organization, chromatin remodelling, and
transcriptional regulation (S1(D) Fig).

To identify the most robust associations, we further filtered our ATRX associating proteins
against proteins identified with the NLS BirA* dataset (Fig 1B and S1 Data). CCDC71, DAXX,
FAM?207A, IMP3, NBS1, SLF2, ZBTB4, and ZFHX4 remained enriched over all three negative
controls (untransfected, BirA* alone, NLS BirA*). Subcellular fractionation experiments were
performed, and while some tubulin was detected in the nuclear fraction, the ATRX associating
proteins that we probed for were all present in the nucleus (SI1(E) Fig). To visualize the endog
enous protein associations, a proximity ligation assay (PLA [53]) was performed. PLA gener
ates a fluorescent signal when antibodies that recognize associating proteins are in close
proximity to one another (Fig 1C and 1D and S1(F) S1(I) Fig). Endogenous proteins were fol
lowed in the human oligodendrocytic MO3.13 cell model [54] because ATRX is highly
expressed in brain tissue and is often deregulated in brain tumours. PLA experiments probing
for any one protein alone served as a control. PLA signals were obtained for all but one of the
eight proteins listed above. Endogenous FAM207A was excluded from our endogenous PLA
analyses because commercial antibodies did not recognize the protein by western blotting.

The endogenous PLA signals for CCDC71 and SLF2 in MO3.13 cells were done using the
same antibodies previously used by the Human Protein Atlas [55], but we found these two
antibodies also recognized additional proteins by western blotting. The endogenous PLA sig
nals likely reflect true associations, because proteins that cross react with the antibodies would
also need to be in close proximity to generate a signal. Nevertheless, to further ascertain these
associations, PLA signals were further obtained between endogenous ATRX and tagged, exog
enous CCDC71, FAM207A, and SLF2 (S1(G) S1(I) Fig). The FLAG tag increased the abun
dance of PLA background signals, but stark differences in signal intensity were observed when
protein associations occurred. Because we lacked PLA data for the endogenous FAM207A pro
tein, we further validated this interaction in vitro. Recombinant FAM207A was expressed
using a coupled in vitro transcription/translation reaction in the presence of biotinylated
lysine. FAM207A was immobilized on streptavidin beads, washed, and incubated with recom
binant ATRX expressed in SF9 insect cells. Further washing of the beads showed that the two
proteins bind one another (S1(]) Fig).

Altogether, the data show that ATRX forms several uncharacterized associations with a
diverse group of proteins. To gauge the breadth of functions imparted by ATRX proximal
associations, we overviewed three novel ATRX associating partners for whom there is limited
information namely, FAM207A, CCDC71, and SLF2.

FAM207A is associated with ribosome biogenesis

An estimated 273 genes orthologous to FAM207A (SLX9) exist across 256 metazoan species
[56]. Subcellular fractionation of MO3.13 and HEK293 Flp In cells expressing the exogenous
protein shows varying levels of FAM207A across the fractions of the two lineages (Fig 2A and
S2(A) Fig). This may be due to the exogenous protein expression, but possibly also reflects tis
sue specific differences. Immunolabeling of detergent extracted cells showed that FAM207A
strongly localized to the cell nucleoli (Fig 2B). To further ascertain this, cells were then co
labeled for FLAG FAM207A and IMP3, which is not only an ATRX associating protein (Fig
1B), but also an established nucleolar protein [57]. Both proteins perfectly co localized with
one another (S2(C) Fig). Curiously, the ATRX FAM207A PLA signals were not confined to
the nucleolus (S1(H) Fig). Because PLA signals form when there is a protein protein
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https://doi.org/10.1371/journal.pgen.1009909.g002

interaction, the signals outside the nucleolus could suggest role(s) for ATRX FAM207A dis
tinct from those in ribosome biogenesis. It is also worth noting that the Human Protein Atlas
database suggests that the protein resides in the Golgi apparatus [58]. However, despite high
spectral counts for the protein in our BioID, we were not able to detect the endogenous protein
by western blotting when we used the same antibody, even under low stringency conditions
(e.g., no tween, high antibody concentration).

A prior affinity purification of the nucleolar NOC4 protein identified FAM207A as a likely
component of pre ribosomal particles [59] and further work suggests a role in the export of
408 pre ribosomes [60]. Our FAM207A BioID results confirm an association with proteins
involved in ribosome maturation (Fig 2C and 2D and S2(D) Fig). Twenty nine proteins were
enriched in the FAM207A BioID (BFDR < 1%) in comparison to the BirA* and NLS BirA*
controls (Fig 2C). A much larger number of proteins were retained when NLS BirA* was used
as a comparative bait instead of a control (S2(D) Fig and S1 Data). We believe that the large
number of associated proteins reflects the protein’s involvement in macromolecular assem
blies. While ATRX was detected in the FAM207A BioID with a relatively high average spectral
count of 27.5, it was filtered out by the negative controls in the SAINT analysis. This perhaps
indicates that ATRX only constitutes a minor proportion of the protein associations made by
FAM?207A, since we otherwise detected the ATRX FAM207A association through the ATRX
BioID and PLAs. Gene ontology groups relating to ribosome biogenesis and rRNA processing
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predominated (Fig 2D), as previously suggested [59]. FAM207A, however, also associated with
proteins involved in chromosome and transcriptional regulation, again suggesting more than
one biological function.

CCDC71 is a chromatin-bound protein that associates with HP1

Current databases and our own experimental data implicate CCDC71 in chromatin organiza
tion. CCDC71 belongs to the coiled coil domain 71/71L family found within vertebrates (Fig
3A). In addition to a coiled coil region, the protein harbours an NLS and several regions that
are predicted to be disordered (Fig 3B). The mouse protein contains two canonical PxVxL
sequences, a motif found in proteins that bind HP1 [35]. Variation within the sequence is tol
erated to various degrees [35, 61], and both the human and the consensus sequence from 254
putative orthologs contain PxVxL like sequences at these two locations (Fig 3C). A canonical
PxVxL sequence is also found in the human CCDC71L protein, a shorter family member that
shares a high degree of identity within the N terminal half of CCDC71 and its C terminal
extremity (S3(A) Fig). It was, therefore, not surprising to see that the exogenous protein was
almost exclusively found in the chromatin fraction of MO3.13 and HEK293 Flp In cells (Fig
3D and S3(B) Fig).

To our knowledge, there are no reports on CCDC71, but data gathered by the Human Pro
tein Atlas [55] suggest that the protein locates to the nuclear periphery in HeLa cells, with
some cell types showing a more nuclear signal. Imnmunolabeling in HEK293 Flp In cells
showed pan nuclear granular signals (Fig 3E), a pattern also seen in the ATRX CCDC71 PLA
experiments in HEK293 Flp In cells (S1(G) Fig). Putative CCDC71 protein protein interac
tions reported in BioGrid [52] suggest a role in chromatin compaction. They include histone
H3.3, the EED subunit of the polycomb repressive complex 2 (PRC2), the RbAp46 histone
chaperone, and the HDACTI histone deacetylase. We could indeed co immunoprecipitate
H3.3, EZH2 (the catalytic subunit of PRC2), and HDAC1 with CCDC71 (S3(C) Fig). To
obtain a clearer portrait of CCDC71 functions and its proximal protein associations, a BioID
analysis was also performed for this protein. While HDAC1 was represented, the most preva
lent associations included ATRX, all three HP1 isoforms, the NAP1 histone chaperone, and
components of the NuRD chromatin remodelling protein complex (also represented in the
ATRX BiolD; Fig 3F, S3(E) Fig and S1 Data). As expected, a gene ontology analysis of the
CCDC71 BiolD results included terms related to chromosome and chromatin organization
(Fig 3G). This shows that ATRX and CCDC71 share important functions in chromatin
regulation.

SLF2 prevents spurious telomere recombination

The SLF2 proteome was previously described [44], but the association with ATRX is novel. It
was found that SLF1/2 loads the cohesin like SMC5/6 proteins at sites of DNA damage [44]. A
genetic interaction between ATRX and SMC5 and SMC6 was recently reported [62] and dereg
ulation of SMC5/6 in ALT positive cells promotes APB formation and telomere exchanges
[49]. To determine if ATRX influences SLF1/2 and SMC5/6 recruitment to telomeres, we dis
rupted ATRX expression in HEK293 Flp In cells using CRISPR Cas9 (Fig 4A), and quantified
SLF2 occupancy at telomeres. Exogenous SLF2 and endogenous SMC5 were imaged by immu
nofluorescence and telomeric regions identified using fluorescence in situ hybridization

(IF FISH). SLF2 and SMC5 formed foci whose signals strongly overlapped with one another
(S4(A) and S4(B) Fig). Most SLF2 and SMCS5 foci formed outside telomeres, but approximately
20% of the signals coincided with those from the telomeric FISH probe (Fig 4B). The propor
tion of SLF2/SMCS5 overlap with telomeres decreased in the ATRX null cells. G quadruplex
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https://doi.org/10.1371/journal.pgen.1009909.9003

(G4) structures can form at telomeres, where they cause DNA damage if not properly resolved.
The analysis was therefore repeated in cells exposed to the G4 stabilizing small molecule, pyri
dostatin [63], but the treatment had no impact on the SLF2/SMC5  telomere signal overlap

(Fig 4B).
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https://doi.org/10.1371/journal.pgen.1009909.9004

ATRX expression restrains telomere exchanges [9, 15, 40]. We therefore wanted to deter
mine if ATRX and SLF2 together repress t SCEs. To investigate this, we disrupted SLF2 in
ATRX expressing and null HEK293 Flp In cells (S4(C) and S4(D) Fig), and performed chro
mosome orientation fluorescent in situ hybridization (CO FISH) [64] to visualize and quan
tify telomere exchanges (Fig 4C and 4D). As recently reported [15], we observed increased
levels of t SCEs (dual signal on matching sister chromatid ends), but also a high proportion of
exchanges on telomere ends of single chromatids in our ATRX null cells (Fig 4D). This can
indicate non allelic exchanges and the events were therefore grouped as ‘telomere exchanges,’
as previously done [15]. Low p values were obtained when comparing telomere exchange rates
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between the single null cells and the parental HEK293 Flp In (e.g., 0.059 and 0.15 for ATRX
and SLF2 null cells, respectively), but significance was reached in double ATRX/SLF2 null
cells (Fig 4D). This suggests that both proteins inhibit spurious exchanges. However, the lack
of a clear synergistic effect may signify that the proteins do so independently of one another.
In the ALT positive (ATRX null) U20S cells, an SLF2 gene disruption again caused a signifi
cant increase in telomere exchanges (S4(E) Fig). Altogether, this shows that ATRX has some
influence on SLF2 recruitment, and a loss of both proteins permits high levels of telomere
exchanges.

ATRX and SLF2 depletion alters protein enrichment at telomeres

A loss of ATRX causes gradual changes on telomeres [20], so we wanted to determine if its
loss, or that of SLF2, caused immediate observable changes in protein enrichment at telomeres.
To examine this, we performed BioID on the RAP1 (TERF2IP) subunit of the shelterin com
plex, in parental HEK293 Flp In cells and compared the results to that of the same BioID done
in isogenic SLF2 null, ATRX null, or cells stably expressing ATRX shRNA (Fig 5 and S5 Fig).
The same BioID strategy, but using TERF1 as a bait, previously identified changes in the telo
meric proteome of ALT negative and ALT positive cells [65]. While we did not enrich for all
the shelterin components, TERF2 was one of the most abundant prey proteins identified in the
RAP1 BioID (S1 Data). Importantly, 38% of the 343 proteins identified by our RAP1 BioID in
HEK293 Flp In cells were also identified by the previously reported TERF1 BioID in HeLa
cells [65], and 55% our of preys were also identified by other proteomic techniques used to
identify telomeric proteins (namely, PICh [66], QTIP [67], C BERST [68], and TERF1 BioID
[65]; S5(C) Fig). A similar overlap was seen when using NLS BirA* as an additional control in
our BioID, but we first omitted the control from this analysis to identify as many changes as
possible (data were still filtered against untransfected cells and BirA*). As expected, RAP1
BioID experiments performed in parental and ATRX or SLF2 depleted HEK293 Flp In cells
were far more similar to one another than our other BioID experiments with other baits (Fig
5A).

The ATRX knockout (Fig 5C) and knockdown (S5(D) Fig) caused surprisingly vast changes
at telomeres, with proteins involved in chromatin maintenance, DNA replication, and repair
showing both gain and loss of abundance. The relative abundance of some the proteins that
associated with ATRX (such as NBS1 and PML) also changed in relative abundance at telo
meres, but the most prominent changes involved other non associating proteins. Loss of
ATRX therefore carries indirect downstream changes that alter telomeres. We then examined
the changes that occur in SLF2 null and isogenic SLF2/ATRX double null cells (Fig 6). In com
parison to ATRX, SLF2 depletion had a far more limited effect on telomeric proteins, although
chromatin remodelling and DNA repair proteins again changed in abundance at telomeres
(Fig 6A). The double null cells largely recapitulated the effects seen in the individual gene
knockouts, suggesting that most of the effects are additive.

The increase in PIN2/TERF1 interacting telomerase inhibitor 1 (PINX1) at telomeres upon
SLF2 loss is interesting because the protein inhibits telomerase activity [69] and promotes
TERF1 binding to telomeres [70]. Proteomic changes caused by a loss of ATRX and/or SLF2
therefore likely destabilize telomeres.

Discussion

Isolation of ATRX binding proteins yields biochemically stable interactions with DAXX and
components of the MRN protein complex [30, 31, 41], yet ATRX binds additional proteins.
The discrepancy is likely due to the need for harsh extraction methods to analyze its

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009909 November 15, 2021 10/30



PLOS GENETICS

New ATRX protein associations

RAP1 (ATRX/SLF2-null)

256

128

64

32

AvgSpec HEK293 Flp-In

0.5

0.25

0.13

Correlation analysis

(INu-Z41S/XY 1Y) Ldvd
(INu-XY1V) 1dvd
(0¥ XY1Y) Ldvd

(18¥-0) Xd1V
(48)-N) X1V
ldvd

V.0ZINVH
INU-Z2471S 1dvYd

Q
O
o}
3]
3

CCDC71
ATRX (C-ter)
ATRX (N-ter)

FAM207A

uolje|a1i09 oads

RAP1 (ATRX-null)
RAP1 (ATRX-KD)

RAP1
RAP1 (SLF2-null)

B

RAP1 BiolD
(ATRX-expressing vs ATRX-null HEK293 Flp-In)

* RBBP7,
- RECAQLS,

%% C100rf12, 2,
MEPCE, e

ZNF91, TOPBP1, BPTF

NFATC2IP  SMARCE1, /' 5

. DHX16,

WDHDY '.4 & CHAVIP1

— .

287821

- USP48, ILKAP GTF305

RCA2 \/

BTAF1, XRCC1, MCM10 ESS%

/..

'o,

q.sRCAP
O3~ ANLN, KIF23
\ECT2 NBS1
ZNF451 SDE2

N, LIN54 @ZNF12
5> ZMYM3, SGO2

s KIF22 BRD3YZNF667

PRCC PINX1, ®

. |* MED27~,

PAPOLG
8 ® ®CCDC174, RBM22
[ N
.'. (X ) °
4 ® ®/RFX5, RNF40, ZNF280D, ARHGAP11A
®°  ecoknoar

- o0 GTF2B @MEF2D, NUSAP1
[ 2N ]

e,

. ZFP82@ ©
4.7 FT0, o
2 .~ XRCC4

CDCAS, ENSA, PRC1

T T T | — T T T T T !
013 025 05 1 2 4 8 16 32 64 128 256

AvgSpec ATRX-null HEK293 Flp-In

ATRX detection in RAP1 BiolD

HEK293 Flp-In
< g
i &
w
2 2 2 g
I < < <
ATRX
RAP1
AvgSpec
-
0 50
Enriched in Enriched in ATRX-null
HEK293 Flp-In HEK293 Flp-In
(NLS as a bait) (NLS as a bait)
ELAC2 LIG3 EIF4H H2AZ1
ZNF273 MASTL XPO5 KIFC1
TET1 FAM207A || SALL1 MECP2
YY1 NCOA6 PRPF40A SARNP
PDCD4 USP48 RLF PHF2
NUCKS1 ELOA LIG1 TOP1
JPT2 TRIR NFIA GPALPP1
DDX52 HELLS Cwceca7 Clz1
RFX1 SBNO1 FTO NBR1
PRR14L SMARCA4 || CTR9 CRNKL1
KIAA1143  BRIP1 ENSA ATF7IP
RADX ATAD5 PRC1 ZNF536
PPM1G BCOR ZNF429 GTF2F1
NPAT DDX42 XPC FAM32A
SRFBP1 CHD7 NVL GPATCH4
TAF9B NCOR1 ZNF780A  ARID4B
DHX8 PML SCAF4
PHC3 FUBP1 H2AX
RAIM KRI1 ZHX3
SF1 ZRANB2 GNL3
HIVEP1 RBM22 HP1y
BRD2 AFF4
GABPA PPP4R3B
POLD3 SDE2
CDCA8 ZNF451
@® BFDR<0.01 CDK11A RNPS1
PDS5A  HTATSF1
0.01 <BFDR<0.05 | ANKRD11 NIPBL
NCBP3  KNOP1
NELFCD K
PHF10 ZNF280C
DDX17 ZC3H11A

Fig 5. Loss of ATRX changes the enrichment of a subset of proteins at telomeres. A: Correlation between BioID bait proteins. RAP1 BioID
experiments strongly correlated with one another independently of ATRX expression. B: Relative ATRX detection by RAP1 BioID in ATRX-expressing
and isogenic cells where ATRX expression was knocked-down (KD) using shRNA or knocked-out (KO) using CRISPR-Cas9. C: Fold change of prey
proteins identified by RAP1 BioID (BFDR < 5%, SAINT [103]) in ATRX-expressing vs. ATRX-null HEK293 Flp-In cells. Labeled proteins had >2.5
average spectra and >1.5-fold change between conditions. Proteins labeled in the scatter plot remained significant when NLS-BirA* was used as a
control. Inset box represents additional proteins identified with NLS-BirA* as a bait (less stringent).

https://doi.org/10.1371/journal.pgen.1009909.g005

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009909 November 15, 2021

11/30



PLOS GENETICS

New ATRX protein associations

AvgSpec ATRX/SLF2-null HEK293 Flp-In

A RAP1 BiolD
128 — (SLF2-expressing vs SLF2-null HEK293 Flp-In)
64 |
Enriched in Enriched in SLF2-null
32 - HEK293 Flp-In HEK293 Flp-In
(NLS as a bait) (NLS as a bait)
16 4 BRD3 PCF11 CCT3 RPS7
H2AX RB1 ZNF92 MTA2
s A I
& g5 2N DOTIL GPATCH11 CIZ1
2 2 ZNFe67  cD2BP2 | | RAVERT  CDKTIA
2 ® UIMC1, NUP50 NBR1 SETD2 DDX17 PDS5A
5 4 @ ®— MEPCE, PRCC RACGAP1 MSH3 CWC27  UNG
o TET1 CFDP1 RBM41 NSUN2
3 ZBTB21 CENPF  RSF1 XRCC4  H2ACt
& 2 BCL7A HTATSF1 PCYT1A  KRT6B
2 ZNF536  JPT2 ZNF257  GTF2A1
= ZRANB2  NELFA
1 CREB1 NSRP1
ZNF85 AFF4
POLDIP3 ~ ZHX3
0.5 | @ BFDR=001 KDM4B  PPIL4
0.01 < BFDR <0.05 Sgéi; SLur
0.25 |
.
013 T T T T T T T T T 1
013 025 05 1 2 4 8 16 32 64 128
AvgSpec SLF2-null HEK293 Flp-In
B RAP1 BiolD Enriched in
(ATRX/SLF2-expressing vs ATRX/SLF2-null HEK293 Flp-In) Enriched in ATRX/SLF2-null
256 — HEK293 Flp-In HEK293 Flp-In
% C100rf12, %% DHX16,  POLK, (NLS as a bait) (NLS as a bait)
MLH1, ZMYM3,  CHAF1B
128 4 PINX1 FLYWCH2, CHD7 PAXBP1 [ IWsS1 POLH
CHMP4B, RFC4, NUCKS1 PHIP NFIA RNF113A
64 RECQL5 UBXN?, ZMYM4, oo - CLSPN  GNL3 POLR3C  NCOR2
N CACTIN g C100rf12  NSD3 SMARCC2 CD2BP2
MEPCE, TOPBP1, ECT2 A 8 CHAVPT NBR1 BLM PRDM2  WRNIP1
32 P PSME3IP1, TRMTS, ZMYM1 ;OQ' TET1 LIG3 DDX17  RAD21
SMARCE1, ZBTB21,  reace X X ZNF667 MSH6 | NKRF SF1
- DIS3, SAP130, USP48 \ ' GPKOW, ELAC2  UTP14A |[RBM5 TSHZ3
a 16 < ZNF12, YJU2 RNF8 DNAJB1, TASOR2 MFAP1 PRPF40A ZDBF2
i BTAF1 SDE2 SMCHDA DDX52  RNPS1 [ZNF92  CBX1
2 8 ~a RFX1 NACC1 ([NCBP3 ~ TCF20
¢ MCM10@ % o CRNKL1, ZNF507,| PHC3 HTATSF1 || ZEB2 TRIR
% NELFAWDHD1, |ANKRD11 ELOA ZNF780A HP1BP3
S 4 SGO2  SALL2 PPMIG ~ MYSM1 |NOSIP  SF3B2
4 SARNP  KNOP1 || FOXK1
‘§, o  CCDC174, UBN2, ASF1B, SMNDC1 HELLS | ORC3
Z 24 # CMTR1, FLYWCH1 PAPOLG NOL11 | ZKSCAN4
®) RNASEH2B, ARHGAP11A, MBD4, ARID4B K SMARCAD1
. GPATCH11,RFX5, RPS6KA5 PDCD4  GTF2F2 |[Clorf52
® TFE3 GTF2F1  SART1 |[RSBN1L
© CDKN2AIP FBL DNMT1 (| POLD3
0.5 - 76 MTA2 ATAD5 || RADX
OZ":F629 @ BFDR<0.01 SRFBP1  BRIP1 | TOP1
DHX8 JPT2 PHF2
025, ARC 001 <BFDR<0.05 |RAD18 MED1 | RACGAP1
g SETD2  BCOR |[CIZ1
013 SAP130  ZC3H11A|[ZNF384
T T T T T T 1 FANCI GTF2A1
013 025 05 1 2 4 8 16 32 64 128 256 RAI1 ATF7IP

Fig 6. Changes at telomeres caused by a loss of SLF2 and ATRX. Fold change of prey proteins identified by RAP1
BioID (BFDR < 5%, SAINT [103]) in A: SLF2-null, and B: ATRX/SLF2-null vs. ATRX- and SLF2-expressing HEK293
Flp-In cells. Labeled proteins had >2.5 average spectra and >1.5-fold change between conditions. Proteins labeled in
the scatter plot remained significant when NLS-BirA* was used as a control. Inset box represents additional proteins
identified with NLS-BirA* as a bait (less stringent).

https://doi.org/10.1371/journal.pgen.1009909.g006

interactions on chromatin. With the advent of proximity based labeling techniques [43], we
were able to surmount this technical limit and identify 36 ATRX associating proteins (Fig 1B).
Our BioID results are high confidence since the data were stringently filtered against 20 BioID
control replicates. To identify the strongest associations (whether direct or indirect), we fur
ther filtered the data against an additional 14 biological replicates of NLS BirA*, where
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indicated. While DAXX and NBS1 were enriched in the BioID experiments performed with
BirA* at either the N or C terminus of the protein, there was a surprising degree of variation
between the two baits. The differences could be due to spatial constraints within these associa
tions, but also hindrance or misfolding caused by the bulky biotin ligase. However, both pro
tein termini are predicted to be of very low complexity and unstructured [71], making
misfolding of BirA* tagged ATRX less likely. Spatial specificity via BioID has also been
reported for other proteins, where data obtained by biotin ligases at the N and C terminus of
the bait protein were seen as complementary [72, 73]. We were indeed able to visualize the
high confidence associations by PLAs regardless of the BirA* position (Fig 1C and 1D), sug
gesting that the differences are most likely due to spatial constraints on the ~ 300 kDa protein.
It is interesting to note that ATRX has two DAXX interacting regions: a weak N terminal one
(spanning a.a. 321 865) and a stronger C terminal one via ATRX’s DAXX Binding Motif (a.a.
1189 1326) [74] and that our BiolID results reflect that difference. The interaction with PML is
also mediated by the C terminal extremity of ATRX [75], again recapitulated in the BioID.

Interestingly, the previous affinity purified ATRX mass spectrometry experiments, and our
ATRX BiolD dataset, lacked reported interactions with HP1 [35, 76, 77], macroH2A.1 [78,
79], and MeCP2 [80, 81]. These interactions had been established by immunoprecipitation/
western, co localization, or in vitro experiments. While HP1j3 (CBX1), HP1y (CBX3), and
macroH2A.1 were detected in the ATRX BiolD, they were filtered out because they were also
labeled by our negative controls (S1 Data). MeCP2 was, however, only detected by the negative
controls. Some of the results could reflect cell type specific differences and/or spatiotemporal
limits of the biotin ligase. Interestingly, HP1 was later captured not by ATRX, but rather a
novel ATRX associating protein (see below). The specific identification of the NBS1 compo
nent of the MRN complex (and lack of MRE11 and RAD50 subunits) does not necessarily
mean that ATRX only associates with NBS1, but could reflect the relative position of the biotin
ligase over the protein complex. Indeed, others showed that ATRX also co purifies with the
other MRN complex subunits [30, 31].

Because the ATRX associations enriched for ribosomal, chromatin, and DNA repair pro
teins, we then examined three associating proteins for which there is limited information, but
that likely reflects these functions. FAM207A, CCDC71, and SLF2 were chosen because there
is limited information on the proteins, and associations reported in BioGrid [52] suggested
that they had very different biological functions. Our data confirm that FAM207A is predomi
nantly nucleolar (Fig 2B). This is interesting because ATRX does enrich over rDNA repeats
across different life kingdoms [76, 82 84]. ATRX depletion in mESCs destabilizes IDNA
repeats through a loss of histone deposition and repressive histone marks, and a decrease in
rDNA copy numbers and rDNA transcription that renders cells sensitive to RNA polymerase I
inhibitors [85]. The FAM207A protein previously co purified with isolated pre ribosomal par
ticles and RNAi mediated depletion of the protein implicated it in 40S precursor maturation
[59]. Our data concur and demonstrate that FAM207A associates with proteins involved in
ribosome biogenesis (Fig 2C and 2D). However, FAM207A BiolD also identified proteins with
functions in gene transcription and chromosome organization (S2(D) Fig), and our PLA anal
ysis showed that the ATRX FAM207A association is not exclusive to the nucleolus (S1(H)
Fig). In fact, like ATRX, yeast FAM207A (SIx9) is proposed to bind G quadruplex DNA struc
tures that form over repetitive G rich DNA [86] and it will be very interesting to find the exact
role of the ATRX FAM207A association.

A second ribosomal protein, IMP3, was also identified as an ATRX interacting protein in
our BioID analysis (Fig 1B). IMP3 is a conserved nucleolar rRNA processing protein also
implicated in ribosome biogenesis [57]. The ATRX IMP3 interaction was also reported in the
BioPlex interactome database [51]. While FAM207A BioID did not capture IMP3, it is possible
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that their functions converge. It is also worth noting that a hypomorphic IMP3 mutant allele
in budding yeast sensitised cells to various DNA damaging agents and produced slightly longer
telomeres [87]. Additional experiments will be needed to determine if this holds true in other
organisms.

CCDC71 is an uncharacterized coiled coil domain containing protein for which there are
no associated functions. Work done by the Human Protein Atlas program [55] suggests that
the protein enriches at the nuclear periphery in HeLa and MCF?7 cells and forms nuclear foci
in U20S cells. While it may be tempting to attribute the difference to the utilization of the
ALT pathway, we found the antibody used in those experiments to also recognize several other
proteins by western blotting. Our labeling of an epitope tagged exogenous protein showed a
pan nuclear granular nuclear signal that was not exclusive of DAPI dense regions (Fig 3E).
Curated data suggest that CCDC71 binds histone H3.3 [52], components of the PRC2 complex
[88], HDAC1 [89], and RBBP7 [89], linking the protein to chromatin compaction and tran
scriptional repression. We confirmed these interactions by immunoprecipitating the exoge
nous CCDC71 protein (S3(C) Fig). However, BioID provided important information on the
most prominent associations (Fig 3F and S3(E) Fig). Our analysis clearly demonstrates a
strong association between CCDC71 and HP1 isoforms, likely mediated by non canonical
PxVxL motifs in human cells (and canonical ones in mice) and/or through further associations
with the related CCDC71L protein (Fig 3C and 3F, S3(A) and S3(E) Fig). In addition to con
firming ATRX as a strong association, the CCDC71 BioID showed clear associations with the
NAP1 histone chaperone and components of the NuRD chromatin remodelling complex
(which were also seen in the ATRX BiolD, Fig 1B).

It is interesting to note that the ZFHX4 transcription factor (identified in the ATRX BioID)
also interacts with NuRD to promote stem cell like states [90]. Genetic deletions over the
ZFHX4 locus have been associated with syndromic Peters anomaly [91], ocular abnormalities
[92], and intellectual disability [93], and the protein plays a role in maintaining the undifferen
tiated, self renewing state of glioblastoma tumour initiating cells [90]. Further studies will be
needed to examine the effect of the ATRX CCDC71 HP1, NAPI, and NuRD associations on
chromatin. It will also be interesting to determine how these proteins (including those, such as
the PRC2 complex, confirmed by immunoprecipitation in S3(C) Fig) functionally work
together.

Chromatin maintenance is intimately tied to genome stability; hence, our investigations
into the third chosen ATRX proximal association, SLF2. SLF2 associates with SLF1 and
RAD18 and loads the cohesin like SMC5/6 complex to promote genomic stability [44]. SLF1/2
knockdown impairs the recruitment of SMC5 to sites of DNA damage and increased the rate
of global sister chromatid exchanges [44]. In contrast, SMC5/6 was found to promote the for
mation of APBs in ALT cells where it facilitates recombination between telomeres [49]. A
tightly regulated process is therefore needed to prevent spurious recombination at telomeres.
We saw evidence of ATRX mediated recruitment of SLF2 to telomeres (Fig 4B), and found
that the loss of the proteins causes telomere exchanges in HEK293 Flp In cells (Fig 4D). SLF2
depletion was sufficient to induce high levels of telomere exchanges in U20S cells (S4(E) Fig),
showing that SLF1/2 is an important suppressor of recombination at telomeres.

Chromatin organization and maintenance by ATRX is needed to prevent gradual changes
that enable the ALT phenotype [20]. To better understand how ATRX and SLF2 influence telo
meres, we used RAP1 BioID to obtain information on changes caused by their loss. While few
changes were observed upon loss of SLF2, intriguing changes were seen at telomeres approxi
mately 15 passages after ATRX gene disruption (Figs 5C and 6). The changes seen in the single
gene deletions were largely recapitulated in the double null cells. Changes in chromatin
remodelling, DNA replication, and repair were particularly notable. This opens the door to
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further explorations, especially those pertaining to ALT. For example, while a loss of ATRX
does not in itself cause ALT, we saw increased levels of H2AX, PML, and the POLD3 subunit
of DNA Pol§, as well as lower levels of BRCA2 in ATRX null cells (Fig 5C); trends seen in ALT
cell models [13, 94, 95]. However, some of the strongest proteomic changes on telomeres
caused by the loss of ATRX included a gain of a few zinc finger proteins and in the shugoshin
2 (SGO2) protein. While shugoshin proteins have centromeric functions, yeast Sgo2 is also
needed for subtelomeric stability [96]. Contrastingly, the loss of ATRX also caused a notable
depletion of core replisome proteins, such as MCM2 7 proteins and MCM10, from telomeres.
Further deletion of SLF2 caused a number of changes that seemed additive (Fig 6), and this
was sufficient to increase the number of telomere exchanges (Fig 4D). It is therefore likely that
the changes on telomeric chromatin caused by the loss of ATRX potentiate the ALT phenotype
through direct (e.g., loss of protein interactions) and indirect (e.g., downstream) effects.

Clearly ATRX mediates multiple functions well beyond histone deposition with DAXX.
Our data show that ATRX associates with a wide range of chromatin regulators with very dif
ferent roles, as reflected by new and uncharacterized ATRX associating proteins (Fig 7A). We
propose that ATRX associating proteins confer additional biological roles to protect repetitive
DNA regions, and further impact chromatin in a manner that transcends ATRX’s immediate
protein interactions (Fig 7B).

Materials and methods
Antibodies

The following primary antibodies were used: ATRX (Santa Cruz, sc 55584, PLA: 3 ug/mL,
WB: 1:1000), ATRX (Santa Cruz, sc 15408, WB: 1:1000), ATRX (Thermo Fisher Scientific,
PA5 21348, PLA: 1:1000 1:5000, WB: 1:1000), biotin (Cell Signaling Technology, 55978,

WB: 1:500), CCDC71 (Thermo Fisher Scientific, PA5 61543, PLA: 1:250), DAXX (Santa Cruz,
sc 7152, PLA: 1:250, WB: 1:500), EZH2 (Sigma Aldrich, MABE362, WB: 1:1000), FLAG
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(Sigma Aldrich, F1804, IP: 2 ug/mg lysate, PLA: 1:1000, WB: 1:1000), GAPDH (Santa Cruz,
sc 25778, WB: 1:1000), H3.3 (Abcam, ab176840, WB: 1:5000), HDAC1 (Thermo Fisher Scien
tific, PA1 860, WB: 1:1000), HP1 (Cell Signaling Technology, 2616S, WB: 1:1000), IMP3
(Thermo Fisher Scientific, PA5 26897, IF: 1:500, PLA: 1:500, WB: 1:1000), LaminB1 (Protein
tech, 66095 1 Ig, WB: 1:50000), ¢ myc (Invitrogen, MA1 980, PLA: 1:2000), NBS1 (Novus
Biologicals, NB100 143, PLA: 1:200, WB: 1:1000), SLF1 (Sigma Aldrich, SAB2701555, WB:
1:1000), SLF2 (Thermo Fisher Scientific, PA5 66091, PLA: 2 ug/mL), SMC5 (Bethyl Laborato
ries, A300 236A, IF: 1:1000, WB: 1:1000), beta tubulin (Developmental Studies Hybridoma
Bank, E7, WB: 1:10000), ZBTB4 (Novus Biologicals, NBP1 76517, PLA: 1:10000), and ZFHX4
(Sigma Aldrich, HPA023837, PLA: 1:500, WB: 1:500). The following secondary antibodies
were used: anti rabbit IgG HRP (Invitrogen, 0031458, WB: 1:10,000), anti mouse kappa light
chain HRP (Abcam, AB99617, WB: 1:10,000), anti Rabbit IgG Alexa Fluor 594 (Jackson
ImmunoResearch, 111 585 008, IF: 1:250), anti rabbit IgG ATTO 647N (Rockland, 611 156
1228, IF: 1:250), anti mouse IgG ATTO 488 (Rockland, 610 152 1218, IF: 1:250), and anti
mouse IgG AlexaFluor 647 (BioLegend, 405322, IF: 1:500).

cDNA constructs

ATRX cDNA was amplified by PCR and the DNA band was excised and purified using the
PureLink Gel Extraction Kit (Thermo Fisher Scientific, K210012) and introduced into
pDONR223 using Gateway BP Clonase II Enzyme mix (Thermo Fisher Scientific,
8602289719), as well as a pFastBac vector (ThermoFisher Scientific) for expression in insect
cells. pDONR223 plasmids containing CCDC71 and FAM207A were generated in the labora
tory of Dr. Anne Claude Gingras. Plasmids were prepared using Stable Competent E. coli
(NEB, C3040I). Clones were selected from LB agar plates (1% tryptone, 0.5% yeast extract, 170
mM NaCl, pH 7.5) containing 50 ug/mL spectinomycin. ATRX was subcloned into a pDEST
vector containing an N or C terminal FLAG BirA* using Gateway LR Clonase II Enzyme mix
(Thermo Fisher Scientific, 11791020). Transformed cells were selected on LB agar plates with
50 pg/mL ampicillin. The pDEST pcDNA5 RAP1 BirA* FLAG C term plasmid was prepared
in the laboratory of Dr. Anne Claude Gingras. Lentiviral particles encoding myc tagged SLF2
were prepared in the laboratory of Dr. Grant Stewart.

Cell lines and cell culture

HEK293 Flp In T REx cells (Thermo Fisher Scientific) were cultured in DMEM (Corning, 10
017 CV) supplemented with 10% FBS (Wisent, 080 150), 1X penicillin/streptomycin, 5 g/
mL blasticidin, and 75 pg/mL zeocin. HeLa S3 cells were grown in Joklik MEM (Caisson
Labs), and MO3.13 (Cellutions Biosystems) in DMEM. Both were supplemented with bovine
serum and penicillin/streptomycin. All cell lines were regularly tested for mycoplasma. Trans
fections were performed with lipofectamine 3000 (Thermo Fisher Scientific, L3000008)
according to manufacturer’s instructions. For HEK293 Flp In T REx cells, transfections were
performed at a 9:1 ratio of pOG44 to pDEST plasmid. Transfected HEK293 Flp In cells
(BirA*, NLS BirA*, ATRX BirA*, and RAP1 BirA*) were cultured in DMEM supplemented
with 10% FBS, 1X penicillin/streptomycin, 5 pg/mL blasticidin, and 200 pg/mL hygromycin
(for selection, or 100 pg/mL for maintenance). To generate ATRX KO lines, an sgRNA target
ing exon 9 (5 AAATTCCGAGTTTCGAGCGA 3’) was cloned into pSpCas9(BB) 2A Puro
(pX459) [97], a gift from Dr. Feng Zhang, Addgene plasmid 48139. For the SLF2 KO lines,
sgRNA guides targeting exon 5 (5 AGTTTCATCACTCGGTTCCT, GGCTTGGCACCTTCA
AATTC 3’) were cloned into pSpCas9n(BB) 2A GFP (pX461). Double ATRX/SLF2 KO cells
were obtained by disrupting the SLF2 gene in the ATRX null cells. Constructs were transfected
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into HEK293 Flp In RAP1 BirA* cells as described above. To validate the gene disruptions,
genomic DNA was isolated by suspending cell pellets in genomic DNA extraction buffer (20
mM Tris pH 7.6, 150 mM KCI, 1 mM EDTA, 20% glycerol, 0.5% NP 40) supplemented with 1
mM DTT, 25 pg/mL RNase A, and 20 U/mL proteinase K and incubated at 60°C for 2 hr.
DNA was extracted with phenol:chloroform and the disrupted genes were PCR amplified.
PCR products were purified using PureLink PCR Purification Kit (Invitrogen, K310002) fol
lowing the manufacturer’s protocol and prepared for Sanger sequencing using the BigDye Ter
minator v3.1 Cycle Sequencing Kit (Thermo Fisher, 4337457). Samples were sequenced on the
Applied Biosystems SeqStudio Genetic Analyzer (Thermo Fisher). ATRX null cells were fur
ther verified by western blotting. For SLF2, validation at the RNA level was done using Pow
erUp SYBR Green Master Mix (Applied Biosystems, A25742) according to manufacturer’s
instructions, with the following primers: SLF2 RT F 5 AAACACTTTGTGCTACTCTGTGG
3’ SLF2 RT R 5 GTATCCTGGCGACCAAGTCTTTCA 3’; GAPDH F 5 CAATGACCCC
TTCATTGACCTC 3’; and GAPDH R 5 GATCTCGCTCCTGGAAGATG 3’. Samples were
analyzed with the QuantStudio 3 Real Time PCR System (Applied Biosystems, A28567). Pyri
dostatin was purchased from Cayman Chemical (18013).

BiolD

Protocol was adapted from previously published work [98]. All BioID runs were performed
in biological duplicates as previously described [98], but with results compared to 6 replicates
of untransfected HEK293 Flp In T REx, 14 replicates of cells expressing BirA* and, where
indicated, also 14 replicates of cells expressing BirA* NLS. Less than 20 cell passages elapsed
between the CRISPR Cas9 gene disruptions and the RAP1 BioID experiments. Cells were
seeded at 70% confluency and induced with 1 pg/mL tetracycline (or doxycycline concentra
tions yielding near equal protein expression across samples) for 25 hr and 50 uM biotin
added during the last 8 hr. Cells were pelleted with at least 0.1 g per sample, and snap frozen.
Upon processing, cells were lysed in modified RIPA buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 1.5 mM MgCl,, 1 mM EGTA, 0.1% SDS, 1% IGEPAL CA 630) with freshly added
sodium deoxycholate (0.4%) and protease inhibitors (Sigma Aldrich P8340) at 400 pL/0.1 g
cells and solubilized for 20 min, gently rotating at 4°C (all the following 4°C incubations
were also done with gentle rotation). Samples were sonicated at 25% amplitude for 5 sec on, 3
sec off cycles, for 3 cycles, using a Qsonica sonicator with CL 18 probe. Benzonase (Millipore
70746) was added and incubated for 15 min, 4°C (1.5 uL or 375 units per sample). Samples
were spiked with additional SDS to a final concentration of 0.4% and incubated 15 min, 4°C.
Samples were spun 16,000 x g for 20 min and the cleared lysates (supernatant) was transferred
to a new tube. Streptavidin sepharose beads (GE 17 5113 01) were washed 3X with modified
RIPA buffer with 0.4% SDS, and 30 pl (bed volume) was added to each sample and incubated
3 hr, 4°C. Samples were washed once with wash buffer (2% SDS, 50 mM Tris pH 7.5), 2X
with modified RIPA buffer with 0.4% SDS, and 3X with ABC buffer (50 mM ammonium
bicarbonate pH 8.5). Samples were spun, supernatant removed, and on bead trypsin digest of
peptides was performed by incubating with 1 ug trypsin dissolved in ABC bulffer, rotating
overnight at 37°C. An additional 0.5 pg trypsin per sample was added the next day and sam
ples incubated for 2 hr at 37°C. Samples were gently vortexed, spun down, and supernatant
transferred to new tube, with additional washing of beads and collection of supernatant per
formed twice (30 uL of HPLC grade water). Fresh 50% formic acid was added to samples to a
final concentration of 2% prior to drying by vacuum centrifugation and subsequent storage
at 80°C.
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Mass spectrometry acquisition

Each sample (6 pL in 2% formic acid; corresponding to 1/6th of a 15 cm tissue culture dish)
was directly loaded at 800 nL/min onto an equilibrated HPLC column (pulled and packed in
house). The peptides were eluted from the column over a 90 min gradient generated by a Eksi
gent ekspert nanoLC 425 (Eksigent, Dublin CA) nano pump and analysed on a TripleTOF
6600 instrument (AB SCIEX, Concord, Ontario, Canada). The gradient was delivered at 400
nL/min starting from 2% acetonitrile with 0.1% formic acid to 35% acetonitrile with 0.1% for
mic acid over 90 min followed by a 15 min clean up at 80% acetonitrile with 0.1% formic acid,
and a 15 min equilibration period back to 2% acetonitrile with 0.1% formic acid, for a total of
120 min. To minimize carryover between each sample, the analytical column was washed for 2
hr by running an alternating sawtooth gradient from 35% acetonitrile with 0.1% formic acid to
80% acetonitrile with 0.1% formic acid at a flow rate of 1500 nL/min, holding each gradient
concentration for 5 min. Analytical column and instrument performance was verified after
each sample by loading 30 fmol bovine serum albumin (BSA) tryptic peptide standard with 60
fmol alpha casein tryptic digest and running a short 30 min gradient. TOF MS mass calibra
tion was performed on BSA reference ions before running the next sample to adjust for mass
drift and verify peak intensity. Samples were analyzed with two separate injections with instru
ment method set to data dependent acquisition (DDA) mode. The DDA method consisted of
one 250 milliseconds (ms) MS1 TOF survey scan from 400 1800 Da followed by ten 100 ms
MS2 candidate ion scans from 100 1800 Da in high sensitivity mode. Only ions with a charge
of 2+ to 5+ that exceeded a threshold of 300 cps were selected for MS2, and former precursors
were excluded for 7 seconds after one occurrence.

Data-dependent acquisition data search

Mass spectrometry data generated were stored, searched, and analyzed using ProHits labora
tory information management system (LIMS) platform [99]. Within ProHits, WIFF files were
converted to an MGF format using the WIFF2MGF converter and to an mzML format using
ProteoWizard (V3.0.10702) and the AB SCIEX MS Data Converter (V1.3 beta). The data were
then searched using Mascot (V2.3.02) [100] and Comet (V2016.01 rev.2) [101]. The spectra
were searched with the human and adenovirus sequences in the RefSeq database (version 57,
January 30th, 2013) acquired from NCBI, supplemented with “common contaminants” from
the Max Planck Institute (http://maxquant.org/contaminants.zip) and the Global Proteome
Machine (GPM; ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta), forward and reverse sequences
(labeled “gi|9999” or “DECOY”), sequence tags (BirA, GST26, mCherry and GFP) and strepta
vidin, for a total of 72,481 entries. Database parameters were set to search for tryptic cleavages,
allowing up to 2 missed cleavages sites per peptide with a mass tolerance of 35 ppm for precur
sors with charges of 2+ to 4+ and a tolerance of 0.15 amu for fragment ions. Variable modifica
tions were selected for deamidated asparagine and glutamine and oxidized methionine.
Results from each search engine were analyzed through TPP (the Trans Proteomic Pipeline,
v.4.7 POLAR VORTEX rev 1) via the iProphet pipeline [102].

SAINT analysis

SAINTexpress version 3.6.1 [103] was used as a statistical tool to calculate the probability of
potential protein protein associations compared to background contaminants using default
parameters, with bait compression set to 2 and control compression set to 4. A 95% FDR iPro
phet filter was used. SAINT scores with a Bayesian false discovery rate (BFDR) < 1% were con
sidered high confidence protein interactions. All non human protein interactors (did not start
with “NP” in Prey column) were removed from the SAINT analysis, except for BirA R118G
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HOQEF]J5. Dot plots were generated using the “Dot plot generator” tool in ProHits viz [104]
using SAINTexpress file generated from ProHits. Data were normalized by total abundance.
Gene ontology term analysis for biological process (GO:BP) was done using g:Profiler [105].

Proximity ligation assay

Cells were seeded to a density of 50 70% on 12 mm glass coverslips coated in poly L lysine
(Sigma Aldrich, P8920). Cells were fixed with a 2% PFA solution (2% PFA, 0.2% Triton X
100, pH 8.2), washed with 1X PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,), permeabilized with 0.5% tergitol (Sigma Aldrich, NP40S), and washed with 1X
PBS. PLAs were performed according to manufacturer’s instructions using the Duolink In Situ
Detection Kit (Sigma Aldrich, DU0O92013). Confocal microscopy was done at the SickKids
Imaging Facility and foci counted using CellProfiler [106]. Signal intensity was obtained using
Image], with background signal subtracted for each figure [107].

Cell lysis & subcellular fractionation

All steps below were performed at 4°C. Subcellular fractionation was done by gently dounce
homogenizing PBS washed cell pellets in 2 pellet volumes of cytosolic lysis buffer (20 mM Tris
pH 7.6, 10 mM NaCl, 1 mM EDTA, 0.5% IGEPAL, 0.5 mM DTT, protease inhibitors) using a
loose pestle. Nuclei were recovered by centrifugation at 500 x g for 5 min, and the supernatant
containing the cytoplasmic fraction was transferred to a new tube. Nuclei were then resus
pended in 3 pellet volumes of nuclear extraction buffer (20 mM Tris pH 7.6, 300 mM NaCl, 1
mM EDTA, 20% glycerol, 0.5 mM DTT) with protease inhibitors and dounce homogenized
with a tight pestle. The mixture was spun down at 30,000 x g for 15 min, and the supernatant
containing nuclear extracts was transferred to a fresh tube. The remaining insoluble pellet was
resuspended in 3 volumes of BC100 (20 mM Tris pH 7.6, 100 mM NaCl, 0.2 mM EDTA, 20%
glycerol, 0.5 mM DTT) with protease inhibitors. The sample was then sonicated and digested
with 75 U/uL MNase in the presence of 5 mM CaCl, for 2 hr, with gentle rotation. The subcel
lular fractions were dialyzed against BC100 and insoluble material removed by centrifugation
as per conditions above. Whole cell extracts were generated by incubating PBS washed cell pel
lets with 3 pellet volumes of lysis buffer (50 mM Tris pH 7.6, 100 mM KCI, 2 mM EDTA, 0.1%
NP 40, 10% glycerol, 0.5 mM DTT). Samples were then sonicated, digested and processed as
per the solubilized nuclear fraction above.

Immunoprecipitation

Cells were seeded at 4 x 10° cells per plate and induced with 1 pg/mL doxycycline for 24 hr.
The cells were harvested by first washing with cold 1X PBS, scraping, and collecting the cells in
1 mL 1X PBS. The cells were spun down at 500 x g for 5 min at 4°C, and lysed in 1X IP lysis
buffer (50 mM Tris pH 7.6, 100 mM KCI, 2 mM EDTA, 0.1% IGEPAL, 10% glycerol). The
lysate was flash frozen on dry ice for 10 min and then allowed to thaw at room temperature.
The lysate was then sonicated 3X for 10 sec at 1.5 amp. After sonication, the lysate was digested
with 1 U/uL MNase and the buffer supplemented with 5 mM CalCl,. This was left to incubate
overnight with rocking at 4°C. Four milligrams of protein was incubated with anti FLAG

(1 pg/mg lysate) overnight at 4°C, rocking. The following day, magnetic Protein G beads
(Cytiva, 28967070) were washed three times in 1X IP lysis buffer and the lysate and antibody
mix was added onto the beads and incubated at 4°C for 4 hr with rocking. The supernatant
was removed, and the beads were washed three times in 1X IP lysis buffer. Proteins were eluted
with 40 pL 1X Laemmli (2% SDS, 0.1% bromophenol blue, 10% glycerol, 62.5 mM Tris pH 6.8,
100 mM DTT) and boiled at 95°C for 15 min.
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In vitro transcription/translation & pulldown assays

FLAG ATRX was expressed from baculovirus infected SF9 insect cells as per previous descrip
tions [108]. The protein was immobilized on an M2 resin (MilliporeSigma), washed, and
eluted with 25 pg/ml 3X FLAG peptide (MilliporeSigma). The TnT Quick Coupled Transcrip
tion/Translation System (Promega, L1170) was used to generate FAM207A in accordance with
manufacturer’s instructions, with the addition of Transcend tRNA (Promega L506A) and

1 pg/mL leupeptin. Recombinant FAM207A was incubated with Strep Tactin MacroPrep
resin (IBA LifeSciences 2 1505 010) in BC150 (20 mM Tris pH 7.6, 150 mM NaCl, 0.2 mM
EDTA, 20% glycerol) for 30 min at 4°C prior to the addition of 20 pmol of recombinant
ATRX. Proteins were incubated together at room temperature for 1 hr before washing with
BC150 + 0.1% NP40, BC300 (20 mM Tris pH 7.6, 300 mM NaCl, 0.2 mM EDTA, 20% glycerol)
+ 0.1% NP40, and BC150. Samples were spiked with 1X Laemmli buffer and boiled at 95°C for
10 min prior to Western blotting.

Western blotting

Protein lysates were diluted in 1X Laemmli buffer and boiled at 95°C for 5 min. For streptavi
din pull downs, 2 mM biotin was added to 1X Laemmli prior to boiling. Protein lysates were
loaded onto 8 12% Tris Glycine gels and run at 100 V for 90 min in 1X running buffer (25
mM Tris, 192 mM glycine, 0.1% SDS). Proteins were then transferred onto activated PVDF
membranes for 2 hr at 270 mA in 1X transfer buffer (200 mM glycine, 25 mM Tris) using a
Mini protean wet transfer system (BioRad). All samples were run this way, with the exception
of ZFHX4 fractionations, which were loaded onto a 3 8% Tris Acetate gel (Thermo Fisher,
EA0375PK2), run at 125V for 1.5 hr in 1X running buffer (Invitrogen, LA0041) supplemented
with 500 uL antioxidant (Thermo Fisher, NP0005). Gels were washed in 20% ethanol for 10
min prior to transfer to PVDF with the iBlot (Thermo, IB21001) at 20V for 2 min, 23V for 6
min, and 25V for 4 min. All membranes were blocked in 5% milk in 1X TBST (20 mM Tris,
150 mM NaCl, 0.1% Tween) and incubated with primary antibody diluted in 1X TBST and
0.04% NaNj for 1 hr at room temperature, or overnight at 4°C with gentle rotation. Mem
branes were then washed 3X for 5 min with 1X TBST and incubated with HRP conjugated sec
ondary antibodies diluted in 1X TBST with 5% milk at room temperature, rocking for 1 hr.
Membranes were then washed 3X 5 min with 1X TBST. To image, a 5X luminol solution (100
mM Tris pH 8.8, 1.25 mM luminol, 0.2 mM coumaric acid) was diluted as needed and supple
mented with 5 pL 10% H,O, per mL, and poured over the blot. For westerns of the TnT reac
tions, samples were treated as described above, with the exception of the luminol solution.
Instead, blots were washed treated with streptavidin AP (Promega V5591) according to manu
facturer’s instructions, rocking at room temperature for 1 hr. Blots were washed twice with 1X
TBST and then twice with water. Blots were then incubated in Western Blue Stabilized Sub
strate (Promega $384C) according to manufacturer’s instructions. Images were captured using
a BioRad ChemiDoc XRS+ system.

CO-FISH

CO FISH was performed as previously described [109] with the following modifications. Cells
were treated with 10 uM BrdU for 18 hr and 0.2 pg/mL KaryoMAX Colcemid (Thermo Fisher,
15212012) for the final 4 hr. Metaphase spreads were prepared using a CDS 5 Cytogenetic Dry
ing chamber (Thermotron) according to standard methods, rehydrated with 1X PBS, and
slides were treated with 0.5 mg/mL RNase A (Life Technologies, 12091021) at 37°C for 10
min. Slides were stained with 0.5 ug/mL bisbenzimide Hoechst 33258 (Sigma Aldrich, 14530)
in 2X SSC (300 mM NaCl, 30 mM sodium citrate) for 15 min at room temperature. Slides
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were exposed to 365 nm UV, 5.4 x 10? J/m2 twice. Next, slides were treated with 10 U/ uL exo
nuclease IIT (NEB, M0206L) for 40 min at 37°C. Cells were washed in 1X PBS and then dehy
drated in a series of 70, 95, and 100% ethanol. TelG Cy3 (PNA Bio, F1006) and TelC ALEXA
488 (PNA Bio, F1004) probes were heated at 70°C for 30 min, diluted in hybridization buffer
[20 mM Tris pH 7.2, 60% formamide (Thermo Fisher, 15515026), 0.5% block (Roche,
11096176001)], and applied to slides for 2 hr each at room temperature, sequentially. Slides
were washed with Wash Buffer 1 (10 mM Tris pH 7.2, 70% formamide, 0,1% BSA) and Wash
Buffer 2 (100 mM Tris pH 7.2, 150 mM NaCl, 0.08% Tween 20) three times each. DAPI
(Sigma Aldrich, D9542) was added at final concentration of 1 ug/mL to the second wash with
Wash Buffer 2. Then, slides were dehydrated in an ethanol series, as before, and mounted with
ProLong Gold Antifade Mountant (Invitrogen, P36930). Slides were imaged with an Olympus
BX61 microscope with the CytoPower automated imaging system (Applied Spectral Imaging).
Telomere exchanges were manually scored in a blinded fashion, with sample identity only
revealed after all samples were scored.

Immunofluorescence

Cells were seeded on coverslips and fixed in a 2% PFA solution for 20 min at room tempera
ture after the desired treatment. Cells were washed 3X in 1X PBS and permeabilised with 0.5%
tergitol in 1X PBS for 10 min at room temperature. Coverslips were washed 3X in 1X PBS and
incubated in blocking buffer (3% BSA, 1% NGS, 1x PBS) for 1 hr at room temperature. Cells
were then incubated in primary antibody diluted in blocking buffer for 1.5 hr at room temper
ature in a humidity chamber, washed 3X in 1X PBS, and incubated in secondary antibody
diluted in blocking buffer for 30 min at room temperature. Coverslips were washed 3X with
1X PBS and treated with 1 ug/mL DAPI diluted in 1X PBS for 10 min at room temperature.
Coverslips were washed once more in 1X PBS, mounted onto slides and imaged as described
for the PLAs.

IF-FISH

Cells were seeded on slides, fixed in a 2% PFA solution for 10 min at room temperature,
washed 3X in 1X PBS, and treated with 0.5% tergitol in 1X PBS for 10 min at room tempera
ture. Cells were washed 3X in 1X PBS and incubated in blocking buffer for 1 hr at room tem
perature. Cells were then incubated in primary antibody diluted in blocking buffer for 1.5 hr at
room temperature in a humidity chamber, washed 3X in 1X PBS, and incubated in secondary
antibody diluted in blocking buffer for 30 min at room temperature. Cells were washed 2X
with 1X PBS and fixed in 2% PFA in 1X PBS for 10 min at room temperature. Slides were
dehydrated in an ethanol series of 70, 95, and 100% for 5 min each. Slides were air dried and
TelC 488 probe (PNA Bio, F1004) was heated at 72°C for 30 min before being diluted 1:500 in
hybridization buffer [70% formamide, 0.5% blocking reagent (Roche, 11096176001), 10 mM
Tris pH 7.2] and being applied to slides. Slides were heated at 72°C for 10 min, sealed with rub
ber cement, and placed in a humidity chamber to allow probe binding overnight. The next
day, slides were washed 2X, 15 min each at room temperature in wash buffer 1 (70% formam
ide, 10 mM Tris pH 7.2). Slides were then washed 3X, 5 min each at room temperature in
wash buffer 2 (100 mM Tris pH 7.2, 150 mM NaCl, 0.08% Tween 20), with 1 pg/mL of DAPI
being added to the second wash. Slides were dehydrated in an ethanol series as before, allowed
to air dry, and mounted before being imaged. Colocalization was scored using the Cellprofiler
Colocalization pipeline [106] scoring foci that were 2 15 pixels in diameter and greater than
0.15 units of intensity.
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Supporting information

S1 Fig. ATRX BiolID system and proximal associations. A: Western blot exemplifying stable
integration and expression of FLAG tagged BirA* protein fusions in inducible HEK293 Flp In
T REx cells (top), and similar expression levels of N and C terminally tagged ATRX (bot
tom). B: Western blot (top) and Coomassie staining (bottom) of biotinylated proteins cap
tured on streptavidin beads. C: Example of immunofluorescent labeling demonstrating
nuclear targeting of the ATRX BirA* fusion constructs. D: Gene ontology analysis of ATRX
associating proteins. E: Western blot showing the subcellular distribution of ATRX associating
proteins in HeLa S3 cells. F: Examples of the proximity ligation assay (PLA) showing associa
tions between endogenous proteins in MO3.13 cells. G H: PLAs showing associations between
endogenous ATRX and exogenous FLAG tagged CCDC71 (G) or FAM207A (H) in HEK293
Flp In T REx cells. I: PLAs showing an association between endogenous ATRX and myc
tagged SLF2. Data plots account for ~ 100 nuclei in three independent experiments, with the
total number of nuclei assessed in brackets. The p values were obtained using a 2 sided Stu
dent’s t test with unequal variance. J: In vitro interaction between recombinant FAM207A and
ATRX.

(PDF)

S2 Fig. FAM207A subcellular expression and BioID system. A: Subcellular fractionation of
HEK293 Flp In T REx cells expressing FLAG FAM207A. Cy cytoplasm; Nu nucleus; Ch
chromatin. B: Western analysis of BirA* constructs used for the FAM207A BioID experiment.
Duplicate (induced) lanes are shown. C: Immunolabeling experiment showing co localization
of FAM207A and the IMP3 nucleolar protein. Scale bar = 4um. D: Dot plot showing prey pro
teins identified with FAM207A BirA* that were enriched over endogenous biotinylation
(untransfected), unspecific pan cellular biotinylation (BirA*), and unspecific nuclear biotiny
lation (NLS BirA*; BFDR < 5%, SAINT [103]). Data represent two biological replicates. Pro
teins in boldface remained statistically enriched when the nuclear localization signal (NLS)
BirA* control was used to further filter the FAM207A BioID data. E: Full western blots for Fig
2A. The red boxes indicate the areas shown in the main figure.

(PDF)

$3 Fig. PxVxL motif in CCDC71L, CCDC71 subcellular fractionation and immunoprecipi
tation, and BiolID system. A: PxVxL motif in human CCDC71L. B: Subcellular fractionation
of HEK293 Flp In T REx cells expressing FLAG CCDC71. Cy cytoplasm; Nu nucleus;

Ch chromatin. C: CCDC71 immunoprecipitation and verification of associations reported in
BioGrid [52]. D: Western analysis of CCDC71 and control BirA* constructs. E: Dot plot show
ing prey proteins identified with CCDC71 BirA* that were enriched over endogenous biotiny
lation (untransfected) and unspecific pan cellular biotinylation (BirA*; BEDR < 5%, SAINT
[103]). Data represent two biological replicates. Proteins in boldface remained statistically
enriched when the nuclear localization signal (NLS) BirA* control was used to further filter
the CCDC71 BioID data. F: Full western blots for Fig 3D. The red boxes indicate the areas
shown in the main figure.

(PDF)

$4 Fig. Co localization of SLF2 and telomeres, SLF2 null HEK293 Flp In T REx cells, and
telomere exchanges in U20S cells. A: Western blot showing exogenous myc SLF2 expression
in lentivirus infected HEK293 Flp In T REx (with inducible RAP1 BirA*, but the latter is not
induced). B: Immunolabeling of myc SLF2 (yellow) and SMCS5 (red), and fluorescence in situ
hybridization (IF FISH) using a telomeric (green) probe in ATRX expressing and null
HEK293 Flp In cells. C: CRISPR Cas9 mediated SLF2 gene disruptions in HEK293 Flp In
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T REx (RAP1 BirA*), detected by DNA sequencing, and matching qRT PCR (D). E: Telomere
exchange rates observed in U20S cells. At least 30 mitotic spreads per condition were counted
and the percent of telomeric exchanges plotted. F: Full western blots for Fig 4A. The red boxes

indicate the areas shown in the main figure.

(PDF)

S5 Fig. RAP1 BioID and SLF2 null cells. A: Western blot showing the induction of FLAG
and BirA* tagged RAPI in ATRX expressing and null HEK293 Flp In T REx cells. B: West
ern analysis of siRNA mediated ATRX knockdown in HEK293 Flp In T REx cells expressing
RAP1 BirA*. Doubly transfected cells (shRNA constructs 1 and 2) were used for the RAP1
BioID. C: Overlap between RAP1 BioID and TERF1 BioID [65], dCas9 APEX2 biotinylation
at genomic elements by restricted spatial tagging (C BERST) [68], quantitative telomeric chro
matin isolation protocol (QTIP) [67], and proteomics of isolated chromatin segments (PICh)
[66]. PICh and QTIP data were grouped to simplify the Venn diagrams. Data consider
HEK293 Flp In cells expressing ATRX (unperturbed). A list of proteins commonly identified
in at least three different telomere proteomic screens is shown on the right. D: Fold change of
prey proteins identified by RAP1 BioID (BFDR < 5%, SAINT [103]) in ATRX KD vs. ATRX
expressing HEK293 Flp In cells. Labeled proteins had >2.5 average spectra and >1.5 fold
change between conditions. Proteins labeled in the scatter plot remained significant when
NLS BirA* was used as a control. Inset box represents proteins also identified with NLS BirA*
as a bait (less stringent).

(PDF)

S1 Data. BioID analysis.
(XLSX)

$2 Data. Data for plots other than BioID.
(XLSX)
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