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Abstract

Double-strand breaks (DSBs) are the most hazardous lesions sustained by DNA, with
potential for the loss and rearrangement of genetic information, if not repaired correctly.
Non-homologous end-joining (NHEJ) and Homologous Recombination (HR) are the 2
major pathways in cells for repairing DSBs. NHEJ processes the broken ends if required,
and ligates them to each other. On the other hand, HR requires the presence of a
homologous sister chromatid to serve as a template for synthesis, and is thus restricted
to the S and G2 phases of the cell cycle.

NHEJ begins with binding of the Ku heterodimer to DNA ends. The binding of DNA-PKcs
and the subsequent activation of the DNA-PK holoenzyme through phosphorylation
brings the ends together for ligation by the XRCC4-LiglV complex. NHEJ is an iterative
process where, if necessary, the ends are processed by a hierarchy of enzymes until the
ends are fit for ligation. Besides the repair of DSBs generated by exogenous sources like
radiation, NHEJ is crucial for cellular processes like V(D)) recombination during
lymphocyte development.

Using human cell extracts that perform in vitro NHEJ on linearized plasmid substrates, |
describe a novel 5’ end processing activity that is specific for DNA end structures with a
protruding 5’ end. Treatment of the extract with RNase A or blocking DNA-PK activation
inhibited the described processing. The processing occurs at ends that are already
compatible for direct joining, implying that it is independent of the typical known NHE)J
processing and could act as a mechanism to generate genomic diversity.

In order to identify the processing factor, biotinylated substrates were used to pulldown
proteins binding to defined ends from RNase-treated and untreated extracts. Mass
spectrometry showed a clear and significant change in the end-binding proteome after
RNase treatment. Multiple proteins and complexes were found to not associate with the
DNA after RNase treatment of the extract. Further work is required to validate these hits
and identify the processing factor.

Parallel to studying RNA-dependent end processing, | also investigated the effect of
nucleotide sequence on NHEJ. | generated a library of substrates with random
nucleotides at or proximal to the end. Analysis of NHEJ junctions showed a preference
towards thymidines in highly joined blunt ended breaks. For substrates with defined
ends/overhang, positions far away from the break (>10 bp) exhibited mild bias for certain
nucleotides. This altogether suggests that sequence indeed affects repair by NHEJ.



Zusammenfassung

Doppelstrangbriche (DSBs) sind die gefahrlichsten DNA-Schaden, die zum Verlust und
zur Umstrukturierung der genetischen Information fihren kbnnen, wenn sie nicht korrekt
repariert werden. Die Nicht-Homologe EndverknUpfung (NHEJ) und die Homologe
Rekombination (HR) sind die beiden wichtigsten Wege, auf denen DSBs in Zellen repariert
werden. Bei der NHEJ werden die gebrochenen Enden, wenn notig, wieder
zusammengefugt. HR hingegen erfordert die Anwesenheit eines homologen
Schwesterchromatids, das als Vorlage fur die Synthese dient, und ist daher auf die S- und
G2-Phasen des Zellzyklus beschrankt.

NHEJ beginnt mit der Bindung des Ku-Heterodimers an die DNA-Enden. Die Bindung von
DNA-PKcs und die anschlieBende Aktivierung des DNA-PK-Holoenzyms durch
Phosphorylierung fuhren die Enden zur Ligation durch den XRCCA4-LiglV-Komplex
zusammen. NHEJ ist ein iterativer Prozess, bei dem die Enden, falls erforderlich, durch
eine Hierarchie von Enzymen bearbeitet werden, bis sie fur die Ligation geeignet sind.
Neben der Reparatur von DSBs, die durch exogene Quellen wie Strahlung erzeugt
werden, ist NHEJ fur zelluldre Prozesse wie die V(D)J-Rekombination wahrend der
Lymphozytenentwicklung von entscheidender Bedeutung.

Unter Verwendung von humanen Zellextrakten, die in vitro NHEJ auf linearisierten
Plasmidsubstraten durchfuhren, beschreibe ich eine neue 5'-
Endprozessierungsaktivitat, die spezifisch fir DNA-Endstrukturen mit Gberstehendem 5'-
Ende ist. Die Behandlung des Extrakts mit RNase A oder die Blockierung der DNA-PK-
Aktivierung hemmte die beschriebene Prozessierung. Die Prozessierung findet an Enden
statt, die bereits flr eine direkte Verknlupfung geeignet sind, was bedeutet, dass sie
unabhangig von der typischen bekannten NHEJ-Prozessierung ist und als Mechanismus
zur Erzeugung genomischer Diversitat dienen kdnnte.

Um den Prozessierungsfaktor zu identifizieren, wurden biotinylierte Substrate verwendet,
um endstandige Proteine aus RNase-behandelten und unbehandelten Extrakten zu
extrahieren. Die Massenspektrometrie zeigte eine deutliche und signifikante
Veranderung des endstandigen Proteoms nach der RNase-Behandlung. Es wurde
festgestellt, dass mehrere Proteine und Komplexe nach der RNase-Behandlung des
Extrakts nicht an die DNA binden. Weitere Arbeiten sind erforderlich, um diese Treffer zu
validieren und den Prozessierungsfaktor zu identifizieren.

Parallel zur Untersuchung der RNA-abhangigen Prozessierung habe ich auch den Einfluss
der Nukleotidsequenz auf NHEJ untersucht. Ich erstellte eine Substratbibliothek mit
zufalligen Nukleotiden am Ende oder in der Nahe des Endes. Die Analyse der NHEJ-
Verbindungen zeigte eine Praferenz fUr Thymidine in stark verknupften Fragmenten mit
stumpfem Ende. Bei Substraten mit definierten Enden/Uberhédngen zeigten Positionen
weit entfernt vom Bruch (>10 bp) eine leichte Praferenz fur bestimmte Nukleotide.
Insgesamt deutet dies darauf hin, dass die Sequenz tatsachlich die Reparatur durch
NHEJ beeinflusst.



Introduction

DNA Double-strand breaks and repair pathways

Maintaining a cell’s genomic integrity is crucial both for the maintenance of the cell’s
functions and for transmission of the genome to successive generations. DNA is
constantly challenged leading to the formation of various DNA lesions (Figure 1). Double-
strand breaks (DSBs) are by far the most dangerous lesions DNA can sustain, because
loss of genetic information and chromosomal rearrangements are among the extreme
consequences of double-strand breaks.
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Figure 1 - Frequency of the major DNA lesions in a cell. From Tubbs & Nussenzweig (2017).

Despite the danger associated with DSBs, they are an essential part and side-effect of
various cellular processes (Khan & Ali, 2017). The introduction of DSBs is fundamental
for genetic recombination events —V(D)J recombination during lymphocyte development
(Gellert, 2002; Schatz & Ji, 2011), Immunoglobulin Class switching in mature B cells
(Stavnezer & Schrader, 2014) and meiotic recombination (Dereli et al., 2024). DNA
replication and transcription, for example, generate torsional stress on the DNA in the
form of positive and negative supercoiling. Class Il topoisomerases TOP2A and TOP2B
help relieve that stress through the generation of a double-strand break (Pommier et al.,
2022). The dominant Class | topoisomerase TOP1 relieves supercoiling through a single-
strand break (SSB), but these can act as primers for double-strand breaks when there is
a nearby SSB on the complementary strand (Cristini et al., 2019). DSBs can also arise by
replication across a nick, or during the repair of other lesions like Nucleotide excision
repair (NER) of UV-induced damage (Jeggo & Lobrich, 2007; Wakasugi et al., 2014).

Non-homologous end-joining (NHEJ, or cNHEJ - classical NHEJ) and homologous
recombination (HR) are the major pathways in cells that repair DSBs (Scully et al., 2019)
(Figure 2). HR requires the presence of extensive sequence homology through a
homologous sequence such as a sister chromatid. Hence, HR is considered to be an
‘error-free’ pathway for the repair of DSBs. NHEJ, on the other hand, generally uses no
homology, but can use up to 4 bp of ‘microhomology’ in rare cases (Pannunzio et al.,
2014). The coding joints ligated by NHEJ during V(D)J recombination often show 1-2 nt of
microhomology, but only in the absence of Terminal deoxyribonucleotide transferase
(TdT) (Gauss & Lieber, 1996). In the absence of classical NHEJ factors, a subpathway of
NHEJ called alternative end-joining (a-EJ) can occur after mild resection and the
presence of 2-20 nt of microhomology (Chang et al., 2017).
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The NHEJ pathway is the dominant one for repairing DSBs and is active throughout the
cell cycle (Kakarougkas & Jeggo, 2014; Karanam et al., 2012), whereas HR is restricted to
S and G2 due to the requirement of homology (Takata et al., 1998). Even in the G2 phase
of the cell cycle where sister chromatids for HR are available, >80% of DSBs induced by
irradiation are repaired by NHEJ (Beucher et al., 2009). This humber can vary across
different sites in the genome depending on the chromatin state (Aymard et al., 2014;
Chen & Tyler, 2022). NHEJ is a fast process for DSB repair, taking on average 30 minutes
to complete, whereas HR can take upwards of 7 hours (Mao et al., 2008).

DSB detection and early signalling for pathway choice

The Mre11-Rad50-Nbs1 (MRN) complex is one of the early sensors of double-strand
breaks (D’Amours & Jackson, 2002; van den Bosch et al., 2003) that recruits ATM to the
break site and activates it by phosphorylation (Bakkenist & Kastan, 2003). ATM is part of
the Phosphatidylinositol 3-kinase (PI3K) family, which also includes ATR (activated by
ssDNA bound protein RPA) (Haahr et al., 2016; Zou & Elledge, 2003) and DNA-PKcs
(activated by the Ku heterodimer and DNA) (Gottlieb & Jackson, 1993). The activated
kinases phosphorylate Serine139 of the histone variant H2A.X (Burma et al., 2001;
Friesner et al., 2005; Stiff et al., 2004) forming yH2AX foci around the DSB site. An adaptor
protein, MDC1, interacts directly with pS139 of H2A.X and helps in the amplification of
DDR signalling (Stucki & Jackson, 2006).

The E3 ubiquitin ligase RNF8 binds to MDC1 and catalyses the K63-linked
polyubiquitination of H2A. This is essential for the further recruitment of downstream
repair factors BRCA1 and 53BP1 (p53-binding protein 1) that promote HR and NHEJ
respectively (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007). A complex of
BRCA1 and BARD1 promotes end-resection for HR (Salunkhe et al., 2024), while 53BP1
promotes NHEJ and acts as an antagonist against resection through its interaction with
Rif1 (Rap1 interacting factor) and the Shieldin complex (Callen et al., 2020; Noordermeer
et al., 2018). The competition between BRCA1 and 53BP1 is influenced by chromatin
architecture (Michelena et al., 2021), histone post-translational modifications (Jacquet
etal., 2016; Tang et al., 2013), cell cycle stage (Chapman et al., 2012) and this ultimately
determines the repair pathway (Figure 2).

Early steps of NHEJ — Ku binding to ends

Itis generally considered that DSB repair through the classical NHEJ pathway starts with
the binding of the Ku70/80 heterodimer to the DNA ends (Figure 3). The Ku complex is
extremely stable and a deficiency of one of the proteins reduces the levels of the other
(Gu, Jin, et al., 1997), implying that the proteins only function as a heterodimer. Ku is an
extremely tight binder to DNA ends with a very low dissociation constant (K4 of 2.4*10°
M) (Blier et al., 1993). It binds specifically to the ends of dsDNA over uncut plasmid DNA
and ssDNA independent of sequence (Mimori & Hardin, 1986). Ku binds to DNA ends in
an ATP-independent manner (Blier et al., 1993), and is able to translocate along the DNA
molecule (de Vries et al., 1989). Ku can even transfer directly from one molecule to
another with non-homologous ends (Chiu et al., 2001).
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Both Ku proteins contain an N-terminal von Willebrand A (vVWA) domain, a core domain
and a C terminal DNA-binding domain (Figure 4). The Ku70 C terminus contains an
additional SAP domain whereas Ku80 contains the DNA-PKcs interacting domain at the
C terminus (Downs & Jackson, 2004; Gell & Jackson, 1999; Gottlieb & Jackson, 1993).
Though the proteins are largely similar, the regions in both proteins that interact with each
other (Ku70 residues 449-578 and Ku80 residues 439-532) have little sequence homology
(Gell & Jackson, 1999). This reduces chances of Ku70/70 and Ku80/80 homodimers
forming and increases the specificity of the heterodimer complex formation. The Ku
heterodimerforms a centralring for DNA binding with a base containing the core domains
of the 2 subunits that ‘cradle’ the DNA. The ring structure contains a concentration of
positive charged amino acids on its inner face and the formation of the ring itself is
independent of the presence of DNA. These 2 features help with the sequence-
independent binding nature of Ku. The cradle fits around 20 bp of DNA in it, with the major
groove located in its centre (J. R. Walker et al., 2001).
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Figure 4 — Structure of the Ku heterodimer bound to DNA. (A) Domain architecture of Ku70 and
Ku80. vWA - von Willebrand A domain; PK - DNA-PKcs binding domain. (B,C) Crystallographic

10



structure of the Ku heterodimer bound to a 14 bp long dsDNA. Ku70 in blue, Ku80 in red and DNA
in grey. From Downs & Jackson (2004).

Early binding of Ku to DNA ends accomplishes a few things. It prevents DNA ends from
drifting away and keeps them in proximity to each other through the interaction between
the opposing Ku heterodimers (Cary et al., 1997; Ribes-Zamora et al., 2013; Rinaldi et al.,
2023). Ku binding also downregulates HR by inhibiting end resection through Exo1
(Krasner et al., 2015). Despite protecting ends from degradation, the complex still allows
processing and ligation through the side opposite to the cradle (Walker et al., 2001). Ku is
also essential for the recruitment of downstream factors XRCC4-Ligase IV (McElhinny et
al., 2000) and XLF (Yano et al., 2008).

DNA-PK structure and activation

The catalytic subunit of DNA-PK (DNA-PKcs), in complex with the Ku heterodimer and
DNA ends, forms the active DNA-PK holoenzyme (DNA dependent Protein Kinase). DNA-
PKcs is a massive protein at 460 kDa (Hartley et al., 1995) and potentially phosphorylates
more than 700 substrates (Yue et al., 2020). The discovery of DNA-PK was accidental -
RNA samples used for studying protein synthesis were contaminated with dsDNA
(Walker et al., 1985). The experiments indicated the presence of a novel kinase that was
activated by the presence of DNA, and later studies were able to purify the DNA-
dependent kinase activity (Carter et al., 1990; Jackson et al., 1990; Lees-Miller et al.,
1990).

Structurally, DNA-PKcs also contains a ring motif, similar to the Ku heterodimer, formed
by the N-terminal HEAT repeats, with the kinase domain at the head of the ring (Figure 5)
(Sibanda et al., 2010). 4 patches within the N-HEAT repeats (DB1-DB4; DB - DNA binding)
are shown binding to the DNA end (X. Chen et al., 2021), and another putative DNA-end
binding region, the DNA-end blocking helix (DEB) has been recently identified (S. Chen et
al., 2021). The binding of DNA-PKcs to the DNA end also triggers a change in the Ku-DNA
interaction. In the absence of DNA-PKcs, Ku remains bound at the DNA end. After DNA-
PK holoenzyme formation, Ku translocates inward by about one helical turn (Yoo &
Dynan, 1999).

(A) PQR ABCDE
phospho sites  phospho sites

i

1 893 2802 3565 4128

N-terminal domain Ring cradle FAT domain Kinase FATC
domain

HEAT repeats

(B)

~180 A

~130 A ~105 A
Front View Side View Back View

Figure 5 — Structure of DNA-PKcs. (A) Domain architecture (B) Crystal structure from Sibanda et
al., (2017).
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The kinase activity of DNA-PK is essential for NHEJ as shown by the defective NHEJ and
increased radiosensitivity following the inhibition of DNA-PK’s kinase activity (Zhao et al.,
2006). Although DNA-PK phosphorylates multiple proteins in vitro, not all of them appear
to be essential for NHEJ activity (Douglas et al., 2005; Yu et al., 2003, 2008). DNA-PK itself
gets phosphorylated by ATM (Chen et al., 2007) and has prolific autophosphorylation
tendencies (Dobbs et al., 2010; Douglas et al., 2002) which are essential for NHEJ (Chan
et al., 2002; Reddy et al., 2004; Soubeyrand et al., 2003).

There are 2 major clusters of phospho-sites on the DNA-PK catalytic subunit (Figure 5) —
the ABCDE cluster (six conserved serine/threonine residues between 2609 and 2647)
(Douglas et al., 2002) and the PQR cluster (five serine residues between 2023 and 2056)
(Cui et al., 2005). The PQR cluster is less well-studied between the two, except for S2056
- which gets phosphorylated in trans in response to double-strand breaks induced by
ionizing radiation (Chen et al.,, 2005). DNA-PK autophosphorylation mediates a
conformational change that regulates access to the DNA ends for processing factors
(Block et al., 2004; Ding et al., 2003). Trans-phosphorylation in the ABCDE cluster
inactivates the kinase activity of DNA-PK (Chan & Lees-Miller, 1996) and is essential for
the disassembly of the DNA-PK complex along with S2056 phosphorylation (Jiang et al.,
2015; Merkle et al., 2002).

Independent of its kinase activity, DNA-PK juxtaposes the 2 broken ends against each
other, forming a synaptic complex. This appears to be an important step in the activation
of DNA-PK through trans-phosphorylation, since complete kinase activity could only be
observed after the formation of the synaptic complex (DeFazio et al., 2002; Meek et al.,
2007).

End synapsis and ligation

DNA ends are initially held in long-range synapsis by the DNA-PK complex. The activation
of DNA-PK’s catalytic activity then leads to the formation of the short-range synaptic
complexwhich includes additional NHEJ proteins XLF and XRCC4-Ligase IV that facilitate
alignment of the broken ends (Figure 6) (Graham et al., 2016). Though DNA-PKcs is
generally considered to be part of the synaptic complex, it is not universally essential for
the formation of synaptic complexes in vitro (Zhao et al., 2019). Nevertheless, evidence
from a variety of models show that DNA-PK and its catalytic activity are essential for
synapsis (Stinson & Loparo, 2021). XRCC4 appears to be most important component for
synapsis since XRCC4 deficiency has a stronger effect than DNA-PKcs deficiency on
radiosensitivity (Jiang et al., 2015).

XRCC4 can form tetramers, and associates strongly in its dimeric form with DNA ligase
IV (Critchlow et al., 1997; Modesti et al., 2003). XLF (Cernunnos) has a structure similar
to XRCC4 with a globular head domain and a coiled-coil C terminus (Y. Li et al., 2008).
Filaments of XLF and XRCC4 in complex with each other have been observed in
crystallographic and electron microscopy studies (Hammel et al., 2011; Ropars et al.,
2011) and it is suggested that a single XLF dimer interacting with 2 XRCC4:LiglV
complexes is the minimal component necessary for the transition from long-range to
short-range synapsis (Stinson & Loparo, 2021).
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Ligase IV (Lig IV) is the enzyme ligating the DNA ends together during NHEJ and its activity
is stimulated in the presence of XRCC4 (Grawunder et al., 1998). The addition of XLF to
the XRCC4:LiglV complex can even promote the joining of ends that are incompatible for
direct ligation through the ligation of at least one of the strands (Tsai et al., 2007). Ligase
IV consists of an N-terminal DNA binding domain, a catalytic domain and C-terminal
BRCT domains that help in the interaction with Ku and XRCC4 (Costantini et al., 2007; Wu
et al., 2009). Recruitment of the ligase appears to be a limiting step in NHEJ, as the
preformation of a complex containing Ku and XRCC4-Ligase IV increased the rate of end-
joining up to 20-fold in vitro (McElhinny et al., 2000). Aside from its catalytic activity, the
physical presence of LiglV seems to be essential for stable synapsis (Cottarel et al.,
2013). Consistent with this observation, while the knockout of LiglV is embryonically
lethal in mice, a catalytically inactive LiglV leads to alive mice, but with severe growth
retardation. In these cases, Ligase 3 appears to apply redundancy to LiglV’s catalytic
activity (Medina-Sudrez et al., 2024).

Recently, a number of factors have been identified as accessory factors in the synaptic
complex (Ghosh & Raghavan, 2021). PAXX (Paralog of XRCC4 and XLF) interacts directly
with Ku and promotes the stability of the core NHEJ factors on damaged chromatin
(Craxton et al., 2015; Ochi et al., 2015). The protein structure is also very similar to that
of XLF and XRCC4 — with a N-terminal globular domain and a coiled-coil C terminus that
forms homodimers (Xing et al., 2015). PAXX knockout mice develop normally, whereas
the simultaneous knockout of PAXX and XLF is embryonically lethal (Balmus et al., 2016).
This synthetic lethality points towards a non-essential role for PAXX in NHEJ, and the
existence of a functional redundancy between PAXX and XLF.

One of the isoforms of MRI (CYREN) can stimulate NHEJ in vitro through its interaction
with Ku (Slavoff et al., 2014). However, it was then shown in cells that MRI regulates cell
cycle control of NHEJ pathway choice by inhibiting NHEJ during the S and G2 phases of
the cell cycle (Arnoult et al., 2017).

The long non-coding RNA LINP1 is overexpressed in triple-negative breast cancers and
regulates the repair of DSBs by its interaction with Ku80 and DNA-PKcs (Zhang et al.,
2016). The authors suggest that the RNA acts as a scaffold supporting the interaction
between Ku and DNA-PKcs. These recently discovered NHEJ accessory factors are not

13



always completely essential for successful NHEJ, but their discoveries point towards a
high complexity and redundancy among factors in the NHEJ pathway.

End processing during NHEJ

Physiological DNA double strand breaks rarely leave ‘clean’ DNA breaks that are suitable
for direct ligation (Coquerelle et al., 1973; Schipler & Iliakis, 2013). A number of end-
processing enzymes are thus associated with NHEJ to ‘prepare’ the ends for ligation
(Figure 7). These enzymes can be broadly classified into damage correction enzymes,
nucleases and polymerases.
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Figure 7—- DNA ends that require processing before ligation and the enzymes responsible for it.
From Stinson & Loparo (2021).

PNKP (Polynucleotide kinase 3’ phosphatase) is a bifunctional enzyme that
phosphorylates 5’ OH ends and also removes phosphates from the 3’ termini (Chappell
et al., 2002; Koch et al., 2004). Abortive DNA ligation can leave an AMP moiety on the 5’
end. The enzyme aprataxin hydrolyzes the 5’ adenylate to a 5’ phosphate fit for ligation
(Ahel et al., 2006). Similarly, DNA topoisomerases can leave a covalently cross-linked
phosphotyrosine intermediate that is a major block to ligation (Deweese & Osheroff,
2009). TDP1 (Tyrosyl-DNA phosphodiesterase 1) hydrolyzes the 3’ phosphotyrosine
intermediate generated by Topoisomerase | (S. W. Yang et al., 1996), and TDP2 liberates
the 5’ phosphotyrosine by-product of Topoisomerase Il (Ledesma et al., 2009). TDP1 can
also act on the 3’-phosphoglycolate moieties that are commonly generated after
irradiation damage (Inamdar et al., 2002). Ku70 has a surprising 5’-dRP/AP lyase activity
that excises abasic sites from DNA ends in vitro (Roberts et al., 2010).

Artemis is the most popular nuclease associated with NHEJ due to its role in V(D))
recombination, where it endonucleolytically cleaves the hairpins generated by RAG1/2
(Maetal., 2002). In complex with DNA-PK, artemis can perform endonucleolytic cleavage
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of 5’ and 3’ overhangs (Niewolik et al., 2006). Independent of DNA-PK, artemis exhibits a
mild in vitro 5’-3’ exonuclease activity on 5’ overhangs and flaps (Ma et al., 2005).
Metnase is another recently described endonuclease that is active on ssDNA in
flaps/overhangs and contributes to the NHEJ of incompatible ends (Beck et al., 2011).

Terminal deoxyribonucleotide transferase (TdT) and the polymerases A and p belonging
to the X-family of DNA polymerases are the major polymerases linked to NHEJ. All 3
enzymes contain an evolutionarily conserved Pol X domain at the C terminus and an N
terminal DNA-binding BRCT domain. These enzymes are not processive, like those
belonging to the B-family polymerases (d,€), but are evolved to synthesize short stretches
of DNA (Uchiyama et al., 2009). TdT synthesizes from the 3’ end in a template-
independent fashion and is essential for generating sequence diversity during V(D))
recombination (Gilfillan et al., 1993). Functionally, Pol p and A differ in the fact that Pol p
can extend 3’ ends that are not base-paired. Unlike TdT, DNA synthesis by Pol p is still
informed by a template sequence (McElhinny et al., 2005). Pol u is active on a wider
variety of DNA ends, whereas Pol A is more active on a subset of substrates and can be
more accurate. Together, the two polymerases enable processing of a wide range of ends
(Pryor et al., 2015).

LiglV can effectively act as a ‘translesion ligase’ during NHEJ, meaning it can tolerate
mispairs at the end (Waters et al., 2014). NHEJ also has mechanisms to avoid excessive
processing (Figure 8). End-processing has been shown to occur exclusively after
formation of the short-range synaptic complex (Stinson et al., 2020). Processing enzymes
act hierarchically - end correction enzymes first, followed by the polymerases and
nucleases, and ends are joined immediately after compatibility is achieved (Stinson &
Loparo, 2021). Though NHEJ has usually been characterized as an ‘error-prone’ process,
this recent evidence suggests that processing is tightly regulated, and that the majority
of breaks repaired by NHEJ are done so faithfully (Bétermier et al., 2014; Lin et al., 2013).
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Figure 8 — Model for the regulation of end-processing during NHEJ. From Stinson & Loparo
(2021).
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NHE)J in health and disease

Being the predominant pathway for repairing DSBs in mammalian cells, the deficiency of
NHE)J factors can lead to several adverse health effects (Zhao et al., 2020). NHEJ factor
deficiency leads to a loss of junctional diversity during V(D)J recombination (Taccioli et
al., 1993). V(D)J recombination is initiated by the binding of RAG1 and RAG2 to specific
recombination signal sequences (RSSs) flanking the ends of the V, D and J segments. The
RSSs contain a conserved heptamer (CACAGTG) and nonamer (ACAAARACC) linked by a
spacer thatis 12 or 23 bp long. The RAG complex nicks the DNA immediately adjacent to
the RSS (Figure 9A). This nick is then used as a nucleophile to attack the phosphodiester
bond in the complementary strand, leading to the formation of a DSB with hairpins at the
coding ends. The NHEJ proteins now take over, with the Artemis endonuclease
dependent resolution of the hairpins, followed by the processing of ends by polymerase
fill-in or nuclease degradation before ligation (Gellert, 2002; Lieber, 2010). The expression
of the proteins RAG1 and RAG2 is tightly regulated, and happens during the maturation
of B cells and T cell receptor rearrangement (Kuo & Schlissel, 2009) (Figure 9B).
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Figure 9 -V(D)J recombination in lymphocytes. (A) RSS cleavage by the RAG proteins to initiate
V(D)J recombinaton. Figure modified from Gellert (2002); (B) Expression of RAG1/2 is tightly
controlled. TPM (Transcripts per million) counts of RAG1 and RAG2 in 1673 primary cells and
cell lines obtained from DepMap. The Pre-B lymphocyte cell line NALM6 used in this study is
highlighted.

Mice deficient for Ku experience severe growth retardation and immune defects in the
form of severe combined immunodeficiency (SCID) (Gu, Seidl, et al., 1997; Nussenzweig
etal., 1996; Zhu et al., 1996). Anumber of autoimmune diseases produce autoantibodies
that react against the Ku heterodimer (Francoeur et al., 1986). In fact, Ku was initially
identified when sera from patients with Polymyositis-scleroderma overlap syndrome
recognized it as an autoantigen (Mimori et al., 1981).

Mutations or loss of DNA-PKcs (van der Burg et al., 2008; Woodbine et al., 2013), LiglV
(Buck, Moshous, et al., 2006; Enders et al., 2006; O’Driscoll et al., 2001; van der Burg et
al., 2006), XLF (Buck, Malivert, et al., 2006; G. Li et al., 2008) and Artemis (Bajin et al.,
2013; Moshous et al., 2001, 2003; Volk et al., 2015) lead to severe immunodeficiency in
humans. This is caused by defective V(D)) recombination which then impairs B and T
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lymphocyte development. Curiously, XRCC4 impairment causes defective
lymphogenesis and late embryonic lethality in mice (Gao et al.,, 1998), whereas
equivalent symptoms haven’t been identified in human patients lacking XRCC4 (Zhao et
al., 2020).

NHEJ has a ‘mutational signature’ in the repair of DSBs with ssDNA overhangs, where it
can lead to the formation or disappearance of tandem repeats (Messer & Arndt, 2007).
Whereas 5’ overhangs can lead to duplication or trimming of the repeats depending on
whether synthesis or resection takes place, 3’ overhangs generally lead to tandem repeat
duplications (Schimmel et al., 2017). The error-prone nature of action of Pol y makesit a
‘mutator’ polymerase (Dominguez et al., 2000). In combination with the permissive
nature of Ligase IV towards mispairs (Waters et al., 2014), NHEJ can act as a source of
genomic variation.

RNA in Double-strand break repair

The view that only proteins act during DNA damage response (DDR) pathways has been
challenged in recent times with the emergence of RNA as an important player (Bader et
al., 2020; D’Adda di Fagagna, 2014; Hawley et al., 2017; Michelini et al., 2018). miRNAs
have been shown to control the expression of the histone H2A.X (Lal et al., 2009), DNA-
PKcs (Yan et al., 2010), ATM (Hu et al., 2010), BRCA1 (Moskwa et al., 2011), RAD51 (Y.
Wang et al., 2012), PARP1 (Dash et al., 2017), NEIL2 (Kang et al., 2019) and CTIP (L. Yang
et al., 2019). These are examples of how RNA influences DDR indirectly by regulating the
level of repair factor expression. Lately, we have a confluence of literature pointing
towards a more involved role of RNA in DDR (Figure 10).

Wei et al., (2012) is one of the first studies to show that processed RNA from sites of DNA
double-strand breaks can have a measurable impact on repair outcome. They were able
to sequence small RNA, 21 nt in length, mapping to sites ~600 bp around a DSB in the
plant model system Arabidopsis. These small RNA, named DSB-induced small RNAs
(diRNAs) were shown to be transcribed by RNA polymerase IV and processed by Dicer-
like proteins. They were suggested to be recruited to Ago2 after H2A.X phosphorylation
and were shown to support DSB repair through 2 HR subpathways - Single-strand
annealing (SSA) and Synthesis-dependent strand annealing (SDSA). Processed small
RNA, termed endo-siRNA, were identified around DSBs in a Drosophila cell line system
(Michalik et al., 2012). Earlier, a novel class of siRNA named qiRNA were identified upon
the induction of DSBs in the rDNA locus of the ascomycete Neurospora crassa (Lee et
al., 2009).

In human cells, knockdown of the miRNA processing enzymes Dicer and Drosha leads to
impaired DDR foci formation (Francia et al., 2012). The formation of yH2A.X foci was
unaffected, implying that the RNA synthesis happens downstream of the early stages of
the damage response, including break sensing. Using DSBs induced by a site-specific
endonuclease, they were able to show that Dicer- and Drosha-dependent RNA (DDRNA)
originate from the break site. RNA polymerase Il is recruited to break sites via the MRN
complex and synthesizes the long non-coding RNAs (dilncRNA), which act as precursors
to diRNA/DDRNA (Michelini et al., 2017). Knockdown of the small RNA processing
enzymes lead to diminished MDC1 and 53BP1 foci formation (Francia et al., 2016).
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DDRNA were essential for the recruitment of chromatin remodelling factors to the break
which then improved the accumulation of BRCA1 and Rad51 (Q. Wang & Goldstein,
2016). This leads to the model that small RNA produced at the break and processed by
Dicer and Drosha act as amplifiers of DNA damage signhalling and enable the recruitment
of downstream repair factors (Francia et al., 2016).

Most studies that have identified small RNA produced at the DSB have only done so using
reporter constructs. This may not reflect the physiological reality due to the repetitive
nature of the sequence and an artificially high level of transcription (Lu et al., 2018).
Indeed, in plants, damage-induced RNAs (diRNAs) could not be identified from breaks
generated in endogenous loci (Miki et al., 2017). In human cells, when breaks were
induced endogenously by expression of the endonuclease |-Ppol, only breaks located in
the repetitive 28S rDNA locus led to the production of diRNAs (Bonath et al., 2018). This
further demonstrates that the identification of diRNAs/DDRNAs/small RNA around DSBs
is not only dependent on the break, but on the presence of repetitive sequences and high
transcription around the break. Hence, the model doesn’t truly reflect the double-strand
break response in the majority non-repetitive regions of the human genome.

Signal amplification at DSBs through RNAi machinery R loops at the break
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Figure 10 - Suggested mechanisms of RNA involvement in Double-strand break repair

RNA transcription at genes frequently leads to the transient formation of R loops or
RNA:DNA hybrids. Indeed, it has been demonstrated that R loops are stabilized around
DSBs very early in the double strand break response. Removal of these R loops
diminished DSB repair through both HR and NHEJ (Lu et al., 2018). Even post-resection,
R loops have been shown to interact with BRCA1 (D’Alessandro et al., 2018).

For double strand breaks in genes with active transcription, RNA can serve as a template
to perform DNA synthesis. The ability of DNA polymerases to use RNA as a template
during double strand break repair was first shown in the budding yeast Saccharomyces
cerevisiae (Keskin et al., 2014; Storici et al.,, 2007) and then later in human cells
(Chakraborty et al., 2016; Shen et al., 2011). The use of an RNA oligonucleotide improved
the probability of an error-free repair by at least 500-fold (Storici et al., 2007). The pairing
of RNA to DNA in this context is shown to be encouraged by the recombinase Rad52
(Keskin et al., 2014; Mazina et al., 2017). RNA with complementarity to both ends of the
double strand break participated in NHEJ in an RNaseH2-sensitive manner and even
affected the kind and frequency of indels (Jeon et al., 2024). Multiple DNA polymerases

18



have in vitro reverse transcriptase activity (Chandramouly et al., 2021), and so far, the
reverse transcriptase activity of DNA polymerase n has been described to be essential
for RNA-templated repair (Chakraborty et al., 2023).

In vitro assays to study NHEJ

The use of in vitro assays has boosted our understanding of various cellular processes
like transcription (Yang & Ma, 2016). In vitro assays observing NHEJ were first performed
by the incubation of restriction enzyme cut plasmid DNA in Xenopus cell free extracts
(Pfeiffer & Vielmetter, 1988). Similar experiments were also then performed with human
cell extracts (North et al., 1990). These plasmid-based in vitro NHEJ assays have been
crucial in the biochemical characterization of the NHEJ pathway. The requirement of the
core NHEJ proteins - Ku heterodimer, DNA-PK, XRCC4 and LiglV towards successful NHE)J
was first shown in an in vitro end-joining assay by Baumann & West (1998). The
involvement of the DNA kinase activity from human PNKP in processing 5’OH terminal
ends for joining was also shown through an in vitro assay (Chappell et al., 2002).

Aside from plasmid-based substrates, genomic DNA from irradiated cells have also been
used for in vitro end-joining (Cheong et al., 1998). Though some biochemical knowledge
can be gleamed from these assays, these are ultimately limited by the randomness of
broken ends generated by radiation, which means the sequences of the junctions cannot
be known.

The processing of ‘dirty’ breaks during NHEJ is of considerable interest (Povirk, 2012). In
vitro assays allow customization of the substrate ends and can hence be a valuable
addition in our evolving understanding of NHEJ. Substrates with custom ‘atypical’ ends
can be created by radiomimetic drugs like bleomycin or by the ligation of modified
oligonucleotides to the ends of a linearized plasmid DNA (Datta et al., 2012).
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Results

|. RNA-dependent processing of DNA

RNase treatment of NALMG6 cell extracts stimulates in vitro NHEJ

Linearized pBlueScript plasmid DNA incubated with NALM6 cell extracts produce end-
joined products visible on an agarose gel (Figure 11). The amount of end-joining was
dependent on the amount of extract added to the reaction. Extracts made from LiglV-
deficient NALMG6 cells were not able to perform any end-joining (Figure 11A), indicating
that the joined products are a result of non-homologous end-joining. Inhibition of DNA-
PK with the inhibitor NU7441 also produces no end-joining (Figure 11B).
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Figure 11— NALME6 cell extracts perform NHEJ in vitro. In vitro NHEJ is dependent on (A) LiglV and
(B) DNA-PK. (A) Lanes 5 and 9 contain 4 ul of the respective extracts; two-fold serial diluted
extract in extract buffer were added to lanes 2-4 and 6-8. The substrate is pBlueScript digested
with EcoRI (5’ AATT overhang).

The protein extract preparation protocol also co-purifies some RNA, which is clearly
observable on the agarose gels. To degrade the RNA in the extract, the extract was treated
with RNase A before addition of the substrate. Surprisingly, the RNase treatment
improved the end-joining efficiency of EcoRI-digested plasmid DNA. This RNase-
mediated stimulation of end-joining was end-structure dependent. Similar results were
observed for other substrates with different sequences in the 5’ overhang (Figure 12A).
For substrates with 3’ overhangs or blunt ends, RNase treatment of the extract either had
no effect or a slight repressive effect on end-joining (Figure 12B). This result suggests that
RNA has an end-structure dependent inhibitory effect on in vitro end-joining.
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Figure 12 - End-joining is stimulated by RNase A treatment of extract. (A) End-joining of
substrates with ends containing 5’ overhangs (B) End-joining of substrates with blunt ends or
ends with 3’ overhangs. All substrates were made by digesting the plasmid pBlueScript. The

restriction enzyme used for making the ends is noted under the sequence of the ends.

Addback of RNA doesn’t reverse end-joining stimulation

To check if the RNA inhibitory effect is mediated by the general presence of RNA or a
specific RNA species, | first checked if the addback of commercially available RNA can
reverse the stimulation of end-joining produced by RNase treatment of the extract. After
the extract was treated with RNase A, RNasin was added to inhibit further RNase activity.
Different amounts of commercial yeast tRNA (Thermo Fischer, #AM7119) or yeast total
RNA (Thermo Fischer, #AM7120G) were then added to the end-joining reaction (Figure
13). Neither RNA reversed the RNase stimulation of end-joining, suggesting that the
general presence of RNA is not the inhibitory factor for end-joining of 5’ overhangs.

Following this, | purified RNA from NALM6 cells using the mirVANA miRNA isolation kit
(Thermo Fischer, #AM1560). The total RNA, along with a fraction enriched for small RNAs
was extracted. Addback of neither RNA restored end-joining to pre-RNase treatment
efficiencies (Figure 14A). There was a slight reduction in end-joining with total RNA, but it
required a large amount of RNA, higher than what was already in the extract. Other
specific RNA species purified from NALM6 cells - rRNA and tRNA also could not reverse
the end-joining stimulation (Figure 14B).
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Figure 13 - Addback of general commercially available RNA does not reverse end-joining
stimulation by RNase A treatment. DNA substrate is pBlueScript digested with EcoRI (5’ AATT
overhang). Amounts of RNA added: Lanes 6 & 10-0.25 ug; Lanes 7& 11-0.5 ug; Lanes 8 & 12 -
1ug; Lanes9& 13-2 pug.
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Figure 14 - Addback of NALM6 RNA doesn’t fully reverse RNase A mediated end-joining
stimulation. (A) Total RNA and small RNA fraction extracted from NALMG6 cells with mirVANA
miRNA extraction kit (B) NALM6 rRNA and tRNA. DNA substrate is pBlueScript digested with

EcoRI (5’ AATT overhang). Amounts of RNA added: Lanes 6 & 10-0.25 ug; Lanes 7 & 11 - 0.5 ug;
Lanes8& 12-1ug; Lanes 9& 13-2 ug.

Some models of RNA involvement in DSB repair from recent literature suggest an
induction of transcription at DSBs (Figure 10). Dialysis during extract preparation should
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deprive the extract of any ribonucleotides. Indeed, almost all end-joining is abolished
without the addition of ATP (Figure 15). It is thus reasonable to expect that the other
ribonucleotides are also not present at high enough amounts to facilitate de novo RNA
synthesis in this system.
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Figure 15 — End-joining reaction without the addition of ATP. End-joining of substrates made from
pBlueScript with the described ends was performed for 2 h.

The kinetics of end-joining are influenced by RNase treatment

In order to quantify end-joining and compare across different conditions and substrates,
| used end-joining substrates made with the plasmid pKJ025 (Quantification of end-
joining). End-joining substrates were created by digesting pKJ025 with various restriction
endonucleases.

To study the kinetics of an end-joining reaction, a larger reaction was set up and samples
were aspirated at different time points. The end-joining was then stopped with stop buffer
(10 mg/ml proteinase K, 100 mM Tris-HCLl pH 7.5, 200 mM EDTA and 2.5% SDS), purified
and digested with the enzyme Avall (Figure 16). The intensities of the 3 kb and 1.5 kb
fragments were measured by running on a gel and their ratios were calculated (Figure 17).
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Figure 16 — (A) Representative gel image of a time-resolved end-joining reaction; (B) Avall
digestion of the samples purified from (A). DNA substrate is plasmid pKJ025 digested with EcoRI
(5’ AATT overhang)
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The end-joining of all ends with 5’ overhangs followed a similar pattern where end-joining
appears to slow down or plateau later in the reaction (Figure 17A). When the extract had
been treated with RNase A, no plateauing of end-joining could be observed over 2 hours.
A constant level of end-joining is also observed with blunt ended and 3’ overhang
containing DNA substrates, where the treatment of the extract with RNase A has no effect
(Figure 17B). The end-joining kinetics of the 5’ overhangs after RNase treatment looks
broadly similar to the end-joining of 3’ overhangs and blunt ends. This data adds to the
conclusion that the extract contains an RNA or an RNA-dependent factor that specifically
inhibits end-joining when the DNA ends contain a 5’ overhang.

Itis also clear that the DNA sequence has a huge effect on the efficiency of end-joining.
Consider 2 ends, both with 5’ overhangs in Figure 17A — one with the overhang sequence
of AATT, and the second with the sequence GATC in the overhang. The initial rate of end-
joining and the end-joining after RNase treatment are both lower with the AATT overhang.

This influence that sequence (possibly both directly at the end and proximal to it) has on
end-joining is interesting and is worth exploring further (lll._Sequence biases in end-
Joining).
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Figure 17 — Kinetics of end-joining with different substrates (A) Ends with 5’ overhangs (B) Ends
with 3’ overhangs and blunt ends. Curve fitting done on R ggplot using the LOESS method.

The increased end-joining of 5’ overhangs after RNase treatment is also dependent on
the timing of RNase addition relative to the substrate (Figure 18). Typically, the extract
was pre-treated with RNase A for 20 minutes before addition of the DNA substrate.
Reduction of this pre-treatment period or addition of RNase A after the substrate
substantially reduced the end-joining stimulation through RNase A. Addition of the
RNase A 30 minutes after the DNA substrate has no effect on the end-joining outcome at
all.
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Figure 18 — Effect of the timing of RNase A addition on end-joining stimulation. The value in
parentheses denotes the time at which RNase A was added to the extract relative to the
substrate. 0’ denotes the time of substrate addition. -5’and 5’ mean that the RNase A was
added to the extract 5 minutes before and after the substrate respectively. DNA substrate is
pKJ025 digested with EcoRI (5’ AATT overhang). Curve fitting was performed on R ggplot using
the LOESS method.

RNase A having little or no effect once the end-joining has already started indicates
‘irreversible changes’ happening to the DNA very early in the reaction. The RNA present
in the extract appears to be responsible for it, either acting alone or as part of a larger
protein complex.

Unjoined monomers are not well ligated in further reactions

To understand the ‘irreversible changes’ happening to DNA ends in the presence of RNA,
| decided to inspect the DNA molecules that don’t end up as ligated products. A LiglV-
deficient NALMG6 extract cannot ligate DNA ends together (Figure 11A) and thus any DNA
incubated in itis an ‘unjoined monomer’.

DNA incubated in LiglV-deficient NALM6 extract for different amounts of time (15, 30 and
60 minutes) were purified and incubated in an end-joining reaction with a LiglV-proficient
NALMBG extract. If the DNA end contains a 5’ overhang, the initial pre-incubation reduces
the amount of end-joining observed (Figure 19A). The longer the pre-incubation was, the
lower the end-joining is. The stimulation of joining mediated by RNase A treatment is also
lost in these samples. If the pre-incubation was performed in extract treated with RNase
A, this loss of end-joining is rescued. Such a reduction in end-joining appears to be
limited to ends with 5’ overhangs, as the pre-incubation has no effect on the further
joining of ends with 3’ overhangs (Figure 19B).
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Figure 19 -5’ overhangs pre-incubated in LiglV-deficient NALM6 extract are joined poorly during
a further incubation in a LiglV-proficient NALM6 extract. Substrate is pBlueScript digested with
EcoRlI (A) and Kpnl (B).

Similar results can be observed when unjoined monomers are incubated in commercially
available ligases too. Both T4 DNA ligase (NEB, #M0202) (Figure 20) and Quick ligase
(NEB, #M2200) (Figure 21) exhibit lower efficiencies when ligating substrates that contain
5’ overhangs.

Other substrates with different sequences in the 5’ overhang also exhibit the same
characteristic after a pre-incubation in LiglV-deficient extract (Figure 22). This indicates
an RNA-dependent processing targeted specifically towards ends that have 5’ overhangs.
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Figure 20 - Incubation of unjoined monomers in T4 DNA ligase. Substrates are pBlueScript
digested with EcoRl (above, lanes 1-8) and Kpnl (below, lanes 9-16). The ligation reaction was
performed in 1x T4 DNA ligase buffer with 200 units of T4 DNA ligase, incubated at room
temperature for 10 minutes.
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Figure 21 - Incubation of unjoined monomers in Quick ligase. Substrates are pBlueScript
digested with EcoRl (above, lanes 1-8) and Kpnl (below, lanes 9-16). The ligation reaction was
performed in 1x Quick ligase buffer with 1 ul of Quick ligase, incubated at room temperature for

10 minutes.
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Figure 22 — Incubation of unjoined monomers from various substrates in T4 DNA ligase and
Quick ligase. Substrates are pBlueScript digested with BamHI (A), Hindlll (B) and Smal (C). The
ligations were performed as described in Figures 20 and 21.

Unjoined monomers show signs of nucleolytic processing

More information about the nature of the unjoined monomer ends can be gleamed by
looking at the junction sequences generated by Quick ligase. So, | purified the samples
in Figure 21. Fragments containing the junction were then isolated using Avall digestion
and gel extraction. ONT sequencing libraries were prepared and sequenced on a MinlON
flow cell.

Analysis of the junctions from 5’ overhangs reveals deletion of bases at the junction —
which implies that the ends are nucleolytically processed in the LiglV-deficient extract
(Figure 23). The nucleolytic processing is hindered upon RNase treatment of the extract
or if the substrate has a 3’ overhang. 4 bp deletions are highly represented in the
spectrum of junction sequences. This is possibly an artefact of the assay. A 4 bp deletion
leads to the removal of the overhang sequence and creates a blunt end. Such an end is
more likely to be ligated than any other length of deletion because of the incompatibility
of overhangs other deletion lengths would likely create.
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Figure 23 - Analysis of junctions produced by Quick ligase after incubation in LiglV-deficient
NALMEG6 extract. The substrates were made by digesting pKJ025 with EcoRl (left) and Kpnl (right).
‘Other’sequences are a product of the error-prone nature of ONT long read sequencing. Control

is Avall-digested pKJ025 plasmid DNA. The actual sequences are shown in Figure 24.

Perfect junctions | GCTTGATATCGAATTCCTGCAGCCCGG

GCTTGATATCGAAT-CCTGCAGCCCGG

1-3 bp deletions
GCTTGATATCG-ATTCCTGCAGCCCGG

4 bp deletions

GCTTGATATCG----CCTGCAGCCCGG |

GCCTG—————======——— CAGCCCGG

>4 letion
bp deletions GCTTGATAT------ CCTGCAGCCCGG

GCTTGATATCGAATCCCTGCAGCCCGG
GCTTGATATCGAAT-CCTGCAGCCC-G
GCTTGATATCGAATTCCTGCAGCCCCGG
GCTTGATATCGAATTCCTGCAGCCC-G
GCTTGATATCGAATTCCTGCAGCCCGGG
Other junctions | GCTTGATATCGAATTCCTGCAGCC--G
GCTTGATATCGAATTCCTGCAGCC-GG
GCTTGATATCGARATTCCTGCAGCCGGG
GCTTGATATCG----CCTGCAGCCC-G
GCTTGATATCG----CCTGCAGCCCGGG
GCTTGATATCG----CCTGCAGCC-GG
GCTTGATATCGAATTCCTG-AGCCCGG

Figure 24 — Sequences of the Quick ligase junctions from Figure 23. Only sequences from the
EcoRlI-digested substrate DNA are shown. ‘Other junctions’are sequences that possibly arise
due to the error-prone nature of long read sequencing.

In order to make sure this processing is not an artefact of just the LiglV-deficient extract,
| performed the same experiment, this time by purifying the unjoined monomers after
incubation in a LiglV-proficient NALM6 extract through gel extraction. Similar results as
previously were observed (Figure 25). Thus, it can be concluded that DNA ends are likely
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nucleolytically processed in the extract irrespective of the status of LiglV. This
‘processing’is both RNA and end-structure dependent.

RNase A treated RNase A treated
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Figure 25 - Quick ligase junctions of unjoined monomers from a LiglV-proficient end-joining
reaction. The substrates were made by digesting pKJ025 with EcoRl (left) and Kpnl (right). The
unjoined monomer fragments were purified by gel extraction and incubated in Quick ligase. The
junctions were isolated by Avall digestion and used in ONT library prep. Control is Avall-digested
pKJ025 plasmid DNA.

5’ overhangs are processed by an RNA-dependent nucleolytic factor

Knowing that the 5’ overhangs are most likely processed in a nucleolytic manner, | made
radiolabelled substrates that can be used to study end-processing in an unbiased
manner (Design of radjo-labelled substrates to study 5°-3’ processing). The substrates
were prepared by the ligation of a duplex containing the desired ends to a HindllI-digested
pKJ025 plasmid DNA (Figure 26A). The fragments arising from plasmid dimers serve as
the internal loading control. After incubation in the LiglV-deficient extract, the DNA was
purified and digested with the restriction endonucleases Clal and Spel, to get smaller
fragments (Figure 26B). Only the fragments from the Clal digestion will be presented here
henceforth since they resolve much better into individual fragments.

The end-processing assay clearly demonstrates the RNA-dependent 5’ nucleolytic
activity on 5’ overhangs (Figure 27). There is a ladder of processed 5’ end fragments —only
with substrates that contain 5’ overhangs. The RNase treatment of the extract also
rescues the 5’ end processing. The 2 ends with 5’ overhangs also show different levels of
end processing here. The nucleotide sequence of the 2 substrates is identical, except the
4 nucleotides in the overhang. Based on the data here, it is very likely that the sequence
in the overhang carries a large influence on the amount of end-processing, and hence
ultimately, the level of end-joining.
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Figure 26 — 5’ end processing was examined using radiolabelled substrates. (A) Schematic for
the generation of substrates for the end processing assay; (B) Model denaturing polyacrylamide
gel showing bands corresponding to 5’ end fragments.
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Figure 27 - The 5’ ends that are part of a 5’ overhang are specifically processed. (A)
Radiolabelled substrates with the indicated ends were incubated in extract buffer, NALM6
extract or RNase A treated NALM6 extract for 60 minutes. S denotes the original length of the
fragment (B) Quantification of the gelin (A); a line was drawn in each lane on ImageJ and the gray
value intensities along the line were measured. The data was normalized to the total intensity in
each lane and plotted. Curve fitting was performed on R ggplot with the LOESS method.
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The 5’ end processing is proportional to the amount of time that the substrates are
incubated in the extract (Figure 28). The use of phosphorothioate bonds for the first 5
bases from the 5’ end to inhibit nuclease activity (Stein et al., 1988) limited the processing
(Figure 29) — showing that it is indeed an exonucleolytic processing activity. On the other
hand, very little/no processing was observed in the 3’-5’ direction (Figure 30). Some
processing was detected for 3’ overhangs, but it is neither at the level of the 5’ end
processing nor RNA-dependent.
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Figure 28 -5’ end processing resolved by time. (A) The substrates were incubated in LiglV-
deficient NALM6 extract for 15, 30 or 60 minutes. S denotes the original length of the fragment.
(B) Quantification of the gels in A.
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Figure 29 — Phosphorothioate bonds block 5’ end nucleolytic processing.(A) The substrates were
incubated in LiglV-deficient NALM6 extract for 60 minutes. S denotes the original length of the
fragment. The underlined bases are joined by phosphorothioate bonds. (B) Quantification of the
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Figure 30 - There is no 3’ end processing in the extract. The substrates were incubated in LiglIV-
deficient NALMG6 extract for 60 minutes. S denotes the original length of the fragment.

5’ end processing is dependent on the activation of DNA-PK

The observations made on the RNA-dependent 5’ end processing so far are interesting —
but have limited value in explaining biology. The end processing can be explained as the
reason behind the initial result — 5’ overhangs are not well joined by NALM6 extracts,
unless the extracts are RNase A treated. However, it is yet unclear if the processing
occurs during or independent of Non-homologous end-joining.

DNA-PK phosphorylation, which leads to its activation, is one of the major checkpoints
of NHEJ and can be inhibited by small molecule inhibitors. NU7441 is a highly selective
ATP-competitive inhibitor of DNA-PK (Leahy et al., 2004, Liang et al., 2022). NU7441 was
also previously shown to inhibit end-joining in LiglV-proficient NALM6 extracts (Figure
11B).

Inhibiting DNA-PK during the end-processing assay leads to a dramatic reversal of 5’ end
processing (Figure 31). Ata 10 uM concentration, NU7441 completely inhibits end-joining
in LiglV-proficient extract (Figure 11B). At the same concentration, end-processingis also
almost completely abrogated. This shows that 5’ end processing only happens after the
activation of DNA-PK during NHEJ.

The removal of ATP from the reaction also has an inhibitory effect on 5’ end-processing
(Figure 32). Absence of ATP should prevent DNA-PK phosphorylation, among other
things. So, on its own, this result may not mean much, but along with NU7441, it supports
the claim that the 5’ end processing observed in this system happens in the context of
NHEJ.
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Figure 31 -5’ end processing upon the inhibition of DNA-PK activation by NU7441. (A) The
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Figure 32 - Effect of ATP on 5’ end processing. (A) The substrates were incubated in LiglV-

deficient NALM6 extract for 60 minutes. S denotes the original length of the fragment. (B)
Quantification of the gels in A.
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Aside from end-structure, it appears that the chemistry of the DNA ends is also a
determining factor in whether 5’ ends are processed (Figure 33). A phosphorylated 5’
overhang is necessary for the processing (Figure 33A). When the 5’ overhang has been
dephosphorylated, the presence of a 3’ phosphate on the complementary strand leads
to a small amount of processing, but not to the levels observed previously. 5’ ends that
are part of 3’ overhangs remain protected from processing irrespective of their
phosphorylation status (Figure 33B).

(A) C-3"0OH C-3'OH c-3'p c-3'p (C) C-3'0H C-3"0CH
GCTAG-5'P GCTAG-5'OH GCTAG-5’OH GCTAG-5'P GCTAG-5'P GCTAG-5'OH
RNase A: - - + - -+ -+ -+ ;
Extract: - + + -+ o+ 4+ o+ + 3 Y
.d—— u—— : '2 74 S(P)
SN — a s o 4 ' ' 5 8 '
— | ——1 B— -1 217 ' ’ '
L [ -2 | -2 | —-2 — | —-2 2
et -3 | =0 - =l ;u
— |t 4 — =t A
5 | -5 |- 2 c-3'P c-3'P
I s —~s 8 GCTAG-5'P soH) GCTAG-57OH
| -7 7 7 E" s
CE |
-2
: 1 ' \i‘-" 5 8
. Y Ty
Loading o
control —.| }-‘l I—'ﬁ h' 0 1 2 3 4 s o 1 2 3 4 H
12 3 456 7809 101112 Distance on gel (cm)
+RNase-treated
e -
= extract extract extract
(B) CGATC-3’OH CGATC-3’0H CGATC-3’P CGATC-3'P (D)
CEATC CGATC-3’OH CGATC-3'OH
G-5'P G-5’0H G-5'0H G-5'P G-5'P S(OH)G-S "0H
RNaseA: - - + - -+ - -+ - -+ :
Extract: - + + -+ + -+ + -+ +
2
°|
2
[
OH OH 3
s =" =3 ___3‘ (] CGATC-3'P CGATC-3'P
— - G-5'P S70H
[ -2 —--2 E OHP
E!
22
1
ot S R R e
| — - - o 3 2
control - Distance on gel (cm)
14 15 16 17 18 1920 21 222324

Figure 33 - Effect of DNA end chemistry on 5’ end processing. DNA with ‘atypical’ ends
containing 5’ overhangs (A) or 3’ overhangs (B) were incubated in LiglV-deficient NALMG6 extract
for 60 minutes. S denotes the original length of the fragment. (C,D) Quantification of the gels in

A,B respectively.

This resistance of dephosphorylated 5’ ends towards processing also reflects in the end-
joining results (Figure 34). Both substrates with 5’ phosphates show an increase in end-
joining after RNase treatment of the extract. RNase A has no effect on the end-joining for
5’0OH+3’0H, whereas there might be a mild improvement for 5’OH+3’P.
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Figure 34 — End-joining of 5’ overhang containing substrates with ‘atypical’ ends. End-joining
reactions using substrates with the described ends were performed for 2 hours.

Effect of the 5’ end processing on end-joining outcome

The nucleolytic end-processing means that there should be a prevalence of junctions
with deletions in an end-joining reaction. To test this hypothesis, | sequenced the
junctions from an end-joining reaction with EcoRI-digested pKJ025. The junctions were
purified after Avall digestion and sequenced on a minlON flow cell. Sequence analysis
showed that the majority of the junctions did not present any signs of processing (Figure
35). Nevertheless, end-joining events with deletions accumulated late into the reaction.
RNase treatment of the extract was able to prevent deletions in line with the expectations

based on the end-processing assays.
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Figure 35 - Analysis of junctions from an end-joining reaction. The substrate is pKJ025 digested

with EcoRI (5’ AATT overhang). Control is substrate ligated with T4 DNA ligase. (A) (top)
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Spectrum of junctions from the end-joining reaction; (bottom) same graph magnified to show
junctions with deletions; (B) Sequences of the junctions; (C) Graph showing the percentage of
junctions with deletions in each junction.

. Identification of the processing factor

RNase treatment of the extract causes variance in the DNA-end binding
proteome

A proteomics based approach was employed to identify the RNA-dependent processing
factor. Biotinylated substrates were made with different end structures and sequences
(Preparation of biotinylated DNA substrates for pulldown). These substrates were able to
pull down proteins binding to the DNA ends (Figure 36). The use of photocleavable biotin
leads to a cleaner pulldown since the proteins that bind non-specifically to the magnetic
beads are removed from further analysis. Mass spectrometry identified peptides
belonging to core proteins of the non-homologous end joining pathway among the top
hits in the photo-released fraction (Figure 36B).
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DNA-PKCS ™ Hsms
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Figure 36 — Pulldown of DNA-end bound proteins. (A) Silver stained gel showing the clean
pulldown using photo-cleavable biotin; (B) Rank plot of the MS intensities. Top hits and core
proteins of the NHEJ pathway are highlighted.

Principal component analysis (PCA) of the normalized peptide intensities shows a clear
difference between the proteins binding to 5’ overhangs and others (Figure 37). Whereas
the RNase treatment of the extract doesn’t make much of a difference in proteins pulled
down by 3’ overhangs and blunt ends, there is a dramatic shift along PC1 for proteins
pulled down by 5’ overhangs.
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Figure 37 - Principal Component Analysis (PCA) biplot of the proteins pulled down by different
ends.

With a log2 Fold Change threshold of 2 along with an adjusted p value (Benjamini-
Hochberg correction) under 0.05, 217 proteins were identified to be differentially bound
to 5’ overhangs after RNase treatment (Figure 38). Out of those, only 16 proteins
associated more with the ends after RNase treatment. Among these proteins was an
enrichment of aminoacyl tRNA synthetases (Figure 39). Proteins involved in RNA splicing
are among the top hits of proteins that bind less efficiently to 5’ overhangs after RNase
treatment.
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Figure 38 — Proteins differentially binding to 5’ overhangs upon RNase A treatment of extract.
Proteins with an absolute LFC > 2 and adjusted p value < 0.05 are highlighted.
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Figure 39 — GO term enrichment of proteins differentially binding to 5’ overhangs upon RNase A
treatment. (A) Proteins binding after RNase treatment; (B) Proteins released after RNase

treatment

Under the same thresholds, only 44 proteins were differentially bound to 3’ overhangs
and blunt ends (Figure 40). While a similar number of proteins associated with the ends
after RNase treatment, there are significantly fewer proteins that bind ends with lower
efficiency after RNase treatment.
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Figure 40 - Proteins differentially binding to 3’ overhangs and blunt ends upon RNase A
treatment of extract. Proteins with an absolute LFC > 2 and adjusted p value < 0.05 are
highlighted.
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GO term enrichment analysis also indicates functionally similar proteins among the hits
as previously (Figure 41). Aminoacyl tRNA synthetases and proteins involved in RNA
splicing are the top GO terms again.
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Figure 41 - GO term enrichment of proteins differentially binding to 5’ overhangs upon RNase A
treatment. (A) Proteins binding after RNase treatment; (B) Proteins released after RNase
treatment

The broad similarity in GO terms among the hits implies a common turnover of proteins
upon RNase treatment of the extract that is independent of the type/structure of the DNA
end. There are 165 proteins that bind differentially only to 5’ overhangs, without any
change in binding to other substrates upon RNase treatment (Figure 42). Proteins
involved in maintaining chromosomal architecture are now among the top hits.

Protein components from 2 well known multi-protein complexes were found enriched
among the hits — the pBAF chromatin remodelling complex (Figure 43), and the Cohesin
complex (Figure 44). Almost all proteins of both these complexes were found to have
lower association with the 5’ overhangs after RNase treatment of the extract. For the
other substrates, RNase treatment had little or no effect. The presence of all the complex
components reduces the possibility of any false positives and increases confidence in
the hits.

Chemical allosteric inhibitors for the catalytic subunit of pBAF — BRG (SMARCA4) are
commercially available (Papillon et al., 2018). The inhibitor BRM014 was kindly gifted by
Dr. Sandra Schick, along with antibodies against various components of the general BAF
or pBAF complex.
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As a preliminary test, the BRM/BRG1 inhibitor BRM014 was added to the end-joining
reaction (Figure 45A). If the pBAF complex was indeed involved in 5’ end processing of 5’
overhangs, one would expect pBAF inhibition to stimulate end-joining the same way
RNase treatment does. In this experiment, addition of the inhibitor had no effect on end-
joining. Neither did the incubation of antibodies targeting pBAF components (Figure 45B).
These negative results don’t necessarily exclude the pBAF complex from performing a
functionalrole in RNA-dependent 5’ end-processing since the efficacy of the inhibitors in
the assay cannot be verified. More experiments need to be performed to identify the 5’
end-processing factor.
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Figure 45 — pBAF inhibition had no effect on end-joining. (A) Inhibitor BRM014 was added at
various concentrations from 2 nM to 20 uM in an end-joining reaction.1% DMSO was added to
samples where no BRM014 was added. (B) Antibodies against various components of the pBAF
complex were added to an end-joining reaction. ARID1A is a non-pBAF control. The substrate is
pBlueScript digested with EcoRI (5’ AATT overhang).
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lll. Sequence biases in end-joining

Differences in in vitro end-joining efficiencies have been observed depending on the
nucleotide sequence of the ends despite similarities in end structures (Figure 12, Figure
17). As a simple example among blunt ended substrates, a Smal-digested DNA (C:G at
the end) is joined much better than an EcoRV-digested DNA (T:A at the end) (Figure 12).
Even among substrates with overhangs, the end-joining efficiency varies, dependent on
the sequence in the overhangs and possibly even around it (Figure 17). This is of huge
biological interest — faster or slower NHEJ in different areas of the genome depending on
the sequence context would add to our knowledge on the regulation of double-strand
break repair through NHEJ. In order to systematically understand the role sequence plays
in NHEJ, substrates with different configurations of random nucleotides at the end or near

the end were made (Generation of random DNA end sequence libraries).

Impact of nucleotides at a blunt end

Using the type IS restriction enzyme Mlyl that cleaves outside its recognition sequence
(GAGTC), a library of substrates was prepared with a random mix of bases for 5
nucleotides upstream and downstream of the break (Figure 46A). From the individual
nucleotide frequencies at each position, it can be observed that A/T is represented more
often than G/C, even in the undigested library. The nucleotide frequencies from the
junctions made by in vitro NHEJ or T4 DNA ligase were normalized to the undigested
control.
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Figure 46 — Nucleotide biases in the end-joining of a blunt-ended substrate. (A) Sequence logo
plots of the undigested pJP14 library; change in nucleotide frequency at each position in
junctions made by in vitro NHEJ (B) and T4 DNA ligase (C).

Based on the differences in end-joining observed earlier, the initial expectation was for a
preference for G/Cs at least at the terminal nucleotide. Surprisingly, no such enrichment
of G/Cs was found in the junctions from NHEJ (Distance from the break -1 and +1) (Figure
46B). There is a slight preference for the pyrimidines C & T over the purines A & G one
nucleotide away from one of the termini (-2), but thatisn’t replicated at the corresponding
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position on the other side of the break (+2). On the other hand, T4 DNA ligase appears to
be less efficient with A:T termini, but the nucleotides at the other positions aren’t
enriched/depleted much (Figure 46C).

Looking specifically at NHEJ junction sequences that are enriched at a log2 fold change
of at least 1 compared to the control, conserved nucleotides at various positions could
be identified (Figure 47A). Contrary to initial expectations, ‘T’s are preferred strongly at
almost all positions, but especially at the terminal nucleotides and one nucleotide away
from the termini (-2 to +2) (Figure 47B). Relaxing the log2 fold change cut-off to 0.5 still
leads to the same conclusions (Figure 47C), but the relatively smaller sample sizes are a
caveat.
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Figure 47 — pJP14 junctions over-represented in the NHEJ junctions. (A) Sequence logo plots of
the sequences enriched with a LFC > 1 in NHEJ junctions; Change in nucleotide frequencies
among NHEJ junctions enriched at LFC > 1 (B) and LFC > 0.5 (C).

Impact of nucleotides upstream of a blunt end

The libraries pJP17 and pJP18 allow us to specifically look at the influence of nucleotides
flanking a defined blunt end (CCC/GGG) (Figure 48A-B, Figure 49A-B). No significant
biases for upstream nucleotides in NHEJ could be identified, up to 13 nucleotides away
from the break (Figure 48C, Figure 49C). Nevertheless, in both libraries, the nucleotides
farthest from the break have the greatest biases.

On the other hand, in the T4 DNA ligase junctions, there was a slight preference for T/A at
-4 and +4 bp from the break respectively in both libraries (Figure 48D, Figure 49D). Unlike
the NHEJ junctions, the nucleotide frequencies here don’t deviate much from the control
further upstream from the break. The profiles also tend to be symmetrical either side of
the break.

Based on these observations, ligation efficiency by T4 DNA ligase is slightly dependent
on the nucleotides closest to the break, but nucleotides > 10 nt away from the termini
have almost no impact on it. On the other hand, sequence dependence in NHEJ appears

44



to be more complex, where nucleotides further away from the break can have a big
impact on the efficiency with which an end gets ligated.
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Figure 48 - NHEJ sequence bias upstream from a defined blunt end. (A) Sequence of the pJP17
library; (B) Sequence logo plot of the undigested pJP17 library, only randomized nucleotides
shown; change in nucleotide frequency at each position in NHEJ junctions (C) and T4 DNA ligase
junctions (D) compared to the undigested control.
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Figure 49 - NHEJ sequence bias upstream from a defined blunt end. (A) Sequence of the pJP18
library; (B) Sequence logo plot of the undigested pJP18 library, only randomized nucleotides
shown; change in nucleotide frequency at each position in NHEJ junctions (C) and T4 DNA ligase
junctions (D) compared to the undigested control.

Impact of nucleotides upstream of a 5’ overhang

The libraries pJP15 and pJP16 were designed to study the impact on NHEJ of nucleotides
upstream of a defined 5’ overhang (Figure 50A, Figure 51A). Digestion with the enzyme
Xhol creates a 5’ AGCT overhang. Similar to nucleotides upstream of a blunt end (pJP17
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and pJP18), nucleotide biases could be observed at positions far away from the end (>10
bp) (Figure 50C, Figure 51C). But overall, the change in nucleotide frequencies were quite
low, especially compared to previous results. For the junctions made by T4 DNA ligase,
the change in nucleotide frequencies are under 1% (Figure 50D, Figure 51D), suggesting
that T4 DNA ligase is efficient in an upstream sequencebindependent manner while
ligating ends with overhangs.
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Figure 50 - NHEJ sequence bias upstream from a defined 5’ overhang. (A) Sequence of the
pJP15 library; (B) Sequence logo plot of the undigested pJP15 library; change in nucleotide
frequency at the designated positions in NHEJ junctions (C) and T4 DNA ligase junctions (D)
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Figure 51 - NHEJ sequence bias upstream from a defined 5’ overhang. . (A) Sequence of the
pJP16 library; (B) Sequence logo plot of the undigested pJP16 library; change in nucleotide
frequency at the designated positions in NHEJ junctions (C) and T4 DNA ligase junctions (D)
compared to the control.
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Discussion

RNA-dependent 5’ end processing during NHE)J

The initial observation made in this study that RNA is potentially involved in NHEJ is an
exciting and novel one that builds on some contemporary literature (Figure 10). Neither
published model of RNA in DSB repair can fully explain the characteristics of RNA
involvement in end-joining in this study. The in vitro nature of the assay takes the
emphasis away from the damage signalling pathway and puts the focus on the
biochemical and catalytical properties of end-joining. The existence of de novo
transcribed RNA in this assay is quite improbable. The pBluescript plasmid, which the
substrates for end-joining in this study are based on, contains 3 promoters - lac, T3 and
T7. These promoters are bacteria- and bacteriophage- specific promoters that lack the
features necessary for eukaryotic RNA polymerase Il binding and initiation. Spontaneous
promoter-free in vitro transcription from the ends has been described, but only from a 3’
overhang. Ends with 5’ overhangs or blunt ends initiate very little transcription
(Schenborn & Mierendorf, 1985). The ribonucleotides necessary for RNA synthesis are
also not expected to be available in the extract (Figure 15).

The RNA-dependent end-processing factor

Addback of RNA extracted from NALM6 cells was unable to reverse the stimulation of
end-joining by RNase A (Figure 14). | hypothesize that a specific RNA affects in vitro end-
joining in the form of a ribonucleoprotein (RNP) complex. The addback of RNA does not
reconstitute the complex possibly because it is a hierarchical process that doesn’t
happen under the reaction conditions at a very high efficiency. For example, the
autonomous in vitro reconstitution of the ribosomal subunits has been a challenge that
was only recently solved in E. coli (Kosaka et al., 2025). The eukaryotic RNase P
holoenzyme was also a problematic RNP for in vitro reconstitution for a long time
(Perederina et al., 2018). Hence, it is plausible for a novel RNP that is destabilized by
RNase treatment to not reconstitute upon the re-introduction of RNA.

| took a proteomics-based approach to identifying the processing factor. That has
provided mixed results — | am able to clearly observe a change in the end-binding
proteome to 5’ overhangs after RNase treatment of the extracts (Figure 38). Components
of multi-protein complexes have been enriched among the hits (Figure 43, Figure 44).
Both the pBAF complex and cohesin complex have been described as taking part in the
DSB response (Bauerschmidt et al., 2010; Fedkenheuer et al., 2025; Gelot et al., 2016;
Kakarougkas et al., 2014, 2015; Kim et al., 2002; Schar, 2004; Thomas-Claudepierre et
al., 2013). On the other hand, devising a secondary screen to further filter candidate
proteins has been a challenge. The large number of hits was unexpected. In hindsight,
fractionating the extract and determining the fraction containing the processing activity
would have excluded the majority of non-functional proteins from the list of hits.

Effect of end-structure on processing

Aside from RNA, DNA end-structure is the other major limiting factor for end-processing.
Only 5’ overhangs were able to get processed, and the 5’ ends in 3’ overhangs and blunt
ends were safe from processing. Similar results have been observed previously for other
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mechanisms —in Chappell et al., (2002), the phosphorylation of 5’ OH termini by human
PNKP was more efficient at protruding termini (5’ overhangs) than at recessed termini (3’
overhangs). Aside from the relatively reduced accessibility in a 3’ overhang or a blunt end,
the 5’ terminal nucleotides in these overhangs are also paired to a complementary
strand. A combination of these factors could explain why blunt ends and 3’ overhangs
don’tallow processing. It also appears that the sequence in the overhang affects the level
of processing. Only 2 different sequences were tested in this study, but a significant
difference in the amount of processing could be observed.

A dephosphorylated 5’ terminus (5’ OH) inhibits processing (Figure 33). This suggests that
the processing factor could require the presence of a terminal phosphate for its
exonucleolytic activity. The bacteriophage A exonuclease is one such enzyme that
exhibits a strong preference for a phosphate moiety at the 5’ end (Subramanian et al.,
2003). It is not yet clear if this is the case here too, since the presence of a 3’ phosphate
on the complementary strand restores a small amount of processing.

Looking at the structure of DNA-PK and its interactions with the DNA might provide an
alternative explanation for why the processing is so dependent on DNA end structure and
end chemistry. The DNA End Blocking helix (DEB) is one of the three regions of DNA-PK
that interacts with DNA ends, along with the 4 short DNA-binding patches and the Helix-
hairpin-Helix (HhH) motif in the N-terminus. The DEB is a disordered region, which upon
interaction with the DNA transitions to a helix with the DNA ends ‘split’ around it (Liang &
Blundell, 2023). The DEB also contains the residues for ‘ABCDE’ autophosphorylation
that is critical for DNA-PK autoactivation. In a study still under peer review, Meek et al.
(2023) advance that in cases where DNA ends are not able to split around the DEB helix
and stabilize it (like hairpins), the recruitment of XLF during the short-range synaptic
complex stage is impaired. This leads to a transient ABCDE autophosphorylation that
promotes nucleolytic end-processing. This model of end-structure dependent DNA-PK
activation could be an example for the end-structure and end-chemistry dependent
nucleolytic processing observed in this study.

Effect of the end-processing on end-joining

The RNA-dependent 5’ end processing described here is not only prevalent in a LiglV-
deficient extract. When the DNA is incubated in a LiglV-proficient extract, we can observe
that the substrates left unjoined in the reaction have been nucleolytically processed
(Figure 25). Even in substrates that have been joined, there is an increased prevalence of
deletions at later junctions. The RNase treatment of the extract eliminates deletions at
the junction (Figure 35). Taken together, these data point toward a competition between
end-processing and end-joining as sub-pathways following DNA-PK activation.
Processed ends can be ligated, so the pathways perhaps aren’t mutually exclusive. Still,
DNA ends that have been processed have a lower likelihood of finishing up in a junction
because of the incompatibility of the end sequences. It can be convinced that the
accumulation of incompatible ends for direct joining is the reason for the reduced end-
joining efficiency and its plateauing with 5’ overhangs. Other published in vitro end-
joining systems have shown comparable efficiencies between the joining of compatible
and incompatible ends (Budman & Chu, 2005). This does not appear to be the case in the
system used here with NALM6 extracts.
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End processing and end synapsis

The use of Ligase IV-deficient extracts enables the decoupling of end processing from
ligation and thus helps with the independent characterization of end-processing. Aside
from the ligation step, Lig IV performs functions that are independent of its catalytic
activity. The presence of Lig IV is essential for DNA-PKcs autophosphorylation after DSB
induction in cells, though it does not appear to be the case for in vitro experiments with
extracts and linear dsDNA >250 bp (Cottarel et al., 2013). Lig IV also stabilizes the
interaction between DNA-PK and other components of the ligation complex, XRCC4 and
XLF (Jayaram et al., 2008; Wu et al., 2007). It can thus be expected that the short range
synaptic complex formation is impaired with the LiglV-deficient extract and the 5’ end
processing occurs when the ends are still in long-range synapsis. This is not just an
artifact due to the absence of LiglV. Even with the LiglV-proficient extract, the ends of the
unjoined monomers appear to be processed (Figure 25), possibly by the same
mechanism during long range synapsis. This is in direct contradiction to published
literature showing that end processing during NHEJ only occurs after short-range
synaptic complex formation (Stinson et al., 2020). The compatibility of the sequences for
direct joining is checked during short-range synapsis, so the observed 5’ end processing
occurs independent of the need for end-processing.

We know that NHEJ repairs breaks generated with compatible ends at almost 100%
accuracy in cells (Lin et al., 2013). End-processing during NHEJ is also very tightly
regulated to prevent superfluous processing (Figure 8). Based on all the data discussed
so far, | hypothesize that the 5’ end processing observed in this study is separate from
typical end-processing during NHEJ and is independent of end compatibility. It could
serve as a mechanism to generate genomic diversity through NHEJ.
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Figure 52 — Model for 5’ end processing during NHEJ

NALMSG cells, as precursor B cells isolated from a patient with ALL (Han et al., 1979) can
perform V(D)J recombination. The phenomenon observed in this study differs from V(D))
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recombination in a few important ways though. V(D)J recombination is initiated by the
recognition and nicking of specific RSS sequences by RAG1/2. The nicking of the DNA and
the subsequent generation of hairpins prime the involvement of the NHEJ processing
enzymes artemis and TdT. Though RAG1 and RAG2 are expressed by these cells (Figure
9B), their binding sites (RSS) are missing in the pBluescript-based substrate DNA.
Besides, during V(D)J recombination, the generation of the hairpin and its processing by
Artemis intrinsically gives rise to variation. The RNA-dependent processing described in
this study, on the other hand, happens in substrates that don’t require any further
processing and appears to only happen in a subset of available ends for joining.

NHEJ sequence bias

The efficiency of in vitro end-joining varies among substrates, even of the same end
structure (Figure 12). This could be caused by the DNA sequence in the overhang, or even
the sequence upstream of the overhang. NHEJ is already regulated in cells by chromatin
context (Scully et al., 2019). DSBs in transcriptionally active loci induced by the
endonuclease AsiSl were less efficient at recruiting XRCC4, even in G1 (Aymard et al.,
2014). To study if the sequence itself has any impact on repair kinetics by NHEJ
independent of chromatin, | made substrates with randomized nucleotides at or proximal
to a break. In vitro end-joining by the extract doesn’t seem to overall prefer any terminal
nucleotides in a blunt end (Figure 46). Only when looking at a small subset of sequences
that were joined at a very high efficiency was a preference for thymidines observed (Figure
47).

This observation opposes conclusions from an earlier experiment that shows Smal
digested DNA (CCC/GGQG) is joined much more efficiently than EcoRV digested DNA
(GAT/ATC), thus suggesting a complex relationship between NHEJ repair efficiency and
DNA sequence. Indeed, there was a mild selection for certain nucleotides further
upstream from the break (> 10 bp), both for blunt ends and those with 5’ overhangs.
Among the ends that were tested in this study, there is a subtle preference emerging for
purines (adenine and guanine) over pyrimidines (cytosine and thymine) on the strand
containing the 3’ terminus. But this is also not always replicated.

Nucleotides that are not at the terminus playing a role in the efficiency of NHEJ makes
perfect mechanistic sense when considering how Ku and DNA-PKcs binds to DNA ends.
Ku translocates inwards by about half a helical turn (~5 bp) from the terminus upon the
formation of the DNA-PK holoenzyme (Yoo & Dynan, 1999). A recent study solving the
structure of an activated DNA-PK complex in high resolution shows that protein residues
of the DNA-PK complex are in contact with the DNA/backbone up to 28 bp upstream from
the termini (Figure 53A) (X. Chen et al., 2021). It is not yet certain if all those interactions
are essential for stable DNA-PK binding and activation. The results here suggest that
indeed, the identity of the nucleotides in these positions could influence NHEJ repair
efficiency, possibly by modulating the stability of DNA-PK interactions with DNA.
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binding domain. From X. Chen et al. (2021) and Shi et al. (2018).

The data also provides some insights into the mechanism of ligation by T4 DNA ligase.
The DNA-binding domain of T4 DNA ligase only interacts with nucleotides very close to
the DNA end/nick (Figure 53B) (Shi et al., 2018) unlike the DNA-PK complex. And
accordingly, the change in nucleotide frequencies away from the termini was very little,
indicating minimal influence for those nucleotides on ligation efficiency. Nevertheless,
the data shows that, with blunt ends, T4 DNA ligase does not prefer ligating A:T ends
specifically. Interestingly, T:A ligation does not decrease in frequency. Based on this
result, one would expect the sequence in an overhang to also affect efficiency of T4 DNA
ligase, butitis not simple to analyse and quantify in high-throughput.
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Future Experiments

All the end-processing described in this thesis was shown on substrates with 5’
overhangs that were 4 nt long. Substrates with overhang lengths starting from 1 nt should
be tested in order to fully understand the structural prerequisites for processing.
Substrates with random sequences in the overhang can be designed to study the effect
of overhang length on processing independent of the sequence.

To further validate the requirement of DNA-PK activation for 5’ end processing, the end
processing assay can be performed with extracts that have been immunodepleted for
DNA-PKcs or with extracts made from cells that are DNA-PKcs deficient.

Several sites within DNA-PK get phosphorylated during NHEJ, leading to varying NHE)J
outcomes. The 2 major phosphorylation clusters in DNA-PK, the ABCDE cluster and the
PQR cluster can be blocked by site-directed mutagenesis to Alanines. Using these
phosphorylation deficient DNA-PK mutants, the exact phosphorylation events on DNA-
PK leading to the RNA-dependent 5’ end processing can be described.

The LiglV-deficient NALMG6 extract needs to be validated by addition of purified Ligase IV
or a catalytically dead mutant of Ligase IV (K273A) (Goff et al., 2022).

To further strengthen the hypothesis that RNA-dependent 5’ processing happens when
the ends are in long range synaptic complex, extracts defective in transitioning to a short-
range synaptic complex can be made by the knockout/depletion of XRCC4.

Cells with knockouts of known nucleases (Artemis, Exo1, Wrn and so on) should be
generated to test their involvement in the described end-processing.

The extract can be fractionated to purify the 5’ end processing activity. This would help in
the identification of the processing factor, as the previous pulldown followed by mass
spectrometry gave rise to too many candidate proteins to screen. Ammonium sulphate
precipitation can be used to fractionate proteins based on solubility, and it has the added
advantage of conserving protein structure (Wingfield, 1998). Once the processing factor
is identified, cell lines deficient for the protein(s)/RNA can be used to study the impact
on NHEJ in cells.

All the experiments in this study were performed on a plasmid-based substrate and in
vitro. Even within in vitro end-joining experiments, end-joining efficiencies can vary
significantly when comparing ligation of a plasmid-based substrate to irradiated genomic
DNA (Cheong et al., 1998). The authors of the study speculate that this could be different
sets of activities that play a complementary role in the joining of double strand breaks
with NHEJ. Keeping this mind, the results observed here still need to be placed in a
cellular context. The use of CRISPR-Cas9 and other inducible endonucleases provide us
the ability to create double strand breaks at specific genomic loci whose repair can be
followed. This can also be used to further understand and validate the role sequence
context plays in NHEJ.
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Methods

Cell culture

NALM6 and NALMS6 LiglV”"- cells were grown in suspension in RPMI medium (Fischer
Scientific, #21875158) supplemented with 10% Fetal Bovine Serum (ATCC, #30-2020).
The cells were maintained at 37 °C with 5% CO, and 20% O,. The cells were split once
they reached a density of around 108 cells/ml, down to 2*10° cells/ml. To measure cell
density, cells were stained with an equal volume of Trypan blue (Fisher Scientific,
#11538886) and counted on a hemocytometer under an inverted microscope.

Extract preparation

NALMG6 cells were harvested at a density of 10° cells/ml from two 3 | spinner flasks
(Wheaton, #356887) by centrifugation at 400 g for 10 minutes with brake set to 2 on an
Eppendorf 5810R centrifuge. The cell pellet was washed in PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na;HPO,, 1.8 mM KH:PO.,), followed by a wash in hypotonic lysis buffer (10
mM tris-HCL pH 8, 1 mM EDTA, 5 mM DTT) supplemented with 0.2 M sucrose. Lysis was
performed in 2 pellet volumes of hypotonic lysis buffer for 20 minutes at 4 °C, followed by
dounce homogenization (18 strokes with the tight ‘A’ pestle, Wheaton). PMSF (100 uM)
(Merck, #P7626), Aprotinin (10 pyg/ml) (Merck, #A6279), Pepstatin A (Merck, #P5318),
Chymostatin (Merck, #C7268) and Leupeptin hydrochloride (Merck, #L9783) (1 pug/ml
each) were added to the noted final concentrations and incubated on ice for 20 min. 0.5
total volumes of high salt buffer (50 mM tris-HCl pH 7.5, 1 M KCl, 2 mM EDTA, 2 mM DTT)
was added and the extract was centrifuged at 37000 rpm for 3 hours at 4 °C on the Optima
XE-100 ultracentrifuge with SW41 rotor buckets. Around 7 ml from the middle part of the
supernatant was recovered and dialysed against E buffer (20 mM tris-HCl pH 8, 0.1 M
KOAc, 20% glycerol, 0.5 mM EDTA, 1 mM DTT) for 3 hours at 4 °C. The extract was then
clarified by centrifugation at 3900 g for 15 minutes at 4 °C, snap frozen and stored at -80
°C.

End-joining assay

End-joining reactions were performed at a volume of 20 plin 1x End-joining buffer (50 mM
Triethanolamine pH 8.5, 60 mM Potassium acetate, 2 mM Magnesium acetate, 1 mM DTT,
0.1 mg/mlBSA and 1 mM ATP) with 4 ul NALM6 extract (around 40-50 pg) and 22 fmol of
DNA substrate (40 ng for a ~3 kb long substrate). The extract was first incubated at 37 °C
for 20 minutes before addition of the DNA substrate and ATP. RNase A (Thermo Fischer,
#ENO0531) was added to a concentration of 1 ng/ulif necessary. End-joining was typically
performed for 2 hours at 37 °C. The reactions were stopped by adding 4 pl of stop buffer
(10 mg/ml proteinase K, 100 mM Tris-HCL pH 7.5, 200 mM EDTA and 2.5% SDS) and
incubating at 42 °C for 20 minutes. The end-joining was analyzed by running the samples
on 0.6% agarose gels in TBE buffer. The gels were pre-stained with GelRed (Biotium,
#41003) and imaged on the BioRad ChemiDoc imaging system.

Extraction of tRNA and rRNA

The extraction protocol was adapted and modified from Avcilar-Kucukgoze et al (2020).
NALMBG6 cells were pelleted by centrifugation at 250 g for 10 minutes. For every 107 cells,
1 ml TRIzol reagent (Thermo Fischer, #15596026) was used to resuspend the pellet and
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incubated at room temperature for 5 minutes. 0.2 mlPhenol-Chloroform-lsoamyl alcohol
(25:24:1, equilibriated with 50 mM NaOAc pH 5.2) was added per ml of TRIzol and mixed
vigorously by inverting. After a 3-minute incubation at room temperature, centrifugation
was performed at 10000 g for 20 minutes at 4 °C. 1 pl glycogen (5 mg/ml, Thermo Fischer
#AM9510) was added to the aqueous phase along with NaCl to a concentration of 0.2 M.
1 volume of isopropanol was then added and the sample was incubated at -20 °C for 30
minutes. Nucleic acids were pelleted by centrifugation at 10000 g for 20 minutes at 4 °C,
followed by a wash with cold 70% ethanol.

The pellet was then suspended in 10 ml of cold 1 M NaCl and centrifuged again at 10000
g for 20 minutes at 4 °C. The supernatant was collected in a fresh tube and the pellet was
once again suspended in 5 ml of cold 1 M NaCl and centrifuged. The pellet contains an
RNA fraction enriched for rRNA - it was washed with cold 70% ethanol, air-dried and
suspended in nuclease-free water. The supernatants from the 2 centrifugations were
combined and further processed to purify tRNA.

RNA was precipitated by adding 30 ml cold ethanol to the combined supernatant,
incubated at -20 °C for 30 minutes and centrifuging at 10000 g for 10 minutes at 4 °C. The
pellet was washed with cold 70% ethanol, air-dried and dissolved into 6 ml of 0.3 M
NaOAc (pH 5). 3.4 ml isopropanol was added, incubated for 10 minutes at room
temperature, then centrifuged at 10000 g for 10 minutes to collect the supernatant. 2.3
mlisopropanolwas added to the supernatant and incubated at -20 °C for 30 minutes. The
tRNA was then pelleted by centrifugation at 10000 g for 20 minutes at 4 °C, washed with
cold 70% ethanol, air-dried and suspended in nuclease-free water.

Quantification of end-joining

End-joining could be quantified in experiments where restriction endonuclease-digested
pKJ025 was used as substrate. pKJ025 was made by Kristi Jensen by removing one of the
two Avall digestion sites from pBlueScript. The remaining Avall site is directly across from
the multiple cloning site (MCS). To quantify end-joining, the DNA from the reaction was
purified with 0.6 volumes of AMPure XP beads (Beckman Coulter, #A63880) and eluted in
nuclease-free water. Avall digestion was performed with 10 units of enzyme in 1x NEB
cutsmart buffer for 2 hours at 37 °C. Unjoined monomers should be digested down to 1.5
kb, whereas the junctions should make a 3 kb band. DNA fragments were separated by
electrophoresis in 0.6% agarose gels in TBE buffer at 80 V for 1 hour and imaged on the
BioRad ChemiDoc imaging system. The lanes and bands were manually defined on
ImagelLab and signal intensities were measured. The ratio of signal intensities between
the 2 bands was used as a relative quantification of end-joining (Figure 54).
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Figure 54 — Quantification of end-joining

Purification of unjoined monomers

DNA substrate molecules that haven’t been ligated during an end-joining reaction are
designated here as ‘unjoined monomers’. Typically, DNA was incubated in extracts made
from LiglV-deficient NALMG6 cells in an end-joining reaction (see End-joining assay). The
DNA was then purified with 0.6 volumes of AMPure XP beads (Beckman Coulter,
#A63880). The DNA-bead mixture was incubated for 10 minutes with light vortexing every
2 minutes. The beads were pelleted on a magnetic rack, the supernatant was discarded
and the beads were washed twice with 80% ethanol. The beads were then spun down on
a mini-centrifuge and returned to the magnetic rack to remove any excess ethanol. The
beads were suspended in nuclease-free water and incubated at 37 °C in a ThermoMixer
(Eppendorf, #5382000015) with shaking at 1500-2000 rpm. The beads were pelleted
again on a magnetic rack and the eluate containing the DNA was aspirated.

In cases where unjoined monomers were purified after incubation in LiglV-proficient
extracts, the end-joining reaction was run on a 0.6% agarose gel. The band corresponding
to the monomer was excised and the DNA was purified using the QIAquick Gel Extraction
kit (Qiagen, #28704).

Preparation of ONT sequencing libraries

ONT sequencing libraries were prepared by following ONT’s protocol for the Native
barcoding kit 24 V14 (ONT, SQK-NBD114.24). At least 10 fmol of each DNA sample was
made up to 24 pl with nuclease-free water. 1.75 pl each of the NEBNext FFPE DNA repair
buffer and the Ultra Il End-prep reaction buffer, 1 pl of the NEBNext FFPE DNA repair mix
(NEB, #M6630) and 1.5 ul of Ultra Il End-prep enzyme mix (NEB, #E7546) were added and
incubated at 20 °C for 5 minutes, followed by 65 °C for 5 minutes. The DNA was purified
with 0.6 volumes of AMPure XP beads each and eluted in 8.5 pl of nuclease-free water.
1.5 pl of a unique native barcode (NB0O1-NB24) was ligated to each sample with a 1 hour
incubation at room temperature with 10 pl of Blunt/TA ligase master mix (NEB, #M0367).
The ligation reaction was stopped by adding 2 ul of 0.5 M EDTA. The samples from the
various barcodes were combined in a single tube and purified with 0.6 volumes of
AMPure XP beads. The elution was performed with 32.5 yl nuclease-free water. 2.5 pl of
native adapter was ligated to the pooled, barcoded DNA with 5 pl of Quick T4 DNA ligase
(NEB, #E6056) at room temperature for 30 min. The library was purified finally with 0.6
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volumes of AMPureXP beads, washed twice in 125 ul Short Fragment Buffer, and eluted
in 10 pl of elution buffer. The concentration of the library was measured with Qubit dsDNA
High Sensitivity kit (Thermo Fischer, #Q33230) and the average length of the library was
verified by running it on TapeStation.

Sequencing analysis of Quick ligase junctions from unjoined
monomers

ONT sequencing libraries were loaded on MinlON flow cells following ONT protocols. The
sequencing run was typically set for 72 h. After an initial basecall with Dorado 0.7.1, the
read IDs belonging to the different barcodes were retrieved. The pod5 files were then
subset for the different barcodes, and duplex basecalling was performed with the Dorado
Super-high accuracy model. The sequences obtained from duplex reads were then
filtered for a mean quality score of at least 20 and aligned to a reference junction with
minimap2 using the map-ont feature for long reads. The alignment file was filtered and
sorted for primary alignments and the junction sequences were retrieved using samtools
ampliconclip. The junction sequences from the different samples were combined in a
table and filtered for a minimum total occurrence of 10 across all samples. The junctions
were then manually annotated and their percentages in different conditions were plotted
using R ggplot.

Design of radio-labelled substrates to study 5’-3’ processing

An end-labelling reaction was set up with ~13 pmol of Hindlll-digested and
dephosphorylated pKJ025, 25 pmol of y-P32-ATP, 100 pmol of ‘cold’ ATP and 20 units of T4
Polynucleotide Kinase (NEB, #M0201) in 1x T4 PNK buffer at a total reaction volume of 50
ul. The reaction was incubated at 37 °C for 1 h, followed by heat inactivation of the
enzyme at 65 °C for 20 minutes. The DNA was then purified with 0.6 volumes of AMPure
XP beads and eluted in nuclease-free water. The DNA concentration was inferred from
the scintillation count based on the following formula:

1.9 % 1077 *< scintillation count in cpm/ul >

pmol/ul of DNA = < P32 decay factor >

Duplexes that can be ligated to the end-labelled DNA were created by annealing oligos
(Table 1). A 10-fold molar excess of duplexes were used in a ligation reaction with 400
units of T4 DNA ligase (NEB, #M0202). The ligation was performed at room temperature
for 15 minutes, followed by heat inactivation of the enzyme at 65 °C for 20 minutes. Aside
from ligating duplexes onto the Hindlll-digested DNA, the reaction would also create
dimers from the HindllI-digested DNA ligating to each other (Figure 26A). This artefact can
be cleaned up by gel extraction of the desired DNA fragments, but it was not possible in
this instance. Instead, these plasmid dimers would serve as an internal loading control
in the experiments. The DNA was purified with 0.6 volumes of AMPure beads and eluted
in nuclease-free water. The concentration was calculated based on the scintillation
count as above.

To get substrates with 5’ phosphorylated ends, the DNA was subjected to a futher PNK
treatment with 10 units of T4 Polynucleotide kinase and 10 nmol ATP at 37 °C for 1 h. The
DNA was purified and the concentration was measured as previously.
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Table 1 - Sequence of duplexes ligated to P*-labelled Hindlll-digested DNA to study 5’ end

processing

Duplex sequence

Substrate

5'P-AGCTGTTGACATATGAGCATAGG
CAACTGTATACTCGTATCCTTAA-5'OH

5’ AATT overhang

5'P-AGCTGTTGACATATGAGCATAGG
CAACTGTATACTCGTATCCGATC-5'0H

5’ CTAG overhang

5'P-AGCTGTTGACATATGAGCATAGGGTAC
CAACTGTATACTCGTATCC-5"'OH

3’ GTAC overhang

5'P-AGCTGTTGACATATGAGCATAGG
CAACTGTATACTCGTATCC-5"'OH

Blunt end

5'P-AGCTGTTGACATATGAGCATAGG
CAACTGTATACTCGTATCCTTAA-5'OH

Nuclease-resistant 5’ AATT
overhang; underlined bases are
joined by phosphorothioate
bonds

5'P-AGCTGTTGACATATGAGCATAGG
CAACTGTATACTCGTATCCGATC-5"'0OH

Nuclease-resistant 5’ CTAG
overhang; underlined bases are
joined by phosphorothioate
bonds

5'P-AGCTAAGCATAGGCCGCCTC
TTCGTATCCGGCGGAGCTAG-5"'OH

5’ GATC overhang

5'P-AGCTAAGCATAGGCCGCCTCGATC
TTCGTATCCGGCGGAG-5"'0OH

3’ GATC overhang

TTCGTATCCGGCGGAG-5"'P

5'P-AGCTAAGCATAGGCCGCCTC-3'P 5’ GATC overhang, substrate
TTCGTATCCGGCGGAGCTAG-5"'0OH has a 5’0OH and 3’P
5'P-AGCTAAGCATAGGCCGCCTCGATC-3'P 3’ GATC overhang, substrate
TTCGTATCCGGCGGAG-5"0H has a 5’°0OH and 3’P
5'P-AGCTAAGCATAGGCCGCCTC-3'P 5’ GATC overhang, substrate
TTCGTATCCGGCGGAGCTAG-5"'P has a5’P and 3’P
5'P-AGCTAAGCATAGGCCGCCTCGATC-3'P 3’ GATC overhang, substrate

hasa5’P and 3’P

Design of radio-labelled substrates to study 3’-5’ processing

To study 3’-5’ end processing, radiolabelled substrates were made similarly as above, but
this time the duplex was end-labelled with y-P32-ATP. 50 pmol of the oligo that would
contain the 3’ terminus after ligation was labelled with 20 units of T4 Polynucleotide
kinase in a reaction with 25 pmol of y-P32-ATP and 225 pmol of ‘cold’ ATP. The reaction
was incubated at 37 °C for 1 h, followed by heat inactivation of the enzyme at 65 °C for 20
minutes. The labelled oligos were precipitated overnight at 4 °C with 1 volume of 0.6 uyM
NaOAc, 1 ul glycogen (Invitrogen, #AM9510) and 4 volumes of ice-cold ethanol. The
samples were then centrifuged at full speed for 1 hour at 4 °C, followed by washing the
pellet with 70% ethanol. The air-dried pellets were dissolved in nuclease-free water and
the concentrations were inferred through scintillation count:

7.6 x 1077 x< scintillation count in cpm/ul >

pmol/ul of oligo =

< P32 decay factor >
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10 pmol of labelled oligo was annealed into a duplex with an equimolar amount of its
complementary oligo and the duplex was used directly in a ligation reaction with 1 pmol
of HindllI-digested pKJ025. The ligation was performed with 400 units of T4 DNA ligase at
room temperature for 15 min. The ligase was heat inactivated at 65 °C for 20 minutes, and
the DNA was purified with 0.6 volumes of AmpureXP beads. The scintillation counts were
again measured with 1 pl of purified DNA and the concentration was derived with the
formula -

3.8 x 1077 =< scintillation count in cpm/ul >

pmol/ul of DNA = < P32 decay factor >

The 5 ends of the substrates were phosphorylated as described previously with T4
Polynucleotide kinase.

End-processing assay

The assays to study 5’ and 3’ end processing were performed similar to the end-joining
assay, but with the radiolabelled substrates and with LiglV-deficient NALM6 extracts, at a
total volume of 10 pl. After incubation in the desired conditions and amount of time, the
reactions were stopped with 2 pl stop buffer (10 mg/ml proteinase K, 100 mM Tris-HCL pH
7.5, 200 mM EDTA and 2.5% SDS) and incubated at 42 °C for 20 minutes. The DNA was
purified using 0.6 volumes of AMPure beads and eluted into 16 ul of nuclease-free water.
To be able to resolve the processing intermediates with smaller fragment sizes, the DNA
was digested with Clal (NEB, #R0197) and Spel-HF (NEB, #R3133) in CutSmart buffer for
2 hours at 37 °C. The fragments were precipitated overnight at -20 °C in 1 volume of 5 M
NH,OAc, 0.01 volumes of 1 M MgCl,, 1 ul GlycoBlue (Fisher Scientific, #10301575) and
2.5 volumes of ice-cold ethanol. 5000 cpm of P*2-labelled BLoli8483 was also added to
act as a precipitation control. The DNA were pelleted by centrifugation at full speed for
15 min, followed by a wash in 70% ethanol. The DNA was dried by placing the tube briefly
on a heated block and resuspended in 2x RNA loading dye (NEB, #B0363). Before loading,
the samples were heated to 95 °C for 5 min and snap-cooled in ice-slurry.

A 12% polyacrylamide solution in TBE with 8 M urea was prepared by dissolving 240 g
ureain 150 mlof 40% Acrylamide:Bis-acrylamide 19:1 (Fisher Scientific, #10214963) and
50 ml of 10x TBE buffer. The volume was made up to 500 ml with water and the solution
was filtered and stored at 4 °C until needed. 625 pl of 10% APS and 38 ul TEMED were
added per 100 ml polyacrylamide solution on the day of making the gel. The gel was
poured with a syringe between 2 large glass plates held together with clips. The gelcomb
was placed, and the gel was allowed to polymerize. Before running samples on it, the gel
was warmed up by running in 1x TBE at 80 W for 1 hour. Samples were then loaded onto
the gel and run at 80 W for 1 hour and 45 minutes. The gel was removed carefully with a
GelBond PAG film (VWR, #LONZ54746) and placed on top of a Whatman paper. This was
placed in the gel dryer at 65 °C for 1 h with the vacuum turned on. The dried gel was then
exposed to a phosphor film overnight and the film was imaged using the Typhoon scanner
on an IP stage.
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Annealing oligos into duplexes

Equimolar amounts of oligos were mixed together in 1x annealing buffer (20 mM tris-
acetate (pH 7.5), 50 mM NaCl and 2 mM MgCl,). The mixture was heated up to 99 °C and
cooled down to 20 °C at the rate of 1 °C/min on a ThermoMixer.

Preparation of biotinylated DNA substrates for pulldown

2 kb long biotinylated DNA substrates were prepared by PCR. pUC19 plasmid DNA was
amplified using a 5’-photocleavable biotin-tagged primer (BLoli8629) and a reverse
primer incorporating a restriction enzyme recognition sequence (BLoli8325, BLoli8767-
8772). PCRs were set up with 1 ng of pUC19 DNA, 0.5 uM primers, 0.3 uM of each dNTP
(NEB, #N0447) and 1 unit of Q5 High-Fidelity DNA polymerase (NEB, #M0491). The
reactions were carried out with the following program on a thermocycler - initial
denaturation of 98 °C for 2 minutes, 35 cycles of 98 °C for 15 seconds, 65 °C for 15
seconds, 72 °C for 1 minute and a final extension of 10 minutes. The DNA was purified by
gel extraction and restriction digestions with the corresponding enzymes were performed
overnight in the recommended buffers. The digested, 5’ biotin tagged DNA was then
purified using 0.6 volumes of AMPure XP beads and eluted in nuclease-free water.

Pulldown of proteins bound to DNA ends

730 fmol (450 ng) of the biotinylated DNA were bound to 40 ul of Dynabeads MyOne
Streptavidin C1 beads (Thermo Fischer, #5001) and resuspended in water. The DNA-
bead slurry was incubated with 2 pl of NALM6 extract in 1x End-joining buffer (50 mM
Triethanolamine pH 8.5, 60 mM Potassium acetate, 2 mM Magnesium acetate, 1 mM DTT,
0.1 mg/ml BSA and 1 mM ATP) at a total volume of 100 pl. Incubation was performed
overnight at 4 °C on a Hula mixer. The beads were pelleted by placing the tubes on a
magnetic rack and washed thrice with the wash/elution buffer (50 mM Triethanolamine
pH 8.5, 60 mM Potassium acetate, 2 mM Magnesium acetate, 1 mM DTT, 10% glycerol
and 150 mM Sodium chloride). The beads were then suspended in 100 pl of the
wash/elution buffer and exposed to 4500 mJ/cm? of 320 nm UV light on a transilluminator.
This releases the DNA and bound proteins from the beads which can then be collected
by pelleting the beads on a magnetic rack. The eluate was incubated with 1 unit of
benzonase (Merck, #E1014) at 4 °C for 2 hours before sample submission for mass
spectrometry in quadruplicates.

Analysis of Mass Spectrometry data

MS data analysis was performed on MaxQuant version 2.1.3.0. The peptides were
mapped against the UniProt Homo sapiens protein database as reference. The intensities
were hormalized according to the classic LFQ normalization method on MaxQuant. GO
term enrichment analysis was performed using the R library clusterProfiler (G. Yu et al.,
2012).

Generation of random DNA end sequence libraries

The plasmid pKJ026 generated by Kristi Jensen was used as the vector backbone.
BLoli8701, BLoli9286, BLoli9287, BLoli9288 and BLoli9289 were annealed to BLoli8702
and BLoli8703 to form inserts for cloning. A 10-fold molar excess of the annealed
duplexes were ligated to 50 ng of digested pKJ026 (Figure 55). For libraries pJP14-16,
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pKJ026 was digested with the enzymes EcoRI-HF and Kpnl-HF. For libraries pJP17-18,
pKJ026 was digested with Notl-HF and Kpnl-HF. The ligation was performed with 400
units of T4 DNA ligase (NEB, #M0202) overnight at 16 °C. The ligase was inactivated by
incubating at 65 °C for 20 minutes. The protocol for library transformation was adapted
from Mateyko & de Boer, 2024. 2 ul of the ligation reaction was transformed into OneShot
TOP10 Electrocomp E. coli (Thermo Fischer, #C404052) by electroporation. The electric
pulse was performed on the Bio-Rad MicroPulser Electroporator using a cuvette with a
0.1 cm gap according to the setting “EC1”. Immediately after the electric pulse, 1 mL LB
medium was added to the cells, and they were grown out at 37 °C for 1 h with shaking.
The complexity of the library was verified by plating 1 pl of the library on LB plates with
100 pg/ml carbenicillin. The desired complexity of the libraries is at least 1 million (4*10
~1.05*109).

(A)

4+ O P-AATTCATTAAGTTGGGTAACGAGTCNNNNNNNNNNGGCCAGTGAATTGTAATACGGGTAC
pKJ026 FEEEEEEErEr el RN ERARRRRERRRRRN
GTAATTCARACCCATTGCTCAG-5"P CCGGTCACTTAACATTATGCC-5'P

EcoRI + Kpnl digest \A

GAATTCATTAAGTTGGGTAACGAGTCNNNNNNNNNNGGCCAGTGAATTGTAATACGGGTACC

CTTAAGTAATTCAACCCATTGCTIGAG CCGGTCACTTAACATTATGCCCATGG
pJP14 )

iTransformation & Mlyl digestion

GAGTCNNNNN NNNNN
CTCAGNNNNN NNNNN

(B)
NNNNNC TCGAGNNNNN
NNNNNGAGCT CNNNNN pJP15
NNNNNNNNNNC TCGAGNNNNNNNNNN JP16
NNNNNNNNNNGAGCT CNNNNNNNNNN P
NNNNNCCC GGGNNNNN —mM
pJP17
NNNNNGGG CCCNNNNN
NNNNNNNNNNCCC GGGNNNNNNNNNN
pJP18

NNNNNNNNNNGGG CCCNNNNNNNNNN

Figure 55 — Generation of random DNA end libraries. (A) Schematic for pJP14 (B) Ends from
libraries pJP15-18.

After verifying the complexity, the transformed cells were grown at 37 °C with shaking for
3 hours. 1/10 of the culture was diluted and grown overnight for plasmid extraction in the
presence of 100 pug/ml ampicillin. Plasmid isolation was performed with the PureLink
HiPure Plasmid Maxiprep kit (Invitrogen, #210007). DNA substrates for end-joining were
then prepared by restriction digestion with Mlyl (NEB, #R0610) (pJP14), Xhol (NEB,
#R0146) (pJP15 & pJP16) or Smal (NEB, #R0141) (pJP17 & pJP18).

End-joining reactions were set up as previously (End-joining assay). The substrates were
also incubated in 1 pl of Quick ligase (NEB, #M2200) in Quick Ligase reaction buffer for
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10 minutes. The products were purified with 0.6 volumes of AmpureXP beads and
digested with Avall (NEB, #R0153) in rCutsmart buffer for 2 h at 37 °C. The 2.5 kb
fragments containing the junctions were purified by gel extraction using the QIAquick gel
extraction kit (Qiagen, #28704) with MinElute columns (Qiagen, #28004).

The illumina sequencing libraries were prepared with a nested PCR reaction. 0.05 ng of
the purified junctions or undigested library were first tagged with 6 nucleotide UMIs
through 2 cycles of amplification with Q5 High-Fidelity DNA polymerase (NEB, #M0491).
An equimolar mix of primers that can contain a further 0/2/3/5/8 Ns were used as the
forward primer (BLoli9449-9453 for pJP14-16; BLoli9418-9422 for pJP17-18). The
amplicons were then purified with 1 volume of AmpureXP beads and used as template
for amplification in a second PCR using XLeap UDI primers with a specific barcode for
each sample. Amplification was performed with Q5 High-Fidelity DNA polymerase - initial
denaturation of 98 °C for 2 minutes, 20 cycles of 98 °C for 15 seconds, 72 °C for 30
seconds and a final extension of 5 minutes. 5 ng of each library was pooled together and
sequenced on a NextSeq P2 flow cell with 64 bp R1 and 58 bp R2 paired-end reads.

Sequencing analysis of random nucleotide libraries

The reads from each sample were first binned into UMI pairs based on the first 6
nucleotides in read 1 and read 2. For each UMI pair, a consensus sequence was called —
the mostabundant sequence in a UMI pair should make up at least 90% of the sequences
in it. The resulting sequences were searched for the string ATTCATTAAGTTGGGTAACGAGTC
(libraries pJP14-16) or GCCCATTAAGTTGGGTAACGAGTC (libraries pJP17 & 18) to identify the
start of the randomized nucleotides. The sequences were then extracted and the
frequencies of each nucleotide at every position was calculated. The entire analysis was
performed using the programming language python.

Oligonucleotides used in the study

Oligo Sequence Comments
name

Preparation of biotinylated DNA substrates for protein pulldown
BLoli8325 | ATGCGAATTCCTCGCTCACTGACTCGCTG | Amplification of pUC19; EcoRl
recognition site in overhang
highlighted

BLoli8629 | /5PCBIO/GCCTCGTGATACGCCTATT Amplification of pUC189,
photocleavable biotin
conjugated to the 5’ end
BLoli8767 | GCATGGATCCCTCGCTCACTGACTCGCTG | Amplification of pUC19;
BamHI recognition site in
overhang highlighted
BLoli8768 | GTATCTGAGCGGCCGCCTCGCTCACTGAC | Amplification of pUC19; Notl

TCGCTG recognition site in overhang
highlighted
BLoli8769 | GCATCTGATATCCTCGCTCACTGACTCGC Amplification of pUC19;
TG EcoRV recognition site in

overhang highlighted
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BLoli8770

GTATCCCGGGCTCGCTCACTGACTCGCTG

Amplification of pUC19; Smal
recognition site in overhang
highlighted

BLoli8771

GCATGGTACCCTCGCTCACTGACTCGCTG

Amplification of pUC19; Kpnl
recognition site in overhang
highlighted

BLoli8772

GCATCTGCAGCTCGCTCACTGACTCGCTG

Amplification of pUC19; Pstl
recognition site in overhang
highlighted

End-processing experiments

BLoli8483

TGGAAATAAGCGTGCATACTATGCAGTAG
CGCGTGGTCGAAATACTGGTATATATAGT
ACATGGGATGAGGCGTCGGATCAG

Precipitation control (82 nt)

BLoli9105

/5Phos/AGCTAAGCATAGGCCGCCTC

AGCT overhang for ligation to
HindllI-digested pKJ025

BLoli9107

/5Phos/AGCTAAGCATAGGCCGCCTCGA
TC

AGCT overhang for ligation to
HindllI-digested pKJ025; 3’
GATC overhang

BLoli9109 | /5Phos/AGCTAAGCATAGGCCGCCTC/3 | Same as BLoli9105, with a 3’
Phos/ phosphate
BLoli9111 | /5Phos/AGCTAAGCATAGGCCGCCTCGA | Same as BLoli9107, with a 3’
TC/3Phos/ phosphate
BLoli9117 | GAGGCGGCCTATGCTT Annealed with BLoli9107 to
form a 3’ GATC overhang
BLoli9118 | GATCGAGGCGGCCTATGCTT Annealed with BLoli9105 to
form a 5’ GATC overhang
BLoli9205 | /5Phos/AGCTGTTGACATATGAGCATAG | AGCT overhang for ligation to

G

HindllI-digested pKJ025

Bloli9282

AATTCCTATGCTCATATGTCAAC

Annealed with BLoli9205 to
create a duplex with 5’ AATT
overhang

Bloli9283

A*AXT*T*C*CTATGCTCATATGTCAAC

Annealed with BLoli9205 to
create a duplex with 5’ AATT
overhang (phosphorothioate)

Bloli9343

GATCCCTATGCTCATATGTCAAC

Annealed with BLoli9205 to
create a duplex with 5’ GATC
overhang

Bloli9344

G*A*T*C*C*CTATGCTCATATGTCAAC

Annealed with BLoli9205 to
create a duplex with 5’ GATC
overhang (phosphorothioate)

Bloli9345

/5Phos/AGCTGTTGACATATGAGCATAG
GGTAC

AGCT overhang for ligation to
HindllI-digested pKJ025; 3’
GTAC overhang

Bloli9347

CCTATGCTCATATGTCAAC

Annealed with BLoli9345 to
create 3’ GATC overhang
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Blolio348 | AATTCCTATGCTCATATGTCAACAGCTTA | Ladder for 5’ processing
T sequencing gel (30 nt)
Bloli9349 | TTCCTATGCTCATATGTCAACAGCTTAT Ladder for 5’ processing
sequencing gel (28 nt)
Blolio350 | CCTATGCTCATATGTCAACAGCTTAT Ladder for 5’ processing
sequencing gel (26 nt)
Bloli9351 | TATGCTCATATGTCAACAGCTTAT Ladder for 5’ processing
sequencing gel (24 nt)
Bloli9352 | AATTCCTATGCTCATATGTCAACAGCTTG | Ladder for 5’ processing
ATATCGAATTCCTGCAGCCCGGGGGATCC | sequencing gel (59 nt)
A
Bloli9353 | TTCCTATGCTCATATGTCAACAGCTTGAT | Ladder for 5’ processing
ATCGAATTCCTGCAGCCCGGGGGATCCA | sequencing gel (57 nt)
Bloli9354 | CCTATGCTCATATGTCAACAGCTTGATAT | Ladder for 5’ processing
CGAATTCCTGCAGCCCGGGGGATCCA sequencing gel (55 nt)
Bloli9355 | TATGCTCATATGTCAACAGCTTGATATCG | Ladder for 5’ processing
AATTCCTGCAGCCCGGGGGATCCA sequencing gel (53 nt)
Bloli9356 | CTCATATGTCAACAGCTTGATATCGAATT | Ladder for 5’ processing
CCTGCAGCCCGGGGGATCCA sequencing gel (49 nt)
Bloli9357 | CTCATATGTCAACAGCTTAT Ladder for 5’ processing
sequencing gel (20 nt)
Bloli9408 | CGATAAGCTGTTGACATATGAGCATAGG Ladder for 3’ processing
sequencing gel (28 nt)
Bloli9g409 | CGATAAGCTGTTGACATATGAGCATA Ladder for 3’ processing
sequencing gel (26 nt)
Bloli9g410 | CGATAAGCTGTTGACATATGAGCA Ladder for 3’ processing
sequencing gel (24 nt)
Bloli9g411 | CGATAAGCTGTTGACATATGAG Ladder for 3’ processing
sequencing gel (22 nt)
Bloli9412 | CGATAAGCTGTTGACATA Ladder for 3’ processing
sequencing gel (18 nt)
Bloli9g413 | CTAGTGGATCCCCCGGGCTGCAGGAATTC | Ladder for 3’ processing
GATATCAAGCTGTTGACATATGAGCATAG | sequencing gel (59 nt)
G
Bloli9414 | CTAGTGGATCCCCCGGGCTGCAGGAATTC | Ladder for 3’ processing
GATATCAAGCTGTTGACATATGAGCATA | sequencing gel (57 nt)
Bloli9415 | CTAGTGGATCCCCCGGGCTGCAGGAATTC | Ladder for 3’ processing
GATATCAAGCTGTTGACATATGAGCA sequencing gel (55 nt)
Bloli9gd16 | CTAGTGGATCCCCCGGGCTGCAGGAATTC Ladder for 3’ processing
GATATCAAGCTGTTGACATATGAG sequencing gel (53 nt)
Bloli9g4d17 | CTAGTGGATCCCCCGGGCTGCAGGAATTC Ladder for 3’ processing
GATATCAAGCTGTTGACATA sequencing gel (49 nt)
NHEJ sequence bias study
BLoli8701 | /5PHOS/AATTCATTAAGTTGGGTAAC Top oligo for pJP14 library;

GAGTCNNNNNNNNNNGGCCAGTGAATTGT
AATACGGGTAC

Contains EcoRl and Kpnl
overhangs for ligation; Mlyl
restriction site in red
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BLoli8702

/5PHOS/GACTCGTTACCCAACTTAATG

BLoli8703

/5PHOS/CCGTATTACAATTCACTGGCC

Oligos complementary to
BLoli8701/9286/9287/9288/9
289

BLoli9286

/5PHOS/AATTCATTAAGTTGGGTAACGA
GTCNNNNNCTCGAGNNNNNGGCCAGTGAA
TTGTAATACGGGTAC

Top oligo for pJP15 library;
Contains EcoRl and Kpnl
overhangs for ligation; Xhol
restriction site in red

BLoli9287

/5PHOS/AATTCATTAAGTTGGGTAAC
GAGTCNNNNNNNNNNCTCGAGNNNNNNNN
NNGGCCAGTGAATTGTAATACGGGTAC

Top oligo for pJP16 library;
Contains EcoRl and Kpnl
overhangs for ligation; Xhol
restriction site in red

BLoli9288

/5PHOS/GGCCCATTAAGTTGGGTAACGA
GTCNNNNNCCCGGGNNNNNGGCCAGTGAA
TTGTAATACGGGTAC

Top oligo for pJP17 library;
Contains Notl and Kpnl
overhangs for ligation; Smal
restriction site in red

BLoli9289

/5PHOS/GGCCCATTAAGTTGGGTAACGA
GTCNNNNNNNNNNCCCGGGNNNNNNNNNN
GGCCAGTGAATTGTAATACGGGTAC

Top oligo for pJP18 library;
Contains Notl and Kpnl
overhangs for ligation; Smal
restriction site in red

BLoli9418

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNGCCCATTAAGTTGGGTAAC

Forward primer - PCR1 for
illumina library prep pJP17-18.
Overhang anneals to PCR2
primers; contains 6 nt UMI

BLoli9419

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNGCCCATTAAGTTGGGTA
AC

Forward primer - PCR1 for
illumina library prep pJP17-18.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 2 Ns to
offset sequence homogeneity

BLoli9420

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNGCCCATTAAGTTGGGT
AAC

Forward primer - PCR1 for
illumina library prep pJP17-18.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 3 Ns to
offset sequence homogeneity

BLoli9421

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNNNGCCCATTAAGTTGG
GTAAC

Forward primer - PCR1 for
illumina library prep pJP17-18.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 5 Ns to
offset sequence homogeneity

BLoli9422

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNNNNNNGCCCATTAAGT
TGGGTAAC

Forward primer - PCR1 for
illumina library prep pJP17-18.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 8 Ns to
offset sequence homogeneity
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BLoli9423

GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTNNNNNNGTTATTGTCTCATGAGCG
G

Reverse primer - PCR1 for
illumina library prep.
Overhang anneals to PCR2
primers; contains 6 nt UMI

BLoli9449

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNATTCATTAAGTTGGGTAAC

Forward primer - PCR1 for
illumina library prep pJP14-16.
Overhang anneals to PCR2
primers; contains 6 nt UMI

BLoli9450

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNATTCATTAAGTTGGGTA
AC

Forward primer - PCR1 for
illumina library prep pJP14-16.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 2 Ns to
offset sequence homogeneity

BLoli9451

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNATTCATTAAGTTGGGT
AAC

Forward primer - PCR1 for
illumina library prep pJP14-16.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 3 Ns to
offset sequence homogeneity

BLoli9452

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNNNATTCATTAAGTTGG
GTAAC

Forward primer - PCR1 for
illumina library prep pJP14-16.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 5 Ns to
offset sequence homogeneity

BLoli9453

ACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNNNNNNNNNATTCATTAAGT
TGGGTAAC

Forward primer - PCR1 for
illumina library prep pJP14-16.
Overhang anneals to PCR2
primers; contains 6 nt UMI
and an additional 8 Ns to
offset sequence homogeneity

XLeap_U
DI_xxx_P5

AATGATACGGCGACCACCGAGATCTACAC
NNNNNNNNACACTCTTTCCCTACACGACG
CTCTTCCGATCT

Forward primer — PCR2 for
illumina library prep. 8 nt
sample barcode underlined

XLeap_U
DI _xxx_P7

CAAGCAGAAGACGGCATACGAGATNNNNN
NNNGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCT

Reverse primer - PCR2 for
illumina library prep. 8 nt
sample barcode underlined

Antibodies used in the study

Antibodies against ARID2 (Santa Cruz, #sc-166117), BRD7 (Santa Cruz, #sc-376180) and
ARID1A (Abcam, #ab182560) were a gift from Dr. Sandra Schick, IMB Mainz.
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