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Summary

Summary

During S phase, thousands of transcription and replication machineries occupy the
same DNA template in eukaryotic cells to perform their essential functions in gene
expression and genome duplication, respectively. Tight coordination of these two
processes is hecessary to prevent interference with each other leading to genome-
destabilizing transcription-replication conflicts. The exact molecular mechanisms
when these conflicts arise and how they are resolved are largely unknown which
is in part due to the lack of currently available methods to study them on the
genome in a comprehensive way. In this work, | developed a proximity labeling
system using a replisome component as a bait to investigate the proteomic
composition of active replication forks while inducing unscheduled transcription-
replication conflicts in a human breast cancer cell line. As a result, | found a list of
88 candidate proteins that were enriched at transcriptionally challenged replication
forks, from which 13 factors were further characterized for their potential role in the
regulation of transcription-replication conflicts. Among these, the CGG-triplet
repeat binding protein CGGBP1 showed a clear effect to cause transcription-
induced replication stress. CGGBP1 is essential and binds to CGG repeats at
promoters that are more prone to form unusual DNA secondary structures, such
as G-quadruplexes and R-loops. Immuno-fluorescence imaging uncovered a role
of CGGBP1 in preventing RNA polymerase Il accumulation on chromatin.
Intriguingly, CGGBP1 depletion led to an increase in RNA polymerase Il 1 PCNA
proximity ligation assay foci, indicating elevated levels of transcription-replication
conflicts in CGGBP1-deficient cells. Finally, CGGBP1 depletion led to DNA:RNA
hybrid formation at an episomal transcription unit containing CGG repeats,
suggesting that this factor counteracts DNA secondary structure formation at CGG
repeats, thereby preventing RNAPII accumulation and resulting transcription-
replication conflicts. In conclusion, | identified a list of candidate transcription-

replication conflict factors and found a role of CGGBPL1 in preventing conflicts.



Zusammenfassung

Zusammenfassung

Wahrend der S-Phase besetzen tausende von Transkriptions- und Replikations-
maschinerien dieselbe DNA-Vorlage in eukaryotischen Zellen, um ihre
wesentlichen Funktionen bei der Genexpression und der Duplikation des Genoms
durchzufiihren. Eine enge Koordination dieser beiden Prozesse ist notwendig, um
Stérungen zu vermeiden, die zu genomschadigenden Konflikten zwischen
Transkription und Replikation fluhren konnten. Die genauen molekularen
Mechanismen zur Entstehung dieser Konflikte und wie sie geldst werden, sind
grofRtenteils unbekannt, was zum Teil auf den Mangel an derzeit verfugbaren
Methoden zur umfassenden Untersuchung auf genetischer Ebene zuriickzuftihren
ist. In dieser Arbeit habe ich eine Proximity-labeling Methode entwickelt, bei der
ich eine Replisomkomponente als Koder verwendete, um die proteomische
Zusammensetzung aktiver Replikationsgabeln zu untersuchen, wéahrend ich
ungeplante Transkriptions-Replikationskonflikte in einer humanen
Brustkrebszelllinie induzierte. Als Ergebnis fand ich eine Liste von 88
Kandidatenproteinen, von denen 13 Faktoren naher charakterisiert wurden
hinsichtlich ihrer potenziellen Rolle bei der Regulation von Transkriptions-
Replikationskonflikten. Die Ergebnisse zeigten, dass das Fehlen des CGG-repeat
bindenden Proteins CGGBP1 zu Transkriptions-induzierten Replikationsstress
fuhrte. CGGBP1 ist essenziell und bindet an CGG-repeats in Promotoren, die dazu
neigen, ungewohnliche DNA-Sekundéarstrukturen zu bilden, wie G-Quadruplexe
und R-Loops. Immunfluoreszenzbildgebung enthillte eine Rolle von CGGBP1 bei
der Verhinderung der Akkumulation von RNA-Polymerase Il auf Chromatin.
Interessanterweise filhrte die Depletion von CGGBP1 zu einer Zunahme von
Signal im RNA-Polymerase I|I-PCNA-Proximity-Ligation-Assay, was auf ein
erhohtes Niveau von Transkriptions-Replikationskonflikten in CGGBP1-defizienten
Zellen hinweist. Schliel3lich fuhrte die Depletion von CGGBP1 zur Bildung von
DNA:RNA-Hybriden an einer episomalen Transkriptionseinheit, die CGG-repeats
enthalt, was darauf hindeutet, dass dieses Protein der Bildung von DNA-
Sekundarstrukturen an CGG-repeats entgegenwirkt und so die Akkumulation von
RNAPII und Transkriptions-Replikationskonflikten verhindert. Zusammenfassend
identifizierte ich eine Liste von Kandidatenfaktoren fur Transkriptions-
Replikationskonflikte und fand eine Rolle von CGGBPL1 bei der Verhinderung von
Konflikten.
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Introduction

1 Introduction

1.1 Transcription-Replication Conflicts

1.1.1 What is atranscription-replication conflict?

In each organism, the genetic information stored in the DNA is read and processed
by transcription and duplicated by replication for subsequent cell division.
Transcription of ribosomal RNA (rRNA) and transfer RNA (tRNA) is carried out by
RNA polymerase | and lll, respectively. RNA polymerase Il (RNAPII) synthesizes
messenger RNAs (mMRNA) from the ~19,000 protein-coding genes, but also
~19,000 long non-coding RNAs (IncRNA) are produced by this essential machinery
(Frankish et al., 2020). The human body is composed of ~ 200 different cell types
that share the identical genomic sequence, but display dramatic differences in their
transcriptional output and underlying gene expression landscapes. While rRNA
and tRNA is transcribed from a few hundred loci scattered throughout the human
chromosomes, large amounts of RNAPII need to progress through thousands of
loci simultaneously to ensure mRNA homeostasis and cell functionality.

Similarly, DNA replication initiates at thousands of origins across the genome.
Although confined to the S phase of the cell cycle, some sets of genes perform
essential functions during the S phase, such as replication factors and core histone
genes that work in concert to duplicate the DNA and facilitate the packaging of the
newly synthesized DNA into a protective chromatin structure (Kurat et al., 2011;
Marzluff et al., 2008). Additionally, ribosomal RNA genes ensure a continuous
production of ribosomes (Zaidi et al., 2016), and certain long genes, which are
initiated in the G1 phase, continue their transcriptional cycle into the S phase
(Helmrich et al.,, 2011). Thus, a key unanswered question is how the cell
coordinates transcription and replication on the same sequence template during S

phase to prevent physical transcription-replication conflicts (TRCs).

1.1.2 Which types of TRCs exist?

Transcription and replication machineries can encounter each other with varying
frequencies and impact on genome integrity. While our knowledge of these events
remains incomplete, it is increasingly clear that the nature and severity of collisions

on genome stability are influenced by the orientation of the conflict and functional
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Introduction

state of the transcription block. Depending on which side the replication fork enters
a gene, the conflict can either happen in a head-on (HO) or co-directional (CD)

orientation (Figure 1A).

(A Transcription-replication conflict \ /B Conditions at transcription-replication conﬂicts\

Supercoiling

head-on
(HO)

N

N A C
) < ]
L4 N

G-quadruplex

co-directional

(CD)
_ R-loop
O
Q‘J \D__
\ VAN j

Figure 1: lllustration of transcription-replication conflicts. A, lllustration of the two
possible orientations head-on and co-directional. B, lllustration of different
conditions that can occur at transcription-replication conflicts. Replication forks are

colored yellow and transcription machineries are depicted in magenta.

It is clear that RNA polymerases are physical obstacles to replication forks
regardless of orientation (Azvolinsky et al., 2009; Bedinger et al., 1983; Merrikh et
al., 2011). However, a large number of studies indicates that collisions in HO
orientation are a more potent block to replication forks and thus can lead to more
severe genomic alterations (Hamperl et al.,, 2017; Lang et al., 2017; Lang &
Merrikh, 2021; Prado & Aguilera, 2005; Srivatsan et al., 2010). The most likely
explanation to why a HO conflict poses a greater threat for cells is that CD conflicts
can be resolved more easily, because the replication fork can continue progression
once the RNA polymerase reaches the end of the gene and terminates. In addition
to the orientation, other circumstances can also influence the occurrence or

severity of conflicts. Both transcription and replication positively supercoil the DNA
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Introduction

ahead of the machineries, which introduces torsional stress that is usually resolved
by DNA topoisomerases (Figure 1B). Upon depletion of DNA topoisomerases in
yeast and human cells, there is an increase in TRCs likely due to the buildup of
torsional stress (Bermejo et al., 2007; Tuduri et al., 2009). These elevated TRC
levels are associated with DNA damage and slowing of the replication fork in S
phase, which can be rescued by inhibition of transcription (Bermejo et al., 2007;
Tuduri et al., 2009). In addition, secondary non-B DNA structures forming primarily
at repetitive regions can interfere with both transcription and replication, creating
genomic instability hotspots (J. Zhao et al., 2010). These structures, such as
hairpins or G-quadruplexes, can be formed by the exposed ssDNA that is present
during transcription or replication. Studies on mutants of the budding yeast DNA
helicase Pifl and the fission yeast Pfhl (a homologue of Pifl) have provided
evidence to support the idea that non-B DNA structures may cause transcription-
mediated replication fork stalling. These studies have shown that Pifl and Pfhl
can unwind G-quadruplexes in vitro. When Pifl or Pfh1l are missing, replication is
slowed or stopped in areas with high G-quadruplex density, as well as in genes
that are highly transcribed by RNA Pol Il and Pol Il (Paeschke et al., 2011; Sabouri
et al., 2012).

Another DNA secondary structure associated with transcription-replication conflicts
are co-transcriptional R-loops. R-loops are nucleic acid structures composed of
RNA-DNA hybrids and a displaced DNA strand. They are created when newly
synthesized RNA temporarily re-joins with the template DNA strand located behind
the RNA polymerase. These transient, reversible structures can arise at thousands
of genes and play important roles in transcription, DNA replication, and DNA repair
(Crossley et al., 2019; Ginno et al., 2012, 2013; Lim et al., 2015; Nadel et al., 2015;
Sanz et al., 2016). However, they are also a transcriptional barrier to replication
that can inhibit fork progression and induce DNA damage (Gan et al., 2011,
Hamperl et al., 2017; Lang et al., 2017; Stork et al., 2016). Furthermore, R-loops
are likely exacerbating the functional consequences of TRCs, as evidenced by the
fact that overexpression of RNase H can decrease DNA damage and replication
fork slowing in the presence of hormone or oncogene-induced replication stress
(Kotsantis et al., 2016; Stork et al., 2016). In addition, the studies conducted by

Lang et al. (2017) on an engineered bacterial genome and by Hamperl et al. (2017)
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on a mammalian episomal system showed that R-loops hindered replication and
caused significant genome instability when encountered by replication forks in HO
orientation. However, when replication and transcription occurred in the same
direction (CD), the effects were more manageable. Furthermore, FANCA and
FANCD2, two components of the Fanconi anemia DNA repair pathway (Moldovan
& DO Andr elaaye azoleInhibiting R-loops and thereby preventing DNA
damage caused by TRCs (Garcia-Rubio et al., 2015; Okamoto et al., 2019;
Schwab et al., 2015).

1.1.3 Strategies to prevent or minimize TRCs

There are many strategies in place to prevent cellular TRCs. First, replication is
confined to S phase and early microscopy studies have shown that active sites of
transcription and replication are mostly separated throughout S phase in mouse
cells (Wei et al., 1998). However, the analysis of transcription-replication
segregation in human cancer cell lines showed conflicting findings (Hassan et al.,
1994; Wansink et al., 1994), suggesting that cell-to-cell heterogeneities may exist.
Later, nascent RNA sequencing at different time points in S phase supported an
inverse correlation between transcription and replication (Meryet-Figuiere et al.,
2014). This study showed that late replicating genes were maximally transcribed
during early S phase and early replicating genes had their peak transcription during
late S phase. Together, this proposed a model where replication and transcription
form distinct nuclear foci and when replication moves through a particular gene,
transcription is transiently downregulated in that region. However, transcription
cannot be shut down in genes necessary for S phase progression, such as
replication factors, core histone genes and ribosomal RNA (Kurat et al., 2011,
Marzluff et al., 2008; Zaidi et al., 2016). Additionally, transcription of long genes
can continue into S phase (Helmrich et al., 2011). Consequently, TRCs are bound
to happen at these loci or if the cell mismanages the separation of the two

processes during S phase.

Second, as the consequences of HO-TRCs are more detrimental, cells have
developed strategies to minimize them. In bacteria, there is a bias for genes to be
orientated in the same direction as replication. Importantly, the highly expressed
and essential rRNA and tRNA genes show a preferential co-orientation bias with
replication (Guy & Roten, 2004; McLean et al., 1998; Rocha & Danchin, 2003a,

12
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2003b). In human cells, many origins of replication are located near transcription
start sites (TSS), leading to a CD bias and effectively minimizing HO-TRCs (Chen
et al., 2019; Petryk et al., 2016). Additionally, eukaryotic cells have other strategies
to prevent HO-TRCs in highly transcribed regions, e.g. a replication fork barrier at
t h e-en@ &f the ribosomal DNA gene clusters (Akamatsu & Kobayashi, 2015;
Brewer & Fangman, 1988).

Third, there are a plethora of factors described that are traveling with the replication
fork or transcription machinery to prevent or resolve TRCs. Stalled and
backtracked RNA polymerases along the genome constitute a major problem for
replication forks. Therefore, factors ensuring proper transcription elongation can
prevent TRCs. For example, the bacterial GreA and GreB can degrade the nascent
RNA of backtracked RNA polymerases, effectively restarting transcription (Opalka
et al.,, 2003). In addition, the transcription factor DksA facilitates elongation by
decreasing the occurrence of nucleotide misincorporation, which can cause RNA
polymerase pausing and backtracking leading to a reduction in transcriptional
roadblocks (Roghanian et al., 2015; Tehranchi et al., 2010). In eukaryotes, the
transcription elongation factor TFIIS functions similar to the bacterial factors
mentioned, as it promotes transcript cleavage to enable the resumption of arrested
RNAP complexes through a comparable mechanism (Cheung & Cramer, 2011). In
contrast, the human RECQL5 helicase prevents TRCs by reducing the
transcription elongation rate to a more controlled level that leads to less RNA
polymerase stalling or backtracking (Saponaro et al., 2014).

1.1.4 Conflict resolution

Once a TRC has occurred, there are three main possibilities to overcome them.
RNA polymerase may undergo degradation or eviction from chromatin, enabling
the resumption of DNA replication. Alternatively, the replication fork can be briefly
cleaved and re-ligated to facilitate RNAP's continuation of transcription and
movement beyond the replication fork. Finally, if the conflict cannot be resolved or
bypassed, the replisome can be dismantled, and replication can be completed
using an upstream or downstream converging replication fork originating from a
neighboring dormant origin. Replicative helicases are major factors able to remove
DNA-associated protein complexes, including RNA polymerases. For example, E.

coli Rep, DInG and UrvD as well as Rrm3 in yeast are known to have this function
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(Hawkins et al., 2019; Ivessa et al., 2003). The transcriptional machinery also has
associating factors that can remove or degrade chromatin-bound RNA
polymerases. For example, it has been demonstrated that BRD4, a co-activator of
transcription, promotes the movement of replication forks through active genes.
Depletion of BRD4 results in elevated R-loop levels, which in turn leads to slower
replication forks and DNA damage (F. C. Lam et al., 2020). Furthermore, in S.
pombe, the eviction of RNA polymerases from centromeric repeats is reliant on the
RNAI pathway. When this pathway is disrupted, stalled replication forks
accumulate and the homologous recombination pathway is necessary to restart
DNA replication (Zaratiegui et al.,, 2011). Consistently, the absence of the
homologous recombination repair factors BRCA2 or RAD51 both lead to elevated
TRC levels and transcription-induced DNA damage in human cells (Bhowmick et
al., 2022; Groelly et al., 2022). In contrast, the Dicer protein Drcl is involved in
regulating transcription termination and removal of RNAP Il independently of the
RNAI pathway (Castel et al., 2014). Furthermore, RNAP Il accumulates in Drclg
cells at sites where replication forks pause, such as the rDNA genes, tRNA genes
or actively transcribed genes. This indicates that Drcl has a secondary, RNAI-
independent function in removing RNAP 1l from chromatin at TRC sites and
highlights the wide variety of pathways for RNA polymerase removal. Chromatin
context also seems to be important for efficient RNA polymerase removal. For
example, the DNA replication checkpoint sensor Mecl (the yeast homologue of
ATR), the chromatin remodeling complex INO80C, and the transcription complex
PAF1C work together to prevent conflicts between transcription and replication
under hydroxyurea(HU)-induced replication stress (Poli et al., 2016). These factors
are essential for the efficient removal of a subset of RNA polymerase Il from
transcribed genes near early firing origins under HU treatment, reducing the
likelihood of transcription-replication fork collisions. Failure to remove RNAP Il
correlates inversely with recovery from replication stress, suggesting that these

factors play a crucial role in preserving genome stability (Poli et al., 2016).

When the replisome encounters a stalled RNAP co-directionally, it can remove the
RNAP and utilize the nascent RNA molecule as a starting point to restart
replication, which helps to avoid transcription-replication conflicts (TRC skipping)

(Figure2,Pomer ant z & OO0.heimonrecbnistitute@ ) IBrgplisomes
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were only temporarily slowed when confronted with a CD RNAP and most RNAPs
could be displaced by the replicative helicase (Bayona-Feliu et al., 2021; Brining
& Marians, 2020; GOmez-Gonzalez & Aguilera, 2019). Even though these
controlled in vitro reactions offer an understanding of the kinetics of conflicts, the
scenario in vivo is likely more complex as for example, multiple RNAPs
simultaneously transcribe the same gene while interacting with additional proteins
not present in vitro. Multiple in vitro studies set out to address how the E. coli
replisome manages complex RNAP arrays and replication-R-loop conflicts. The
findings were in line with earlier studies, which showed that RNAP complexes in
CD orientation caused temporary obstructions, whereas those in the HO
orientation resulted in significant fork stalling, especially when faced with multiple
RNAPs (Garcia-Rubio et al., 2018; N. Kim et al., 2007; Sankar et al., 2016; Schauer
et al., 2020). An alternative to repriming on the nascent RNA involves bypassing
the transcriptional block and continuing DNA replication by generating a new
Okazaki fragment behind the transcription machinery (Conti & Smogorzewska,
2020; GOmez-Gonzéalez & Aguilera, 2019). This straightforward and efficient
approach utilizes the inherent gaps in the process of lagging strand replication to
navigate around any impediments in the lagging strand. In contrast, leading strand
skipping and repriming necessitates interruption of ongoing DNA synthesis at the
replication fork, which ultimately results in the formation of single-stranded DNA
gaps that must be processed by post-replication repair mechanisms (Conti &
Smogorzewska, 2020; Gémez-Gonzalez & Aguilera, 2019). The PRIMPOL protein
utilizes its dual polymerase and primase activities to carry out this function in
human cells (Garcia-Gomez et al., 2013; Mourén et al., 2013). Studies indicate that
cells lacking PRIMPOL exhibit heightened sensitivity to replication stress,
highlighting the significance of this protein in leading-strand lesion skipping and
repriming (Bianchi et al., 2013; Kobayashi et al., 2016). Moreover, PRIMPOL is nhot
traveling along with the replication fork, indicating that it specifically recognizes and
is actively recruited to stalled replication forks (Wessel et al., 2019). Additionally, it
has been demonstrated that PRIMPOL can reprime downstream of non-B-DNA co-
transcriptional structures such as G-quadruplexes (G4s) and R-loops, further

supporting its suggested role to promote TRC skipping and repriming (Gémez-

Gonz§lez & Aguilera, 2 @shéuldbe@mphasized thatthe t

ability of the replisome to successfully traverse a stalled RNAP complex remains
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uncertain. In vitro experiments using the T4 replisome have shown that it can pass
the RNAP without separating it from the DNA, while in contrast, the E. coli
replisome displaces both CD and HO RNAPs and can reprime downstream
(Pomerantz & OO0 Do n meukaryotic Zzdl9) Bulky p2o€eib-ONA
adducts and interstrand cross-links (ICLs) have been considered absolute barriers
for the replicative helicase. Intriguingly, replication can resume after encountering
an ICL, indicating that the replicative helicase may be capable of adopting an open-
ring conformation to move past these obstacles (Huang et al., 2013; Trakselis et
al., 2017). Additionally, with the help of accessory helicases like RTEL1, the
replicative helicase seems to be able to bypass covalent DNA-protein cross-links
(DPCs) on both the leading and lagging strands, thereby enabling it to resume
replication downstream of the DPC (Sparks et al., 2019). However, it is still unclear
whether such bypass mechanisms can be employed to overcome larger
complexes such as RNAP.

If there is a replication block that prevents skipping, repriming and RNAP removal,
the replication fork can be stabilized by a process known as fork reversal. Fork
reversal is a process where two nascent strands are joined to form a "chicken foot"
structure, which stabilizes and protects the stalled replication fork from nuclease
attacks (Quinet et al., 2017). This allows for more time to remove the replication
block. Recently, it was shown that transcriptionally challenged replication forks can
go through a cycle of cleavage and re-ligation (Chappidi et al., 2020). This enables
RNAP to move beyond the replication fork and restart DNA replication. This
mechanism involves various proteins and is a multistep process. First, reversed
forks at head-on TRC sites are remodeled back to the standard three-way fork
configuration by RECQL. Next, RAD51 is removed by RECQLS5 to inhibit further
fork reversal, allowing for MUS81/EME1-mediated cleavage of the fork. The
resulting relief of torsional stress facilitates the continuation of transcription beyond
the site of conflict for the stalled RNAP complex. Consequently, if transcription is
inhibited after the generation of a TRC, replication restart cannot occur as the
RNAP complex blocks it. Lastly, RAD52 and DNA ligase IV collaborate to catalyze
fork re-ligation and thereby aid in replication restart (Chappidi et al., 2020). It is

noteworthy that the mechanism of fork cleavage/re-ligation is currently the only one
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discovered that prioritizes the transcribing RNAP over the replisome, enabling it to
finish transcription rather than expelling it from the chromatin.
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Figure 2: lllustration of transcription-replication conflict resolution pathways.

Replication forks are colored yellow and transcription machineries are depicted in

magenta.

1.1.5 Why is studying TRCs difficult?

Studying TRCs, especially in vivo in human cells, has proven challenging. First,
they are transient and likely short-lived events. Second, in higher eukaryotes, the
direction of replication at a given gene is difficult to predict. Origins fire
stochastically in terms of timing and efficiency, meaning there is a distinct
replication landscape in every cell and cell cycle (Czajkowsky et al., 2008; Hyrien,
2015). Furthermore, even if replication forks stall, the excess of origins allows
completion of DNA synthesis by the firing of dormant origins from the opposite
direction (Ekundayo & Bleichert, 2019), providing a second chance for DNA
replication to overcome the obstacle and complete DNA synthesis. Third, RNA
polymerases can exist in different functional states during a transcription cycle,
such as promoter-proximal pausing, active elongation, backtracking or

stalling/arresting at DNA lesion or DNA secondary structures such as R-loops. The
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precise outcome of a replication fork collision with such distinct transcriptional
complexes is not well understood and an area of active research (Kumar & Remus,
2023). Together, these factors make it very challenging to predict when and where
transcription and replication collide in eukaryotic cells and what the consequences

are (Figure 3).

ﬂ pervasive machineries B different orientations \
head-on co-directional
origin (HO) (CD)
\_ transcription =) <= &= &= -
ﬂ different functional states \
paused elongating backtracked pile -up arrested R-loop
TSS . : : . TTS
— — — —
QX_/ ,-\)L_/ ,-\)L_/ ’\X_/ lesion \_%

Figure 3: lllustration of different challenges complicating the investigation of TRCs
in vivo. Replication forks or origins are colored yellow and transcription machineries
are depicted in magenta A, Pervasiveness of both transcription and replication
machineries that can initiate at multiple chromosomal locations in eukaryotic cells.
B, TRCs can occur in HO or CD orientation C, Replication forks can encounter
different functional states of RNA polymerases during one transcription cycle. TSS:

Transcription Start Site, TTS: Transcription Termination Site.

In order to study the mechanisms and consequences of transcription-replication
conflicts, a number of strategies have been used. One approach is to use artificial
reporters or plasmid constructs to study defined TRCs. Prokaryotes typically have
only one circular chromosome with a single origin of replication, making them ideal
for studying different TRC orientations. By inserting inducible reporter or resistance
genes into the genome, differences between HO or CD collisions can be
specifically detected. For instance, introducing the inducible lacZ and luxABCDE
reporter genes on one arm of the B. subtilis chromosome revealed that only HO
conflicts led to the widespread formation of R-loops (Lang et al., 2017). If the R-

loops are not resolved by the RNase HIll enzyme, replication blocks occur, leading
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to an increase in genomic instability. These findings suggest that RNA:DNA hybrids
at the conflict site partially contribute to the instability resulting from TRCs (Lang et
al., 2017). Another approach to study TRCs was to use centromeric plasmids in
budding yeast. Using a plasmid containing two direct repeats of a 0.6-kb internal
fragment of the LEU2 gene under an inducible promoter (Prado & Aguilera, 2005),
a selectable functional copy of LEU2 could only be reconstituted upon
recombination of the two repeat sequences. This construct was placed next to an
early-firing replication origin in either HO or CD orientation. Interestingly, induction
of transcription led to recombination exclusively in the HO orientation (Prado &
Aguilera, 2005).

The detailed knowledge of replication origins and their activation timing in budding
yeast makes yeast an excellent model system for studying engineered
chromosomal CD- or HO-TRCs. For instance, a galactose-inducible promoter
controlling the LEU2 gene was inserted in HO orientation to the early-firing ARS315
origin (Garcia-Rubio et al., 2018). The resulting chromosomal TRC system showed
accumulation of transcription-induced R-loops and phosphorylation of histone
H2A, a DNA damage marker, on the reporter gene. These findings indicate that
HO transcription can cause DNA breaks in this system. Another study inserted the
tetracycline-inducible LYS2 reporter gene in the opposite or same orientation to a
highly efficient origin on yeast chromosome Il (N. Kim et al., 2007). Consistently,
it was shown that transcription of the reporter gene resulted in a large mutational
spectrum of the underlying DNA sequence, including complex deletions, insertions
as well as -2 frameshift mutations. Crucially, the occurrence of such mutations was
higher in the HO orientation, suggesting that orientation matters for the functional
impact of TRCs on genome integrity. In a different approach, the two bacterial
operator arrays lacO and tetO were introduced downstream of the efficient ARS413
origin of replication (Tsirkas et al., 2022). Additionally, the GAL10 gene was
introduced as a transcriptional unit in either HO or CD orientation. Then,
fluorescent tags were used to visualize and track the movement of RNA
polymerase and the replication machinery in real-time. Intriguingly, when the
replication fork was ~20 kb upstream of GAL10, it caused partial transcriptional
repression. This protective measure could be the reason that neither HO nor CD

transcription caused replication fork slowing in this system. However, disrupting
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topoisomerase 1 function or preventing dissociation of RNAPII from DNA led to
decreased replisome progression when inducing transcription in HO or CD

orientation (Tsirkas et al., 2022).

To study defined TRCs in human cells, episomal constructs containing inducible
transcriptional units were used (Hamperl et al., 2017). To ensure unidirectional
replication, the Epstein-Barr virus replication origin OriP was combined with
expression and binding of the viral EBNA1 protein to the origin, thereby creating a
replication fork barrier and ensuring cell-cycle regulated, unidirectional replication
during S phase (Gahn & Schildkraut, 1989; Kirchmaier & Sugden, 1995; Dhar et
al., 2001). Then, either an R-loop forming or a control gene was introduced in HO
or CD orientation. Intriguingly, this approach revealed the occurrence of DNA
breaks in both HO and CD orientation only when R-loops were present. However,
their processing appeared to be influenced by the orientation, leading to the
activation of different DNA damage responses. Specifically, the R-loop HO
construct activated ATR kinase, while the R-loop CD construct activated ATM

kinase (Hamperl et al., 2017).

Another approach to study TRCs is to investigate expected hotspots at specific
genomic loci. These include rRNA genes, tRNA genes, common fragile sites and
early replication fragile sites (Lalonde et al., 2021). For example, CD collisions
were shown to interfere with replication at highly transcribed rRNA genes in B.
subtilis and the helicase loader proteins DnaB and DnaD are necessary to restart
replication at these loci (Merrikh et al., 2012). Also in yeast, highly transcribed
RNAPII genes and tRNA genes slowed replication forks and helicases were
essential for fork progression (Azvolinsky et al., 2009; Tran et al., 2017). In
mammalian cells, TRCs have been proposed to have a potential role in certain
genomic locations that exhibit gaps or breaks on metaphase chromosomes after
aphidicolin treatment, known as common fragile sites (CFSs) (Glover et al., 1984,
Hecht & Glover, 1984). Properties of CFSs are late replication timing, sparse
replication origins, and persistence of abnormal mitotic structures like micronuclei
or ultrafine anaphase bridges (Oestergaard & Lisby, 2017). Notably, many CFSs
co-localize with exceptionally large genes with long intronic sequences. The
resulting long transcription cycle makes them especially vulnerable to encountering

a replication fork, resulting in incomplete replication, chromosomal instability, and
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deletions (Helmrich et al., 2006; Pentzold et al., 2018; Wilson et al., 2015).
However, an examination of nascent transcription, replication origin positioning,
and fork directionality at the genome-wide level demonstrated that the fragility of
CFSs can be accounted for by the low density of replication origins alone. In this
study, inhibition of transcription in S phase was unable to alleviate aphidicolin-
induced CFS fragility (Brison et al., 2019), suggesting that the fragility of these loci
is not dependent on active transcription. Consequently, the role of TRCs in CFS
stability has been controversial and more studies are necessary in the future to

unravel the detailed mechanisms how these sites become fragile in the genome.

Another set of loci proposed to be a hotspot of TRCs are early replication fragile
sites (ERFs) (Barlow et al., 2013). The properties of these fragile genomic regions
are an enrichment of repetitive sequences, high CpG density, and proximity to early
replication origins and highly expressed genes. Importantly, fragility is increasing
with higher transcriptional activity, indicating TRCs as a contributing cause (Barlow
et al., 2013). Interestingly, loss of the transcription elongation factor RECQL5 and
the resulting transcription stress such as RNAP backtracking, stalling or arrest, led
to a replication-dependent increase of chromosomal DNA breaks that were
particularly enriched in the transcribed regions of genes (Saponaro et al., 2014),
supporting the view that endogenous TRCs can be an underlying cause for

genomic instability in vivo.

In this regard, the transcription-replication research field is very limited in terms of
reliable methods to study TRCs, especially endogenous TRCs in vivo. Currently,
proximity ligation assay (PLA) using the antibodies against the replication fork
component PCNA and RNAPII (phospho-Ser2) as a mark of transcription is one of
the most employed methods to detect differences in TRC levels across conditions
(Bayona-Feliu et al., 2021; Hamperl et al., 2017; Landsverk et al., 2020;
Papadopoulos et al., 2022; Sanchez et al., 2020). However, the assay is not able
to identify the exact location of the TRCs at a molecular level or provide additional
mechanistic insights. Considering this limitation, many studies have focused on
interrupting the coordination of transcription or replication and measuring the
genomic consequences, which indirectly implied a contribution of TRCs. For
example, it was demonstrated that exposing cells to HU led to the transcriptional

activation of a group of genes that are particularly susceptible to DNA breaks due
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to the destabilization of replication forks that come into contact with transcriptional
complexes (Hoffman et al., 2015). Similarly, short-term suppression of cyclin-
dependent protein kinase 9 (CDK9) results in the occurrence of RNAPII stalling
and immediate accumulation of recombination repair factors at potential TRC sites
(Shao et al., 2020). Or, as mentioned above, estrogen stimulation of the breast
epithelial cancer cell line MCF7 results in dramatic changes of the transcriptional
landscape, increasing co-transcriptional R-loop levels and as a potential result
unscheduled TRCs (Stork et al., 2016).

1.2 Proximity labeling

The most widely used methods for studying protein-protein interactions in
chromatin are affinity purification or immunoprecipitation followed by mass
spectrometry (AP-MS/IP-MS). These methods have limitations, such as the loss of
transient interactors during the purification process and the inability to study

interactions in the native context of living cells.

Proximity labeling followed by mass spectrometry analysis is an alternative method
that overcomes these limitations. In this method, a covalent biotin tag is introduced
to proteins in the vicinity of a target in living cells. Currently, three major enzymes
are used for proximity labeling: biotin ligase, horse radish peroxidase, and
engineered ascorbate peroxidase. The biotinylated proteins are then extracted and

analyzed by mass spectrometry.

The advantages of proximity labeling over conventional methods include the ability
to analyze interactions in the native context of living cells, the detection of transient
interactions and low abundance proteins. Furthermore, the covalent binding of
biotin allows for stringent washing conditions during the pull-down, effectively
reducing background noise in mass spectrometry analysis (Ummethum & Hamperl,
2020). Additionally, proximity labeling enables the study of insoluble cell
compartments such as the nuclear matrix, nucleoli, and other nuclear structures,
which are difficult to study with conventional methods (Brecht et al., 2020;
Kochanova et al., 2020; Ummethum & Hamperl, 2020; Vishnoi et al., 2020).
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1.2.1 Biotin Ligase (BiolD)

The enzyme BirA biotin ligase found in Escherichia coli converts biotin and ATP
into biotinoyl-5 -Bgenylate (bioAMP) (Barker & Campbell, 1981a, 1981b; Eisenberg
et al., 1982). One of the BirA-bioAMP complex’s important functions is to target the
lysine residue in the biotin carboxyl carrier protein (BCCP) subunit of acetyl
coenzyme A (acetyl-CoA) carboxylase, which is the only biotinylation site in E. coli.
To leverage this highly specific reaction, a short synthetic peptide substrate was
created (Beckett et al., 1999; Schatz, 1993). This biotin acceptor peptide (BAP)
can be fused with proteins of interest (POI) and co-expressed with BirA, which then
recognizes and conjugates biotin on BAP's lysine residue (Smith et al., 1998).
Subsequently, streptavidin pull-down can efficiently purify the newly biotinylated
protein (de Boer et al., 2003). Alternatively, the system was used to explore protein-
protein interactions by fusing BirA and BAP with two interacting proteins
(Fernandez-Suérez et al., 2008). However, prior knowledge of the interacting

protein pairs is required.

By mutating E. coli BirA* (R118G), bioAMP does not stay bound to the BirA, which
allows bioAMP to diffuse from the enzyme and readily react with lysine residues of
any protein (Kwon et al., 2000; Kwon & Beckett, 2000). In this way, an unbiased
approach was created. Intriguingly, proximity-dependent biotinylation efficiency
was observed in in vitro experiments, indicating that substrates closer to BirAz were
more readily biotinylated (Choi-Rhee et al., 2004; Cronan, 2005). To promiscuously
biotinylate proteins in mammalian cells, a codon-optimized BirAz was created and
fused with the protein of interest (Roux et al., 2012). This method, termed BiolD,
makes it possible to identify the proximal proteome of virtually any protein of

interest.

As a first development, Kim et al. used the Aquifex aeolicus biotin ligase instead of
E. coli biotin ligase, decreasing the size of the BiolD moiety from 35 to 28 kDa (D.
I. Kim et al., 2016). Subsequently, a mutated E. coli biotin ligase called TurbolD
was developed, which reduced the labeling time from 6 hours to 10 minutes
(Branon et al., 2018). Meanwhile, a mutated and truncated biotin ligase was
derived from Bacillus subtilis (BASU), which demonstrated efficient labeling for LC-
MS/MS analysis within 30 minutes (Ramanathan et al., 2018). However, the

improved activity of BASU was demonstrated only in a specific context where BirAz
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is fused to a small peptide recognizing RNA motifs. Moreover, during the
development of TurbolD, BASU showed kinetics comparable to BiolD and BiolD2
(Branon et al., 2018).

1.2.2 Engineered Ascorbate Peroxidase (APEX)

Peroxidases exhibit versatility in biochemistry applications through their ability to
oxidize different chromogenic substrates in the presence of H202. One such
example is the use of horseradish peroxidase (HRP), which can enhance electron
mi croscopy cont r as t-dialmynobepzudine afier treatnent \gith
Os04, as demonstrated in studies by Graham and Karnovsky and Li et al. (Graham
& Karnovsky, 1966; J. Li et al.,, 2010). In addition to their ability to oxidize
chromogenic substrates in the presence of H202, peroxidases are also capable of
catalyzing the oxidation of phenol derivatives to phenoxyl radicals (Gross & Sizer,
1959). This chemical reaction forms the basis of the widely-used technique
tyramide signal amplification for immunostaining (Mayer & Bendayan, 1997).
Additionally, phenoxyl radicals can react with electron-rich amino acids, particularly
tyrosine (>95%), as well as tryptophan and cysteine (together only ~ 2 %) (Gross
& Sizer, 1959; Rhee et al., 2013; Udeshi et al., 2017). However, due to the short
lifespan of these radicals (<1 ms), they can only react with amino acid residues

that are in close proximity to the peroxidase (Mortensen & Skibsted, 1997).
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Figure 4: General workflow of a proximity labeling experiment. In this example, a
peroxidase is fused to the protein of interest (POI) and expressed in cells. The
proximity labeling reaction is initiated by addition of biotin-phenol and H202. After

guenching, cells are lysed and solubilized, biotinylated proteins are enriched with
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streptavidin, digested and subsequently analyzed by mass spectrometry. Adapted
from Ummethum & Hamperl, 2020.

Initial biotin-based proximity labeling experiments involved the use of HRP and aryl
azide-biotin as a substrate (Kotani et al., 2008). The major drawback of HRP is the
lack of activity in the mammalian cytosol due to the absence of two crucial disulfide
bridges that are unable to form in the reducing environment (Martell et al., 2012).
To overcome this limitation, an engineered ascorbate peroxidase (APEX) derived
from pea was introduced (Rhee et al., 2013). APEX is functional in all cell
compartments and is capable of labeling surrounding proteins via incubation with
H202 and biotin-phenol (Figure 4). Biotin-phenoxyl radicals primarily target
tyrosine residues located on the surface of proteins. APEX, with a molecular weight
of 28 kDa, has a smaller size compared to HRP, which has a molecular weight of
44 kDa. This smaller size reduces the likelihood of the fusion protein interfering
with the native structure or function of the protein. However, the initial APEX
version had low catalytic activity, prompting the development of a more efficient
enzyme via directed protein evolution. This led to the creation of the A134P
mutated version, named APEX2 (S. S. Lam et al., 2015).

1.2.3 General considerations for proximity labeling

Proximity labeling is a powerful tool for identifying potential interaction partners of
a protein of interest. However, the relatively large size of the enzymes (27-28 kDa)
may influence the function and localization of the bait protein (D. I. Kim & Roux,
2016; Roux, 2013; Roux et al., 2012). In addition, the labeling radius is not clear,
particularly for biotin ligases. Reactive bioAMP may diffuse away from the biotin
ligase, as suggested by Rhee et al. (2013). However, a BiolD study on the nuclear
pore complex found an effective labeling radius of ~10 nm (D. I. Kim et al., 2014).
The labeling radius can be expanded by inserting a flexible linker in the fusion
protein (D. I. Kim et al., 2014). Biotin-phenoxyl radicals produced by APEX2 have
a very brief lifespan (less than 1ms), resulting in a gradual reduction of biotinylation
levels when moving away from the peroxidase (Hung et al., 2016). Another
difficulty is the strength of the biotin-streptavidin interaction, which does not allow
for efficient elution of biotinylated proteins from the beads, leading to many false
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negative detected proteins. Typically, on-bead digestion is utilized to avoid this
issue, but false positives may arise due to cleaved peptides of non-biotinylated
proteins that interact non-specifically with the beads. Moreover, the biotinylated
peptides that still contain part of the streptavidin after cleavage have an
unpredictable shift in their molecular weights, resulting in the loss of crucial
peptides for subsequent analysis. Therefore, appropriate controls are mandatory
to limit discovery of both false positive and false negative interaction partners.
Crucially, similar expression levels of bait and control fusion proteins should be
achieved. In addition, biotinylation does not necessarily reflect the strength of
association between bait and target proteins. In fact, the efficiency of biotinylation
depends on the accessibility and number of amino acid residues exposed on the
surface, primarily lysine or tyrosine. This implies that proximity labeling studies may
be affected by intrinsically disordered regions in proteins, which are susceptible to
variations in pH, salt concentration, and post-translational modifications (Minde et
al., 2020). This bias may arise due to the high prevalence of lysines in intrinsically
disordered regions, which are targeted more often by BiolD compared to tyrosines
favored by APEX. Recently, there have been advancements in combining proximity
labeling and protein-fragment complementation assays (PCA). A PCA involves
fusing two proteins of interest (POIs) to two halves of a split reporter protein, such
as an enzyme or fluorescent protein. Then, the reporter protein is reconstituted
only upon interaction of the POIs. However, the exact dynamics of such a system
are not fully understood, for example whether the reconstitution is reversible. So
far, Split-BiolD and split-APEX2 have been reported for proximity labeling (Han et
al., 2019; Munter et al., 2017; Schopp et al., 2017; Xue et al., 2017). This approach
is advantageous as biotinylation is dependent on the correct localization of both
targeted factors, which significantly reduces the number of false positives (Munter
et al.,, 2017). For transient protein interactions, this approach is specifically
interesting as labeling occurs only at the right time and the right site when a protein
complex is formed, or a biological process has been initiated. Additionally, splitting
the reporter enzyme leads to smaller tags for the POI, potentially reducing the risk

of affecting protein functionality.
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1.3 The CGG binding protein 1 (CGGBP1) is a DNA-sequence-
specific binding factor with multifaceted roles in

transcription, replication and DNA repair

1.3.1 Discovery of CGGBP1

The CGG binding protein 1 (CGGBP1) was discovered as a CGG triplet repeat
binding protein in vitro (Deissler et al., 1996, 1997; Richards et al., 1993; Yellan et
al., 2021). The goal of the initial studies was to uncover proteins binding to the
CGG repeat tract in t bh&THH 6fthe AMRA ous That ed r e
expansion of this (CGG)so repeat tract is the molecular basis of the human
neurodegenerative disease Fragile X syndrome (FXS). In diseased cells,
expansion of the CGG repeat tract has surpassed 200 repeats, leading to
hypermethylation and subsequent transcriptional suppression of the FMR1 gene.
Consequently, the encoded protein FMRP, a specific RNA-binding protein involved
in various cellular functions like regulating dendritic mRNA transport and local
protein synthesis at synapses (Feng et al., 1997; Fu et al., 1991; Pieretti et al.,
1991) is lost (reviewed in Davis and Broadie, 2017). How and when this expansion
occurs is still mostly unknown, but the underlying cause is most likely formation of
DNA secondary structures of the CGG repeats (reviewed in Hayward & Usdin,
2021; X.-N. Zhao & Usdin, 2016).

Repetitive sequences are prone to form structures such as hairpins, cruciforms,
triplexes (HADNA) and G4s that can interfere with transcription and replication
(reviewed in Mellor et al., 2022). Moreover, disease-length repetitive CGG-tracts
are prone to form RZoops (Groh et al.,, 2014; Loomis et al., 2014). While the
(CGG)so0 repeat in the FMRL1 locus has been extensively studied, repeat tracts with
n<10 are scattered across the genome and their impact on transcription and
replication are largely unknown (Clark et al.,, 2006; Willems et al.,, 2014).
Intriguingly, even short (CGG)7 oligonucleotides are able to form stable G-
guadruplex in vitro (Fry & Loeb, 1994; Kettani et al., 1995). Conversely, these short
repeat tracts, as opposed to longer tracts, are not linked to high R-loop levels and
transcriptional interference (Groh et al., 2014). The question remains if this is due
to the inability of DNA secondary structures to form at short repeats in vivo or they

are suppressed by DNA interacting proteins such as helicases. CGGBP1 is a
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protein that binds to CGG repeats and thus could play a role in the prevention of
DNA secondary structure formation.

1.3.2 Protein structure

CGGBP1 is a 20 kDa protein that contains a nuclear localization signal and a
predicted C2H2-type Zn finger DNA-binding domain (Muller-Hartmann et al., 2000;
Singh & Westermark, 2015). Electrophoretic mobility shift assays with CGG-repeat
containing oligonucleotides confirmed strong affinity to CGG-repeat sequences in
vitro (Deissler et al., 1996; Miuller-Hartmann et al., 2000), which has also been

verifiedinvivoat t he CGG repeats i n t H&ora&iktalTR

2016). CGGBP1 is specific to vertebrates and conserved between all amniotes,
but absent from amphibians. (Singh & Westermark, 2015). Many aspects of the
CGGBP1 structure are still unclear because there is no published crystal structure,
NMR data, or cryo-EM data. Two regions of the protein are predicted to be ordered
by both Alphafold 2 and I-TASSER (Jumper et al., 2021; Roy et al., 2010; Yang &
Zhang, 2015): the proposed C2H2 Zn finger domain (aa 38-95) and a C-terminal
region between aa 95-167 predicted to form 3-4 alpha helices (Figure 5A,C-D). As
determined by mutational analysis, the structured region at the C-terminus as well
as aa 69-71 are essential for the ability of CGGBP1 to bind to CGG repeats (Muller-
Hartmann et al., 2000). It has been suggested that CGGBP1 oligomerizes and the
C-terminal structure could be a dimerization domain (Muller-Hartmann et al., 2000;
Singh & Westermark, 2015). A dimer prediction via Alphafold 2 supports the
suggestion of a dimerization domain specifically in the C-terminal domain (Figure
5B). CGGBP1 was initially thought to be a strict CGG triplet repeat binding protein,
however ChlP-seq data suggest that CGGBP1 can bind to other DNA motifs in vivo
such as the Alu transcription enhancer sequence (Agarwal et al., 2014). There are
two more closely studied phosphorylation sites in CGGBP1: Y20 and S164 (Figure
5D). Phosphorylation of Y20 ensures proper nuclear localization (Agarwal et al.,
2014). In addition, a genome-wide screen for phosphorylation substrates of the
DNA damage-sensing kinase ATR revealed the serine at position 164 as a

phosphorylation target (Matsuoka et al., 2007).
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Figure 5: Predicted structure of CGGBP1. A, Alphafold 2 predicted structure of
CGGBP1 with confidence score indicated by color. B, Alphafold 2 predicted
structure of a CGGBP1 dimer with each monomer uniquely colored. C, I-TASSER
structure prediction with rainbow coloring for better 3D visualization. D, Schematic
of important protein domains and important amino acid residues of CGGBP1. NLS:

Nuclear Localization Signal.

1.3.3 Interaction partners

The functional importance of CGGBP1 binding to CGG repeats in vivo is not well
understood. To gain further insight into the cellular functions of this protein, a first
step is to map direct interaction partners of this protein. However, most known
interactions of CGGBP1 have only been mapped by high-throughput methods such
as yeast two-hybrid or large scale affinity capture-MS (Figure 6, overview on
BioGRID, Stark et al., 2006) . 38 of these 48 interactors are nuclear, suggesting a
preferential role of this protein in the nucleus as expected. However, the described
functions of the interaction partners are highly diverse, including DNA damage
repair, transcriptional regulation as well as [2FeT 2S] cluster assembly. Importantly,

most of these potential interactions have not been verified by complementary
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approaches, so that the bona fide interaction network of CGGBP1 remains

ambiguous.
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Figure 6: STRING network analysis of CGGBP1 interactors identified by high-
throughput methods. The nodes are colored according to gene ontology (GO)

biological processes.

However, there are few exceptions of high confidence CGGBPL1 interacting factors
such as CTCF, for which interaction has been demonstrated by co-
immunoprecipitation (Patel et al., 2019). CCCTC-Binding Factor (CTCF) is a major
chromatin architecture regulator and its presence at repeats is dependent on
CGGBPL1. Furthermore, there is evidence that CGGBPL1 interacts with the heat
shock proteins NFIX and HMGN1 (Singh et al., 2009). This study showed that
CGGBP1 is responsible for assembling a transcriptional complex at short CGG
repeats in the promoter of the HSF1 gene. In conditions of prolonged heat shock,
NFIX utilizes CGGBP1 and HMGNL1 to bind to this promoter and in turn affect their
DNA binding activity (Singh et al., 2009). In conclusion, CGGBP1 appears to have
multi-faceted roles based on the widespread functions of potential interaction
partners, but this view is compromised by the lack of experimentally verified

interaction partners.
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1.3.4 DNA Methylation

A primary mechanism for transcriptional silencing is methylation of CpG
dinucleotides (Schubeler, 2015). Interestingly, CGGBP1 binding to CGG repeats
was shown to have increased affinity to unmethylated CGG repeats in vitro,
suggesting that it may be involved in preventing CpG methylation at specific
sequences and could therefore be used as a transcriptional regulatory mechanism
(Deissler et al., 1996; Goracci et al., 2016). Indeed, CGGBP1-depleted cells show
a global increase in CpG methylation levels measured by bisulfite sequencing
(Agarwal et al., 2015). However, this increase is observed at regions that contain
prior DNA methylation rather than unmethylated regions that acquire de novo CpG
methylation. This finding does not support the notion that CGGBP1 protects
unmethylated regions from CpG methylation in vivo. Nevertheless, CGGBP1 was
depleted for four days in these experiments, which could be too short for a

detectable increase of de novo DNA methylation.

1.3.5 Transcription

Initially, CGGBP1 was studied in the context of transcriptional regulation of the
FMR1 locus and its implication in FXS. Compellingly, when CGGBP1 is
overexpressed, binding at the FMR1 5 UTR is increased and leads to
transcriptional repression of the FMR1 gene (Muller-Hartmann et al., 2000). This
suggests that an overabundance of CGGBP1-bound repeats could exert a
dominant negative influence on transcriptional elongation. In contrast, it appears
that depleting CGGBP1 does not impact the transcriptional activity of FMR1 in
active alleles of cell lines containing expanded, but not methylated FMR1 CGG
alleles (Goracci et al., 2016). CGGBP1 has been shown to repress transcription of
GAS1 and CDKNL1, as knockdown leads to increased transcription (Singh et al.,
2011). Intriguingly, CGGBP1 binds to the promoter regions of these genes and
upon depletion, the transcriptionally repressive histone modification H3K9me3 is
decreased. This is evidence for CGGBP1 being a direct negative regulator of RNA
polymerase Il (RNAPII) transcription at the gene where it is bound to. However,
there is also evidence for CGGBP1 as a trans-regulator of RNAPII transcription.
Specifically, CGGBP1 depletion in growth-stimulated cells inhibits RNAPII activity
globally and indirectly through an increase in repressive Alu RNA (Agarwal et al.,
2014). Additionally, it has been speculated that CGGBP1 influences RNAPI
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transcription, as it binds to rRNA genes in vitro and in situ, but there is no data on
rRNA transcription changes upon CGGBP1 depletion (Muller-Hartmann et al.,
2000). Together, these differential modes of action on transcriptional regulation by
CGGBP1 indicate that there may exist multiple locus-, context-, and cell type-
specific mechanisms in place how this factor affects transcriptional output of a

given gene.

1.3.6 Cell Cycle arrest and Genomic integrity

Depletion of CGGBP1 leads to a GO/G1 phase arrest in a multitude of cancer cell
lines, such as U20S and HCT116 (Singh et al., 2011). Cells accumulate in GO/G1
phase and the S phase population is decreased. In contrast, normal human
fibroblasts (1064Sk) are arrested at the G2/M phase at the expense of a reduced
S phase population (Singh & Westermark, 2011). Furthermore, knockdown of
CGGBP1 in 1064Sk cells leads to DNA damage measured by increased oH2AX
(phospho-S139) levels (Singh et al., 2014). The presence of 9H2AX is an indicator
of DNA double-strand breaks (Rogakou et al., 1998). As S164 in CGGBP1 has
been identified as an ATR target, a role in DNA damage response is likely (Figure
5D, Matsuoka et al., 2007). Indeed, overexpression of the phospho-dead mutant
CGGBP1-S164A in 1064Sk cells mimics the increased oH2AX levels in CGGBP1-
depleted cells (Singh et al., 2014). A fraction of the odH2AX foci co-localizes with
telomeres and CGGBP1-S164A overexpression reduces the binding of the
telomere protective protein POTL1 at telomeric repeats. Thus, an effect on telomere
stability could explain the cell cycle defects in 1064Sk cells upon CGGBP1
depletion. However, it is unclear if telomere instability or general DNA damage-
induced checkpoint activation is the main cause of the observed cell cycle arrest

in the studied cancer cell lines.
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2 Aims

2.1 Development of an unbiased approach to identify factors
involved in transcription-replication conflicts

As described in the introduction, the transcription-replication conflict research field
currently only has very few methods available to study the mechanisms of TRC
resolution in vivo. Therefore, one goal of this thesis was to develop an unbiased
approach to identify unknown factors involved in TRCs. For this, | used a screening
approach based on proximity labeling under TRC-inducing conditions in MCF7

breast cancer cells.

2.2 Investigation of potential candidates in the context of
transcription-replication conflicts

The second aim of this thesis was to further characterize the candidates found in
the screening approach of the first aim. A series of functional assays was
performed to answer the question whether and what role the identified protein
factors play in transcription, replication, DNA damage, R-loop levels and if any
effects can be directly linked to TRCs. As part of this characterization, the CGGBP1
protein was found as a strong candidate factor to have a role in preventing
transcription-replication conflicts by counteracting the formation of secondary DNA

structures at short CGG repeat tracts in RNAP Il promoter sites.
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3 Material and Methods

3.1 Material
Supplier cat.
Reagent Supplier ar
(+)-Sodium L-ascorbate S?“ta iz sc-215877
Biotechnology
4 NjDi@mnidino-2-phenylindole : .
dihydrochloride (DAPI) Sigma Aldrich 32670
5,6-Dichlorobenzimidazole riboside | Santa Cruz
(DRB) Biotechnology =Gz
5-Bromo-2'-Deoxy-Uridine (BrdU) | Sigma Aldrich B5002-1G
5-Ethynyl-uridine (5-EU) Jena Bioscience CLK-N002-10
6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic Sigma Aldrich 238813-5G
acid (Trolox)
Ampicillin Fisher Bioreagents BP1760-5
Amplex UltraRed Reagent ThermoFisher Scientific | A36006
Azide-SS-biotin BroadPharm BP-22877
_ . : B4051-
Biotin Sigma Aldrich 100MG
Biotinyl Tyramide (biotin phenol) Cayman Chemical 27997
BSA Fraction V Sigma Aldrich 10735078001
Dimethyl sulfoxide (DMSO) SERVA 20385.01
Dithiothreitol (DTT) ThermoFisher Scientific | R0861
DMEM (phenol red free) ThermoFisher Scientific | 21063-029
DMEM (with phenol red) ThermoFisher Scientific | 41966-029

Doxycycline hydrochloride (DOX)
DPBS

Duolink In Situ Wash Buffers

Dynabeads MyOne Streptavidin
C1

ECL reagent WB
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D3447-500MG
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65001
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Supplier cat.

Reagent Supplier ar
EDTA Roth 8043.2
EGTA Santa Cruz sc-3593B

Biotechnology
Estr oge-Bstr&dl) (b Sigma Aldrich E2758-250MG
Ethanol Sigma Aldrich 1.00983.1000
FBS (Charcoal stripped) Sigma Aldrich F6765-100ML

FBS (Tet system approved)
Gibson Assembly Master Mix
Glycerol

Glycogen

HCI

HEPES

Hydrogen peroxid solution
30%(w/w) (H202)

Hydroxyurea (HU)

Hygromycin B-solution 20 mL (50
mg/mL) sterile

Igepal CA-630 (chemically identical
to NP-40)

iTag SYBR Green Supermix

LDS sample buffer 4x

Lipofectamine RNAIMAX
Transfection Reagent

Magnesium chloride

Methanol

MOPS

Paraformaldehyde (PFA)
Pen/Strep/Glutamine 100x
Phenol:Chloroform:Isoamyl Alcohol

Pierce Protein G Magnetic Beads

Takara Bio USA

New England Biolabs
Fisher Bioreagents
ThermoFisher Scientific
PanReac AppliChem
Sigma Aldrich

Sigma Aldrich

Biomol

Carl Roth

Sigma Aldrich

Biorad

ThermoFisher Scientific
ThermoFisher Scientific
Sigma Aldrich

Sigma Aldrich

Merck

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

631106
E2611L
BP229-1
AM9510
182109.1211
H3375-1KG
H1009-100ml
H9120.10
CP12.2
13021-100ML
1725121
2399549
13778150
M8266-100G

1.06009.2500

475922-
100GM

047377.9M
10378-016
15593-031
88847
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Supplier cat.
Reagent Supplier ar.
Enoelyr/r\]/li)rglri]ctjaene difluoride Merck IPVH00010
Erki)itk)eizsrecincitznOlsopohxatase ThermoFisher Scientific | 78446
Fég}ﬁaég':'w;?gg)r Sl e ThermoFisher Scientific | 78445
Puromycin Sigma Aldrich P9620-10ML
Pyridostatin Cayman Chemical 18013
SDS running buffer 20x ThermoFisher Scientific | NPO002
SiR-DNA Tebu-bio 251SC007
Sodium chloride Merck 106404
Sodium deoxycholate Sigma Aldrich ?gggo
\?,(t).;ji(usrrtl) g;dodecyl sulfate 99% (dry Alfa Aesar A11183
Sodium phosphate Sigma Aldrich 71496-1KG
Sodium azide gfggiﬁgﬁ) ay sc-208393
Sucrose Sigma Aldrich S9378-500G
Tergitol (NP-40) solution 70% Sigma Aldrich NP40S-100ML
TransIT-LT1 Transfection Reagent | Mirus MIR2300
TRIS Merck 1.08382.2500
Triton X-100 Sigma Aldrich X100-100ML
TRIzol ThermoFisher Scientific | 15596026
Trypsin-EDTA ThermoFisher Scientific | 25200-072
Tween20 Kraft 18014332
b-Mercaptoethanol Sigma Aldrich 07604-100ml
Enzyme Supplier Supplier cat. nr.
DNase | New England Biolabs MO0303S
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EcoRl New England Biolabs R3101L
Proteinase K SERVA Electrophoresis 33756

RNase H New England Biolabs MO0297S

RNase A ThermoFisher Scientific ENO0531

siRNA target Supplier Supplier cat. nr.
CGGBP1 Dharmacon L-015703-00-0020
control Dharmacon D-001810-10-20
DDB1 Dharmacon L-012890-00-0005
EMSY Dharmacon L-004081-00-0005
HDAC2 Dharmacon L-003495-02-0005
NUP155 Dharmacon L-011967-01-0005
RBBP6 Dharmacon L-006551-00-0005
SCAF8 Dharmacon L-020498-02-0005
TASOR Dharmacon L-020306-02-0005
UHRF1 Dharmacon L-006977-00-0005
WAC Dharmacon L-013325-00-0005
ZMAT?2 Dharmacon L-017090-02-0005
ZNF703 Dharmacon L-014572-01-0005
Commercial plasmid Supplier Supplier cat. nr.
FKBP-V5-AP nes_pLX304 | Addgene 120912
pcDNA3-APEX2-NES Addgene 49386
pCMV(CAT)T7-SB100 Addgene 34879
pSBtet-Hyg Addgene 60508
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Antibod Conju Supplier A
Y _J Supplier PP Application Dilution
target gation cat. nr.
. ThermoFisher Western )
Biotin HRP Scientific 43-4323 Blot 1:2000
. Dylight | ThermoFisher ]
Biotin 4838 Scientific 22832 IF 1:1000
BrdU BD 347580 | 1w 1:100
Biosciences cytometry
CDC45 Cell Signaling 3673S Western 1:1000
Technology Blot
SantaCruz Sc- Western 1:300,
SeElElF Biotechnology ' 376482 Blot, PLA 1:100
FANCD2 NovusBio ngloo_ IF 1:1000
ThermoFisher | PAl- Western )
S Scientific 984B Blot Lsiot
CB1001- | Western .
GAPDH Merck 500UG Blot 1:10000
SantaCruz Western 1:10000,
RUaSED Biotechnology el Blot, IF 1:1000
Histone H3 Abcam ab1791 \é\fgts tern 1:20000
Mouse IgG |HRP | LDermoFisher | ~,,4,q | Westem 1:10000
Scientific Blot
Alexa ThermoFisher IF, flow 1:1000,
Mouse IgG 488 Scientific A32723 cytometry 1:500
Alexa ThermoFisher )
Mouse IgG 504 Scientific A11032 IF 1:1000
Alexa ThermoFisher )
Mouse IgG 647 Scientific A32728 IF 1:1000
PCNA Abcam ab18197 | PLA 1:2000
Bethyl
Phospho RP . A300- )
A32 (Ser33) :ﬁgoratones 246A PLA 1:2000
Rabbit IgG | HRP | LnermoFisher | o155, | Western 1415000
Scientific Blot
. Alexa ThermoFisher )
Rabbit IgG 488 Scientific A11008 IF 1:1000
. Alexa ThermoFisher .
Rabbit IgG 594 Scientific A11037 IF 1:1000
. Alexa ThermoFisher i
Rabbit IgG 647 Scientific A21245 IF 1:1000
RNA:DNA MABE10 7 ug per
hybrid (S9.6) BB 95 Pl sample
RNAPII Merck 05-623 IF 1:2000
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Antibod Conju Supplier I
Y _J Supplier PP Application Dilution
target gation cat. nr.
RNAPII
phospho Abcam ab5131 PLA 1:2000
Ser5
RNAPII- .
Biozol BLD- )
phospho Diagnostica 920204 PLA 1:2000
Ser2
RNAPII-
phospho Abcam ab5095 IF 1:2000
Ser2
JH2 AX Cell Signaling | g7105 | 1:300
Technology
Kit Supplier Supplier cat. nr.

Bioanalyzer Agilent High
Sensitivity DNA kit

Click-iIT EdU Cell Proliferation
Kit for Imaging, Alexa Fluor

594 dye
Click-iT Nascent RNA
capture Kit

Agilent Technologies

Duolink In Situ PLA® Probe
Anti-Mouse MINUS

Duolink In Situ PLA® Probe
Anti-Rabbit PLUS

Duolink in situ detection
reagents green (PLA
amplification Kkit)

Duolink in situ detection
reagents FarRed (PLA
amplification Kit)

IDT for lllumina

T TruSeq RNA UD Indexes
(96 Indexes, 96 samples)
SuperScript 1l First-Strand
Synthesis System

TruSeq Stranded Total RNA
Library Prep Gold (48
Samples)

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

llumina

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

lllumina

5067-4626

C10339

C10365

duo92004-100RXN

du092002-100RXN

DUO92014-100RXN

DUO092013-100RXN

20022371

18080051

20020598

39



Material and Methods

3.2 Methods

3.2.1 Cell culture

All cell lines used are summarized in Table 1. In general, either the breast epithelial
adenocarcinoma-derived MCF7 (HTB-22) or osteosarcoma-derived U20S (Tet-

On, Clontech) cell lines were used.

Table 1: Cell lines

Cell .
Insert Clonality ~ EXpression
line
MCF7 Monoclonal | None (parental)
MCM2-FLAG-APEX2
Plasmid K181 via Puromycin resistance
MCF7 | sleeping beauty Polyclonal Tetracycline-regulated
transposase transactivator
DsRed?2
APEX2-V5-NLS
Plasmid K183 via Puromycin resistance
MCF7 | sleeping beauty Polyclonal Tetracycline-regulated
transposase transactivator
DsRed2
U20S | Tet-On Monoclonal Tetracyc_line-regulated
transactivator
Tetracycline-regulated
transactivator
Plasmid pHU43 via Transcription through
—— stable transfection HEmeeEiE (CGG)1o
Hygromycin resistance
EBNA1

U20S Tet-ON cells were cultured in DMEM (GIBCO) supplemented with 10% Tet-
ON approved FBS, 4.5 g/L D-Glucose and L-Glutamine, 110 mg/L sodium pyruvate
and penicillin/streptomycin in 5% CO:2 at 37°C. MCF7 cells were cultured in phenol-
red free DMEM (GIBCO) supplemented with 10% FBS, 4.5 g/L D-Glucose and L-
Glutamine, 25 mM HEPES and penicillin/streptomycin in 5% CO:2 at 37°. For S
phase release and simultaneous estrogen stimulation, MCF7 cells were first
hormone starved by addition of phenol-red free DMEM with 10% charcoal-stripped
FBS (Sigma Aldrich) for 24 h, then G1 arrested by adding phenol-red free DMEM
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without FBS for 24 h. For S phase release, MCF7 cells were cultured in phenol-red
free DMEM with 10 % FBS and after 20-22 h, estrogen was added 30 min before

harvesting. Between all medium changes, cells were washed 2 times with 1X PBS.

3.2.2 Plasmid cloning
For most human genes, e.g. MCM2, CDC45 and POLRZ2E, the cDNA was obtained

by reverse transcriptase amplification of total RNA from human cells. Longer genes
were synthesized. Standard techniques were used for cloning of plasmids. In short,
Gibson Assembly was used to combine PCR fragments, followed by transformation
iNE.coliDHSU and selection with ampicillin. Col
with ampicillin and plasmids were isolated with silica columns. All plasmids were

sequenced to confirm successful cloning.

3.2.3 Plasmid and siRNA transfections

All plasmid and siRNA transfections were carried out using TransIT-LT1 (Mirus) or
Lipofectamine RNAIMAX (ThermoFisher) transfection reagents in accordance with
the manufacturer's instructions. Plasmid transfections were performed by mixing
at a ratio of 2 ug plasmid DNA per 6 pL transfection reagent, followed by incubation
for 30 minutes and then adding the mixture dropwise to the cells. For siRNA
transfections, a ratio of 50 nM siRNA per 2 pL transfection reagent was used,
followed by incubation for 20 minutes before adding the mixture dropwise to the
cells. After incubation at 37°C for 12-16 hours, the transfection-medium mix was

replaced with fresh medium.

3.2.4 Generation of monoclonal U20S cell line containing episomal system

Monoclonal U20S Tet-ON cell lines were obtained by transfecting cells with the
pHUA43 (Insertion of Kpnl and Hindlll cut Q-block fragment containing (CGG)1o into
pSH36 from Hamperl et al., 2017. Cloned following Scior et al., 2011) vector and
then subjecting them to selection with 200 pug/ml hygromycin B for a period of 2-3
weeks. After the selection process, surviving cells were collected and sorted into
96-well plates using flow cytometry (BD FACSMelody). The cells were then
cultured and expanded for 5-6 weeks while being subjected to selection with 200

pug/ml hygromyecin.
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3.2.5 Genomic integration of APEX2 constructs with sleeping beauty
transposase

MCF7 cells were seeded in 6-wells (~500,000 cells) and cultured normally for one
day. Then, using the transfection reagent TransIT-LT1 (Mirus), a mixture of 1 pg
transposase containing vector pPCMV(CAT)T7-SB100 and 1 pg of a vector carrying
a puromycin resistance and the expression cassette of either MCM2-APEX2 or
APEX2-NLS was transfected according to

day, the transfection medium was replaced by fresh medium. 48h after
transfection, selection was started by adding 1 pg/ml puromycin to the culture
medium. The next day, the dosage was upped to 2 ug/ml and after 2 more days

the surviving cells were frozen and stored in liquid nitrogen.

3.2.6 Immunofluorescence imaging

In general, cells were seeded into 96-well culture plates with square wells and clear
polymer coverslip bottom (Ibidi). For fixation, cells were incubated with 4%
PFA/PBS for 15 min, washed once with PBS, permeabilized with 0.5% Triton X-
100 for 10 min and washed once more. For EAU or EU staining, cells were
incubated with 10 uM EdU or 0.5 mM EU 30 min before fixation and a commercial
kit was used to attach fluorescent dyes with a click reaction (ThermoFisher). Next,
cells were subjected to a blocking step in 3% BSA/PBS at 25°C for 1 hour. Primary
antibodies diluted in 3% BSA/PBS were added and left overnight at 4°C, followed
by three washes with PBS. Subsequently, secondary antibodies diluted in 3%
BSA/PBS and DAPI (5 pg/ml) were added and incubated for 90 minutes at 25°C,
followed by three washes with PBS. The cells were imaged with a 40x objective
using a spinning disc confocal microscope (Andor Dragonfly), and the resulting
images were analyzed using a customized ImageJ script. This script enabled nuclei
segmentation on the DAPI channel using StarDist (Schmidt et al., 2018). For
creating nucleolar masks in the EU incorporation experiments, the threshhold_yen
function from the scikit-image python package was employed (van der Walt et al.,
2014; Yen et al., 1995). For imaging of chromatin bound proteins, cells were pre-
extracted with CSK100 buffer (100 mM NaCl, 300 mM Sucrose, 3 mM MgCI2, 10
mM MOPS, 0.5% Triton X-100 in PBS) and washed once with PBS before fixation.
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3.2.7 Proximity ligation assay (PLA)

Concordant to immunofluorescence imaging, cells were seeded into 96-well culture
plates with square wells and clear polymer coverslip bottom (Ibidi). Before fixation,
cells were pre-extracted with CSK100 buffer (100 mM NaCl, 300 mM Sucrose, 3
mM MgCI2, 10 mM MOPS, 0.5% Triton X-100 in PBS) for 3-5 mins, depending on
confluency, and washed once with PBS. After that, the cells were fixed with 4%
PFA/PBS for 15 minutes, washed once with PBS, and permeabilized with 0.5%
Triton X-100 for 10 minutes before being washed again with PBS. To perform EdU
staining, a commercial kit was used to attach fluorescent dyes with a click reaction
(ThermoFisher). The cells were blocked with 5% BSA/PBS at 25°C for 1 hour and
then incubated overnight at 4°C with primary antibodies diluted in 5% BSA/PBS.
After incubation, the cells were washed twice with PBS, and the PLA was
performed according to the manufacturer's protocol (Sigma) with slight
modifications. Specifically, a reaction volume of 70 pl was used for the probe
incubation, ligation and amplification steps. In brief, the cells were incubated with
1:10 diluted PLA probes in Duolink antibody diluent for 1 hour at 37°C, followed by
two 5-minute washes in wash buffer A. To ligate the probes, ligase was added at
a ratio of 1:70 to 1x ligation buffer, and the cells were incubated for 30 minutes at
37°C with this mix. Ligation was followed by two 5-minute washes in wash buffer
A. For amplification, polymerase was added at a ratio of 1:140 to 1x amplification
buffer, and the cells were incubated for 100 minutes at 37°C with this mix.
Amplification was followed by two 10-minute washes in wash buffer B. To stain the
DNA, DAPI (5 pg/ml) diluted in PBS was added and incubated for 90 minutes
before being washed twice with PBS. Finally, the cells were imaged with a 40x
objective using a spinning disc confocal microscope (Andor Dragonfly). The
number of PLA foci was quantified using ImageJ after nuclei segmentation on the

DAPI channel (see section 3.2.6).

3.2.8 Chromatin fractionation and Western Blotting

Chromatin fractionation was performed as described (Méndez and Stillman, 2000)
with slight modifications. In detail, 1 x 10° cells were resuspended in buffer A (10
mM HEPES pH7.9, 10 mM KCL, 1.5 mM MgClz, 340 mM sucrose, 10% Glycerol,
1 mM DTT) and lysed by incubation with 0.1% Triton X-100 for 5 min on ice. The
nuclei were obtained by low-speed centrifugation at 1300 g for 4 minutes at 4°C
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and washed once with buffer A before being lysed in buffer B (3 mM EDTA, 0.2
mM EGTA, 1 mM DTT, 1x protease inhibitor cocktail) by incubation for 30min on
ice. The insoluble chromatin was obtained by centrifugation at 1700 g for 4 minutes
at 4°C and washed once with buffer B before resuspending the final chromatin
pellet in 2x LDS sample buffer. To obtain whole cell extracts, cells were lysed with
RIPA buffer (50 mM Tris HCI, pH 7.4, 150 mM NacCl, 0.5% deoxycholate, 0.1%
sodium dodecyl sulfate, 1% NP-40, and 1x protease inhibitor cocktail). Both whole
cell extracts and chromatin fractions were sonicated for 10 minutes using a
Bioruptor UCD-200, alternating 2.5 seconds on and 2.5 seconds off, before being
separated by electrophoresis and transferred onto polyvinylidene difluoride
membranes. The membranes were blocked overnight at 4°C in 5% skimmed milk
dissolved in 0.1% Tween/PBS. Primary antibodies were added and incubated
overnight at 4°C in 3% BSA/PBS, followed by three washes with 0.1% Tween/PBS.
HRP-linked secondary antibodies were added and incubated for 1 hour at 25°C

before three washes and signal detection using ECL reagent.

3.2.9 Proximity Labeling for Inmunofluorescence Imaging

For each condition, 10.000 MCF7 cells were seeded in one well of a 96-well plate
(u-plate 96 well, lbidi). APEX2 constructs were expressed by adding doxycycline
48 h before fixation. The cells were incubated with 500 uM biotin phenol for 30 min
before proximity labeling. To initiate the proximity labeling reaction, 1 mM Hz20:2
was added for 1 min. After quick aspiration, the reaction was stopped by washing
2 times with quencher solution (10mM sodium azide, 10 mM sodium ascorbate, 5
mM Trolox in DPBS). Cells were fixed in 4% paraformaldehyde for 15 min at room
temperature, washed once in DPBS and permeabilized by incubation in 0.25%
Triton X-100 in DPBS. After blocking with 3% BSA/DPBS for 2 h at room
temperature, primary antibodies diluted in 3% BSA/DPBS were added overnight at
4°C. After 3 washes with DBPS, secondary antibodies diluted in 3% BSA/DPBS
including 1:1000 SiR-DNA were added for 1 h. After 2 final washes with DBPS,
cells were imaged at 40x on a spinning disc confocal microscope (Andor
Dragonfly). Primary antibodies: V5 (1:1000), FLAG (1:1000). Secondary
antibodies: Neutravidin-DyLight 488 (1:1000), anti-rabbit-Alexa 594 (1:1000), anti-
mouse Alexa-594 (1:1000).
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3.2.10 Proximity labeling and immunoprecipitation for mass spectrometry

For each condition and biological replicate, 3,000,000 cells were seeded in a 10
cm dish. The polyclonal MCF7 cell lines either contained tetracycline controlled
expression cassettes for MCM2-FLAG-APEX2 or APEX2-V5-NLS. The cells were
arrested in G1 and released back into S phase as described above. At the time of
serum starvation, 100 or 200 ng/ul doxycycline were added until the end of the
experiment for the APEX2-NLS and MCM2-APEX2 cell lines, respectively. To
decrease transcription-associated replication stress, 100 uM DRB was added 2 h
before harvesting. The cells were incubated with 500 uM biotin phenol for 1 h and
with 100 nM estrogen for 30min before proximity labeling and harvest. To initiate
the proximity labeling reaction, 1 mM H202 was added for 1 min. After quick
aspiration, the reaction was stopped by washing 3 times with quencher solution
(10mM sodium azide, 10 mM sodium ascorbate, 5 mM Trolox in DPBS). The cells
were trypsinized, resuspended in DMEM medium and centrifuged at 600xg for 2
min. Pellet was resuspended in 1 ml quencher, transferred to protein low-bind
tubes and kept on ice for the remaining steps. Chromatin fractionation was
performed as described above. The final chromatin pellet was resuspended in
RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% Triton X-100, 0.5% sodium
doxycholate, 0.1% SDS in H20). Chromatin was solubilized by sonication with 5%
duty factor, 200 cycles/burst, 140W peak incident power for 10 min in milliTUBEs
(Covaris). Non-solubilized material was cleared by high-speed centrifugation at
15000xg for 15 min. To extract biotinylated proteins, 100 pl magnetic streptavidin
beads (Dynabeads MyOne Streptavidin C1, ThermoFisher) were pre-washed twice
in RIPA buffer, added to the solubilized chromatin and rotated overnight at 4°C.
Beads were washed once with SDS buffer (50 mM Tris-HCI pH 7.4, 2% SDS in
H20), twice with washing buffer (50 mM Tris-HCI, 150 mM NacCl, 0.4% SDS, 1%
IGEPAL-CA630, 1 mM EGTA, 1.5 mM MgClz in H20) and once in washing buffer
without detergents (50 mM Tris-HCI, 150 mM NacCl, 1 mM EGTA, 1.5 mM MgClz in
H20). Biotinylated proteins were eluted with 2 M NH4OH containing 25 mM biotin
at 95°C for 10 min.

3.2.11 Mass spectrometry sample preparation and measurement

This part was not done by me, but the experimental procedure is still provided for

the sake of completeness. A total of 10 ug proteins was proteolysed using a filter-
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aided sample preparation (FASP) protocol( Gr osche et al ., 2016;

2009). Protein samples were diluted to a final volume of 400 pL with UA buffer (8
Mureain 0.1 M Tris/HCI pH 8.5) and reduced for 30 min at room temperature using
1 uL 1 M dithiothreitol (DTT). Next, the samples were alkylated by adding 10 pL
300 mM iodacetamide (IAA) and incubated in the dark for 30 min at room
temperature. Through adding 2 uL 1 M DTT, the unreacted IAA was quenched.
The 30 kDa molecular weight cut-off centrifuge filters (Sartorius) were equilibrated
by adding 200 pL UA buffer and subsequent centrifugation for 15 min at 15000 g.
The samples were transferred to the filter, followed by centrifugation for 15 min at
15000 g. Next, three washing steps with 200 pL UA buffer and three with 100 uL
50 mM ABC (ammonium bicarbonate) succeeded. The filter was then placed into
a new PCR-grade filtrate tube (Sartorius). Proteins on the filter were pre-digested
by adding 40 pL ABC and 0.5 pL Lys-C and incubating for 2 h at room temperature.
To fully digest the proteins, 10 uL ABC and 1 ug trypsin were added and after
sealing the tubes with parafilm, the filter was incubated overnight at 37 °C. The
peptides were centrifuged for 15 min at 15000 g. 20 uL ABC containing 5 %
acetonitrile was added and another centrifugation step followed. The eluate was
acidified by addition of 1.3 pL of trifluoroacetic acid to reach a pH of 2. The samples
were stored at -20 °C until mass spectrometry analysis. LC-MS/MS mass
spectrometry was performed on a Q Exactive HF mass spectrometer (Thermo
Scientific). A rapid separation liquid chromatography (RSLC) system (Ultimate
3000, Dionex part of Thermo Scientific) was equipped with a nano trap column
(300 um inner diameter x 5 mm, packed with Acclaim PepMap100 C18, 5 um
particle size, 100 A pore size, LC packings) and an analytical column (Acquity
UPLC M-Class HSS T3 Column, C18, 75 um inner diameter x 250 mm, 1.8 ym
particle size, 100 A pore size, Waters). 6 pL of sample was automatically loaded

onto the nano trap column.

3.2.12 Cell cycle analysis
The cell s wer e tr eBrdme-A-Neaxyuridine BrlU) foM30 mih

and then washed with PBS before harvesting by trypsinization. The cells were fixed
with 70% ice-cold ethanol and permeabilized with 0.25% Triton X-100/PBS for 15
min on ice. To denature DNA to single strands, the cells were exposed to 2N HCI
for 15 min at 25°C and then neutralized with 100 mM sodium borate pH 8.5. Next,
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the cells were blocked in 1% BSA/PBS with 0.1% Tween-20 for 15 min at 25°C
and incubated in primary BrdU antibody (1:100) for 3h in the dark at 25°C with
gentle agitation. After washing with PBS, the cells were incubated with
AlexaFluoro-488 secondary antibody for 1h in the dark at 25°C with gentle
agitation, followed by three PBS washes. After transferring to flow cytometry tubes,
the DNA was stained by adding propidium iodide (PI; 0.1 mg/mL; Sigma) and RNA
was removed by RNase A (10 mg/mL) treatment for 45min. Finally, the cells were
analyzed using a FACSMelody device (BD Bioscience) and cell cycle profiles were

determined using FlowJo software.

3.2.13 Plasmid copy number analysis

Genomic DNA was obtained from 2-4 x 10° cells through trypsinization, washing
in 1x PBS, and resuspension in TE buffer (10mM Tris-HCI at pH7.4, 2mM EDTA).
IRN buffer (50mM Tris-HCI at pH 8, 20 mM EDTA, and 0.5 M NacCl), 0.5% SDS,
and 10 eg Proteinase K were added, foll owe
The DNA was then extracted with phenol/ chl c
A at 37°C for 1 hour. Following chloroform extraction, the DNA was precipitated
with EtOH/sodium acetate, washed with 70% EtOH, and resuspended in TE. EcoRl
(NEB) restriction enzyme was used to digest the DNA overnight at 37°C. The
plasmid copy number was determined by quantitative PCR on a Roche LightCycler
480 Instrument Il using SYBR-Green Supermix (Biorad) and primer pairs listed in
Table S2, which targeted either the oriP region of the plasmid or a region of the
genomic beta-actin gene. The relative plasmid copy humber was calculated as the

rati o of the amount of 2X O+fActiR. t o the amou

3.2.14 Nascent RNA sequencing with EU

For this experiment the conditions were matched with the proximity labeling
approach. For each condition and biological replicate, 250,000 cells were seeded
in one well of a 6-well plate. The polyclonal MCF7 cell line contained a tetracycline-
controlled expression cassette for MCM2-FLAG-APEX2. The cells were arrested
in G1 and released back into S phase as described above. At the time of serum
starvation, 200 ng/pl doxycycline was added until the end of the experiment. The
cells were incubated with 500 pM biotin phenol for 1 h and with 0.5 mM 5-
ethynyluridine (EU) 30 min before harvest. Additionally, either no estrogen or 100
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nM estrogen was added 30 min before harvest. For harvesting, the medium was
removed and 6-wells were washed once with PBS. After removing the PBS, 6-well
plates were wrapped in aluminum foil and stored at -80°C until further processing.
RNA was extracted by directly adding 500 ul TRIzol reagent (ThermoFisher) to 6-
wells, resuspending until cells were completely lysed and detached and
transferring the resulting mixture to DNA low-binding tubes. RNA was then isolated
according to the manufacturer's protocol. Then, RNA was treated with RNase-free
DNase | at 37°C for 30 min, followed by inactivation with 5 mM EDTA and
incubation for 10 min at 75°C. Subsequently, the RNA concentration was
measured with the Qubit RNA HS kit (ThermoFisher) on a Qubit fluorometer
(ThermoFisher). For each sample, 1.6 ug RNA was used for subsequent steps. To
covalently bind biotin to EU, the Click-iT nascent RNA capture kit (ThermoFisher)
was used according to the manufactureros
particular, 0.5 mM azide-SS-biotin (BroadPharm) was used in the reaction and not
the biotin azide provided by the kit. Next, for each sample 50 pl of magnetic beads
(Dynabeads MyOne Streptavidin C1, ThermoFisher) were pre-washed three times
in 1x binding and washing buffer (5 mM Tris-HCI pH 7.5, 0.5 mM EDTA, 1 M NacCl,
0.5% Tween-20), two times in solution A (0.1 M NaOH, 0.05 M NacCl) and two times
in solution B (0.1 M NaCl) before resuspending in 100 ul 2x binding and washing
buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 2 M NaCL, 1% Tween-20). After
incubating the RNA for 5 min at 70°C and briefly cooling on ice it was added to the
beads and incubated for 30 min at 25°C while slowly rotating. Next, the beads were
washed three times in 1x binding and washing buffer and once with RNase-free
water. To Elute EU-RNA, 100 pl of 2% b-mercaptoethanol in RNase-free water was
added and the beads were incubated for 60 min at 25°C while rotating. For total
RNA sequencing, the TruSeq Stranded Total RNA Library Prep Gold kit (lllumina)
was used foll owi ng t hEinahcBNMAdibraaies iverecheckeds man u a l
for quality and quantified with a Bioanalyzer (Agilent). The final pool of libraries was
loaded in the flow cell at 5 nM concentration. Sequencing was carried out on a
NovaSeq 6000 system (lllumina) with a 150-bp paired-end protocol, according to
I 1l umi nabds IReagls r wecet | toonmed with  Trim  Galore
(https://github.com/FelixKrueger/TrimGalore). Next, Rsubread was used to align

the reads to the hg38 build of the human genome (Liao et al., 2019). Subsequently,
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FeatureCounts was used to count the reads per gene (Liao et al., 2014). Finally,
voom was used for differential gene expression analysis (Law et al., 2014).

3.2.15 Reverse transcription-gPCR

TRIzol reagent (ThermoFisher) was used to isolate total RNA from harvested cells
according to the manufacturer's protocol. Subsequently, the RNA concentration
was measured with the Qubit RNA HS kit (ThermoFisher) on a Qubit fluorometer
(ThermokFisher). Then, 1.5 pg RNA of each sample was treated with RNase-free
DNase | at 37°C for 30 minutes, followed by inactivation with 5 mM EDTA and
incubation for 10min at 75°C. Each sample was split into two to provide -RT
controls. Reverse transcription was carried out using the SuperScript lll first strand
synthesis kit (ThermoFisher) fol hmwormg ¢t he
hexamers. To measure mRNA expression levels, equal amounts of cDNA were
mixed with iTaqg SYBR Green Supermix (Biorad) and subjected to analysis on a
Roche LightCycler 480 Instrument Il. The change in comparative threshold cycles
was used to determine mRNA expression levels with primer pairs detailed in Table
S2.

3.2.16 DNA:RNA immunoprecipitation (DRIP)

The methodology outlined in Ginno et al., 2012 was used to carry out the DRIP
assay with slight modifications. In brief, DNA was extracted using the
phenol/chloroform method, precipitated using of ethanol/sodium acetate, washed
with 70% ethanol, and finally resuspended in in TE buffer (10mM Tris-HCI at pH7.4,
2mM EDTA). Sonication of DNA was conducted using a 10% duty factor, 200
cycles/burst, and 140W peak incident power for 4 min (Covaris). For RNase H-
treated samples, 4 ug of DNA was subjected to RNase H treatment at 37°C
overnight. The DNA was purified using phenol/chloroform extraction and
Et OH/ sodi um acetate precipitation. Next, 4
S9.6 antibody in 1X binding buffer (10 mM NaPO4 pH 7, 140 mM NacCl, 0.05%
Triton X-100) and allowed to bind overnight at 4°C while rotating. Protein G
magnetic beads were then added and incubated for 2 h rotating at 4°C. The beads
were washed thrice with the binding buffer and elution was carried out using elution
buffer (50 mM Tris pH 8, 10 mM EDTA, 0.5% SDS, Proteinase K) for 45 minutes

at 55°C. Finally, DNA was retrieved using phenol/chloroform extraction and
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EtOH/sodium acetate precipitation. The quantitative PCR analysis of
immunoprecipitated DNA fragments was performed using SYBR-Green Supermix

(Biorad) on a Roche LightCycler 480 Instrument I1.

3.2.17 Mass spectrometry data analysis

To identify peptides and proteins, Proteome Discoverer 2.5 software (Thermo
Fisher Scientific; version 2.5.0.400) was employed, utilizing a database search
(Sequest HT search engine) against the Swissprot human database (The UniProt
Consortium, 2023), with full tryptic specificity and allowance for up to two missed
tryptic cleavage sites. Precursor mass tolerance was set at 10 ppm and fragment
mass tolerance at 0.02 Da. The static modification of carbamidomethylation of Cys
was included, while dynamic modifications comprised deamidation of Asn, GIn, and
Arg, oxidation of Pro and Met, and a combination of Met loss with acetylation on
the protein N-terminus. The Percolator was employed to validate peptide spectrum
matches and peptides, accepting only the top-scoring hit for each spectrum and
meeting the FDR <5% and posterior error probability <0.01 cut-off values. The list
of proteins at the end complied to the strict parsimony principle. To quantify the
proteins, abundance values were used for unique peptides and normalized based
on the total peptide amount to account for sample loading errors. The protein
abundances were then calculated by adding up the abundance values for
admissible peptides. The final protein ratio was determined by taking the median
abundance values from three replicate analyses. To determine the statistical
significance of the ratio change, the T-test approach described in Navarro et al.,
2014 was used. This approach is based on the assumption that there are
expression changes in only a few proteins compared to the total number of proteins
being quantified. The quantification variability of the non-changing "background"
proteins was used to determine which proteins had a statistically significant change

in expression.

3.2.18 ChIP-seq data analysis

For CGGBP1 ChiIP-seq analysis, we used publicly available ENCODE data of
K562 cells with the following identifiers: ENCSR763FNU and ENCSR334KTB (Luo
et al., 2020; The ENCODE Project Consortium, 2012). For most analyses, tools

from the web platform galaxy were used (Afgan et al., 2018, https://usegalaxy.eu).
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To annotate CGGBP1 peaks, bed files were analyzed by ChiPseeker. For
metagene plots of CGGBP1 ChiIP-seq signal, bam files of the two replicates and
the control were converted to bigWig with bamCoverage, heatmap values were
calculated by deeptools computeMatrix and the plot created by deeptools
plotHeatmap. For genome browser snapshots, these bigWig files were loaded into
IGV (Robinson et al., 2011). For motif enrichment analysis, | used MEME-ChIP
(Bailey et al., 2015) with 15t order Markov backround model, minimum motif width
of 3, maximum motif width of 30 and any number of motif repetitions allowed. To
analyze G4 hunter score, DRIP signal, GC% and GC skew of a set of ~2600
transcription start sites (TSS) that are proximal (<3kb away from promoter) to at
least one CGGBP1 peak was selected. As controls, two sets of ~2600 randomly
selected TSS were created. To obtain G4 quadruplex formation prediction scores,
the G4 Hunter python script was used on FASTA files of 2kb windows around the
TSS with Tw 25 Ts 0.0 parameters (https://github.com/AnimaTardeb/G4-
hunter.qgit). This calculates a mean G4 Hunter score at the middle of each 25 bp
window sliding by 1bp across the 2kb. DRIP signal was obtained from a published
data set (Castillo-Guzman et al., 2020, GSM4478670). The K562 DRIP-seq signal
bigWig file was converted from build hg19 to hg38 with the CrossMap tool (H. Zhao
et al., 2014). Heatmap values and the plot for the TSS sets were created by
computeMatrix and plotHeatmap, respectively. For GC% and GC skew, a 10 kb
window around the TSS was split into 200 bp windows using a sliding window of
1bp with bedtools MakeWindowsBed. Nucleotide content was calculated with

bedtools NucBed and GC skew was then calculated by measuring (G-C)/(G+C).

3.2.19 Software

For cloning, the design of constructs and confirmation of sequencing results was
carried out with SnapGene software (www.snapgene.com). Planning of Gibson
Assemblies was done with the online tool of NEB (https://nebuilder.neb.com/).
GraphPad Prism (www.graphpad.com) and Adobe lllustrator
(https://adobe.com/products/illustrator) were used for figures. For mass
spectrometry data, network analysis and GO term enrichment was done with
STRING (Szklarczyk et al., 2015).
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3.2.20 Quantification and statistical analyses

Statistical parameters including the number of biological replicates, standard
deviation and statistical significance are reported in the figures and the figure
legends. Statistical significance is determined by the value of p < 0.05 by One-Way
ANOVA test or two-tailed t-test, where appropriate. Where appropriate, | confirmed
that sample sizes were large enough that any deviations from normality did not

affect the statistical test results.
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4 Results

4.1 Design and cloning of split-APEX2 constructs for proximity
labeling at transcription-replication conflict sites

The first objective of my doctoral thesis was to develop a new tool to study
transcription-replication conflicts and uncover in an unbiased way candidate
proteins that are associated and physically bound to transcription-replication
conflict sites in the genome. An ideal approach to achieve this is based on split-
APEX2 with the simple idea to fuse one of the inactive split-APEX2 fragments to
the transcription machinery and the other to the replication fork. As a result, APEX2
only reconstitutes if these two complexes are in close proximity, which would be
the case at transcription-replication conflict sites. Thus, the reconstituted, active
APEX2 would specifically label proteins in proximity to TRCs. After streptavidin
enrichment, these TRC-specific proteins could then be identified by LC-MS/MS.
However, at the beginning of this thesis project, split-APEX2 had only been used
successfully when studying interaction of two members of the same protein
complex (Han et al., 2019; Xue et al., 2017). In my approach, reconstitution of split-
APEX2 would only work if two different complexes come close enough to each
other. This uncertainty as well as using the proximity labeling enzyme APEX2
raised multiple questions: Are the two complexes close enough to each other
during a TRC for split-APEX2? Does the fusion of split-APEX2 to the members of
the two complexes influence their localization or function? Are flexible peptide
linkers within the fusion proteins necessary to successfully reconstitute split-
APEX2 and is it active upon reconstitution? If split-APEX2 reconstitutes, does it
dissociate again or does it lock the complexes together? How can | avoid or

navigate the notoriously high background generated by proximity labeling?

To answer most of these questions, | cloned multiple expression vectors carrying
split-APEX2 fused to either members of the replication fork or transcription
machinery (Table S1). These included MCM2, MCM3, MCM5, CDC45, GINS2,
GINS3 of the CDC45-MCM-GINS (CMG) complex of the replicative helicase and
POLR2B, POLR2E, CDC73 of the transcription machinery. Split-APEX2 fragments
were fused to either the C- or N-terminus of the respective factors based on

previously published studies with other fusion proteins or by finding surface

53



Results

exposed ends in the structure. These vectors were then used to perform double
transfection experiments and test the activity of APEX2. Additionally, | introduced
glycine-serine linkers (Xue et al., 2017) or GR6, a long spacer helix from rat plectin
(Griesenbeck et al., 2003; Steinbtck & Wiche, 1999) to provide more flexibility and
bridge a larger distance for successful split-APEX2 reconstitution. As a positive
control, full length APEX2 was fused to the respective replication or transcription
factors. To test APEX2 activity, MCF7 cells were transfected and after fusion
protein expression incubated with either biotin phenol or the Amplex UltraRed
reagent. Addition of H20:2 initiated APEX2 proximity labeling, which led to
biotinylation or conversion of Amplex UltraRed to the fluorescent dye resorufin.
Split-APEX2 activity was then assessed by immunofluorescence (IF) imaging in
comparison to the full length APEX2 positive control. In addition, each fusion
protein also expressed either a FLAG or V5 epitope tag that were additionally
stained in separate IF channels to monitor transfection efficiency and the presence

of both fusion proteins within the same cell.

Initial experiments suffered from low transfection efficiency, which resulted in a
very low number of cells that were successfully transfected with both constructs
(data not shown). Consequently, | stably transfected cells by selecting a polyclonal
pool of cells that constitutively expressed different split-APEX2 fusion proteins and
then transiently transfected the counterpart construct for APEX2 activity testing
(Figure 7A). Independent of which factor was used or the linker type, no
combination led to reconstituted, active APEX2 (Figure 7B-C). Surprisingly,
expression of the two unfused split-APEX2 fragments AP and EX did not
reconstitute to active APEX2 (Figure 7C). Based on this large series of negative
results, and the multiple uncertainties with this approach raised above, it was clear
that the necessary troubleshooting to obtain a positive combination of two
constructs would not be feasible in time. However, inspired by the strong activity
of full-length MCM2-APEX2 as the positive control in these experiments, |
developed an alternative strategy to induce TRCs and subsequently proximity label
transcriptionally challenged replication forks with full length MCM2-APEX2.
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Figure 7: Split-APEX2 proximity labeling approach. A, Experimental layout for
proximity labeling activity testing via transient transfection of either WT MCF7 or
stably transfected cell lines with split-APEX2 constructs. B, Example IF images of
split-APEX2 activity testing in MCF7 cells. C, Quantification of nuclear resorufin
signal of IF imaging after proximity labeling with transient and stable transfections
of TRC split-APEX2 combinations or MCM2-APEX2 as a positive control. Data is
represented as mean + standard deviation. GS Glycine Serine Linker, GR6 rat

plectin spacer helix

4.2 Creating cell lines containing MCM2-APEX2 expression

cassettes

To gain insight into the dynamic protein interactions at a transcriptionally
challenged DNA replication fork, | generated MCF7 cell lines that allow inducible
expression of APEX2 as a fusion protein with the MCM2 subunit of the MCM2-7
replicative helicase complex (MCM2-APEX2). Additionally, |1 engineered MCF7
cells to express APEX2 fused to a nuclear localization signal (APEX2-NLS) as a
spatial nuclear proximity labeling control. The constructs driving the expression of
the fusion proteins under a Tet-ON promoter were genomically integrated using
the sleeping beauty transposase system (Kowarz et al., 2015, Figure 8A). MCM2
as well as other members of the MCM complex have been successfully deployed
for proximity labeling with BiolD in previous studies (Dubois et al., 2016). APEX2

as the proximity labeling enzyme was chosen due to its fast kinetics superior to
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BiolD. The polyclonal MCM2-APEX2 and APEX2-NLS cell lines contained ~35-70
and ~20-40 copies of the expression cassettes, respectively, that were randomly

integrated in the genome (Figure 8B).

A MCM2-APEX2 APEX2-NLS B 3 ®
Tet-ON Tet-ON E &0
hily kg 2
>
- MCM2 Hriac| apex2 Hp— - rrEX2 g 40
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MCM2- APEX2-
APEX2 NLS

Figure 8: Genomic integration of MCM2-APEX2 and APEX2-NLS expression
cassettes. A, Expression cassettes for MCM2-APEX2 and APEX2-NLS sleeping
beauty transposon strategy. Tet-ON: DOX inducible promoter, IR/DR region:
inverted repeats/direct repeats for sleeping beauty transposase. B, gPCR analysis
of genomic insertion copy numbers calculated with the relative ratio
2XAPEX2/ GAPDH o -+actin?tx asddiniXf@ the diploid reference gene
copy number. Different colors represent distinct primer pairs for APEX2 detection.

Data is represented as mean of the primer pairs + standard deviation.

Expression of FLAG and V5 tagged fusion proteins was not detectable below 50
ng/ml DOX and increased with rising DOX concentrations (Figure 9A-B). As
expected, biotinylation was also dependent on DOX concentration (Figure 9A, C-
D). Regardless of DOX concentrations, biotinylation levels were generally higher
for APEX2-NLS than for MCM2-APEX2. Immunofluorescence staining confirmed
the nuclear localization of biotinylation for both fusion proteins (Figure 9A). Nuclear
fractionation after DOX induction revealed the presence of MCM2-APEX2 in the
chromatin fraction (Chr.), suggesting chromatin incorporation of MCM2-APEX2

and therefore expression of a functional protein.
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Figure 9: Expression and proximity labeling activity of MCM2-APEX2 and APEX2-
NLS upon DOX treatment. A, Immunofluorescence images of proximity labeling in
the MCM2-APEX2 and APEX2-NLS expressing MCF7 cell lines with varying DOX
concentrations. DOX was added 48h before fixation. Cells were incubated with 0.5
mM biotin phenol for 60 min before proximity labeling and fixation. B, Quantification
of nuclear biotin signal in immunofluorescence images. Total number of analysed
nuclei is >200 for each condition. C, Quantification of nuclear FLAG/V5 signal in
immunofluorescence images. Total number of analysed nuclei is >200 for each
condition. D, Western Blot of proximity labeling with varying DOX concentrations.
DOX was added 48h before sample collection. Cells were incubated with 0.5 mM
biotin phenol for 60 min before proximity labeling and sample collection. E, Western
Blot of nuclear fractionation in both cell lines after treatment with 200 ng/uL DOX
for 48 h. TCE: total cell extract, Cyt: cytoplasmic, Nuc: nucleoplasmic, Chr:

chromatin fraction.
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In contrast, APEX2-NLS was mostly detected in the nucleoplasmic fraction (Nuc.)
as expected. (Figure 9E). Of note, MCM2-APEX2 was also prominently present in
the cytoplasmic and nucleoplasmic fractions (Figure 9E), which is likely due to the
DOX-induced overexpression of the protein causing mislocalization. However,
biotinylation during proximity labeling exclusively took place in the nucleus of cells
(Figure 9A), indicating that the active fraction of the protein creating the
biotinylation signal was correctly localized in the nuclear compartment. In
summary, these results suggested that MCM2-APEX2 expression could be

controlled in MCF7 cells and the resulting fusion protein was active.

To test the impact of DOX concentration on the final proximity labeling reaction and
detection of biotinylated proteins, | performed a preliminary mass spectrometry
analysis. For MCM2-APEX2, | tested 50 and 200 ng/ml DOX, for APEX2-NLS 25
and 200 ng/ml DOX (Figure 10). For both constructs, 200 ng/ml DOX resulted in a
large number of biotinylated proteins visible in the Western Blot, while 25 or 50
ng/ml DOX led to barely visible bands (Figure 10A). Other members of the MCM2-
7 complex served as an indicator for successful enrichment of proteins in proximity
of MCM2. The MCM2-APEX2 200 ng/ml DOX sample did not enrich for many
MCM2-7 complex members when compared to the APEX2-NLS 200 ng/ml DOX
sample (Figure 10B). However, in comparison to low APEX2-NLS (25 ng/ml DOX)
or the negative control (-DOX), all members of the MCM2-7 complex were enriched
(Figure 10C-D). This indicated that high DOX concentrations for the APEX2-NLS
cell line led to unspecific biotinylation of chromatin associating factors such as the
MCM2-7 complex. In addition to testing DOX concentrations, | assessed if
chromatin isolation could increase specificity by enriching for chromatin associating
proteins. Indeed, the replication fork factor PCNA and actively elongating RNA
polymerase Il were enriched upon chromatin isolation (Figure 10E). As a result of
these optimization experiments, chromatin enrichment and lower APEX2-NLS

DOX concentration were used in later proximity labeling experiments.
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Figure 10: Optimization experiments for proximity labeling in the MCM2-APEX2
and APEX2-NLS expressing MCF7 cell lines. DOX was added 48h before harvest.
Cells were incubated with 0.5 mM biotin phenol for 60 min before proximity labeling
and fixation. A, Western Blots of biotinylated proteins in input and elution for both
cell lines with indicated DOX concentrations. B-D, Plots showing the indicated
protein abundance fold-changes measured by mass spectrometry. MCM2-7
complex members are labeled if they are > 2-fold enriched over the APEX2-NLS
control. E, Western Blot of replicative and transcriptional factors in the elution with

or without preceding chromatin isolation and with indicated DOX concentrations.

4.3 Induction of Transcription-Replication Conflicts in MCF7

cells

High levels of transcription can induce genomic instability owing to an increased
incidence of R-loops and/or transcription-replication conflicts. Previously, it was
shown that estrogen-responsive breast epithelial MCF7 cancer cells accumulate
DNA damage upon prolonged treatment with high concentrations of estrogen

(Stork et al., 2016). This damage was specific to S phase cells and dependent on
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the massive E2-induced changes in R-loop formation in S phase, implying a role
for perturbed transcription-replication coordination and/or R-loop mediated
transcription-replication conflicts in this system. To induce a transcriptional burst in
S phase MCF7 cells, | first arrested cells in GO/G1 by a combination of serum and
hormone starvation (Figure 11A). Cells were then allowed to re-enter the cell cycle
in complete medium. To monitor S phase entry, the incorporation of the thymidine
analogue bromodeoxyuridine (BrdU) was analyzed by flow cytometry. After 20h
release, ~30-45% of cells had progressed synchronously into early S phase, at
which point | mock-treated or stimulated the cells with 100 nM E2 for 30min (Figure
11B-C).

G1 arrest release estrogen
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Figure 11: Inducing unscheduled transcription-replication interference in MCF7
cells. A, Schematic of the G1 arrest and S phase release with simultaneous
estrogen treatment in MCF7 cells. Origins and replication forks are depicted in
yellow and transcription complexes are magenta. Red lightning bolt illustrates
transcription-replication conflicts. B, BrdU-propidium iodide (PI) cell cytometry
profiles showing MCF7 cells growing asynchronously, arrested in G1 and 20 hours
after adding back serum containing medium. Cells were categorized into G1, S or
G2 phase by the amount of incorporated BrdU and DNA content. C, Bar graph
showing the percentage of cells in G1-, S-, or G2 phase in the cell cytometry

profiles of B. Error bars indicate the standard deviation. N=3.
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Importantly, cells were treated with E2 for 16 h directly after hormone starvation in
the Stork et al. study (2016). However, a study on global nascent RNA production
changes in MCF7 cells upon short estrogen treatments (10, 40, 160 min) revealed
the most dramatic up- and downregulation of thousands of genes already at the 10
and 40 min mark (Hah et al., 2011). Consequently, | treated the synchronized cells
that were just entering early S phase for 30 min with E2 to induce unscheduled
conflicts between the highly upregulated genes and replication forks. To confirm if
estrogen-induced a transcriptional response in this setup, | employed nascent RNA
sequencing with EU-seq (Jao & Salic, 2008; Yokoyama et al., 2016). To get insight
into global transcriptional changes, | pulse-labeled MCF7 cells with the uridine
analogue 5-ethynyluridine (EU). This compound is incorporated into nascent RNA
and can be fluorescently labeled with click-chemistry for subsequent analysis of
nascent RNA levels by RNA sequencing (Jao & Salic, 2008). Indeed, EU-seq
revealed that transcription of the known estrogen upregulated genes was
increased upon the short E2 stimulation (Figure 12), whereas cells released
without E2 showed comparably lower transcription levels similar to an

asynchronous cell population.

Next, | wanted to analyze whether this system leads to an increase in unscheduled
conflicts between transcription and replication. For this, | determined the frequency
of interactions between the transcription and replication machineries with a
proximity ligation assay (PLA). | used antibodies against RNAPII phospho Ser2
and PCNA to target active transcription and replication, respectively (Figure 13A).
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Figure 12: Nascent RNA-sequencing confirms global transcriptional changes upon
short estrogen treatment in MCF7 cells. Volcano plot showing the up- and
downregulation of nascent transcripts upon 30 min of estrogen treatment in MCF7
cells during S phase release. Transcripts known to be induced in the indicated

studies have been colored accordingly.

As expected, PLA foci were mostly specific to S phase cells marked by EdU
labeling (Figure 13B-C). Moreover, based on the distinct EdU incorporation
pattern, early S phase cells generally score higher in their number of PLA foci than
mid or late S phase cells (Figure 13D), consistent with the preferential early
replication timing of transcriptionally active chromatin compartments (Petryk et al.,
2016). As early S phase cells are enriched in these release conditions, this likely
explains the significant increase in S phase specific colocalization of RNAPIIPS2
T PCNA compared to the asynchronous condition (Figure 13C, compare condition
2 with condition 4). Addition of the transcription elongation inhibitor 5,6-
Dichlorobenzimidazole 1-b-D-ribofuranoside (DRB) lowered the PLA frequency
after release regardless of whether cells were stimulated with estrogen or not

(Figure 13B-C). However, estrogen stimulation did not further increase the number
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of PLA foci per nucleus (Figure 13C, compare condition 4 with condition 8),
suggesting that the frequency of TRC formation was not markedly increased.
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Figure 13: Imaging of TRC-PLA foci upon short estrogen treatment in MCF7 cells.
A, Cartoon of the in situ proximity ligation assay. Only if the targets of two primary
antibodies are in proximity, fluorescent oligo probes detect DNA generated by
rolling circle amplification. B, Representative immunofluorescence images of TRC-
PLA foci, DNA staining and EdU incorporation with or without 30 min of estrogen

treatment in MCF7 cells during S phase release. For transcriptional inhibition, cells
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were treated with 100 uM DRB 2 hours before fixation. In the bottom right of each
image, one enlarged example EdU+ cell is shown. C, Quantification of TRC-PLA
foci in all cells. The cell population for each condition was split into EAU- and EdU+
cells. Data is represented as mean * standard deviation. Statistical significance
was calculated using one-way ANOVA. Data is pooled from two biological
replicates. D, Example immunofluorescence images of TRC-PLA foci and S-phase

progression determined by distinct EdU patterns.

4.4 Transcription-Replication Conflict Proximity Labeling with
MCM2-APEX2
Next, | used the MCM2-APEX2 and APEX2-NLS cell lines to screen for factors that

are present at the MCM complex during unscheduled E2-induced transcription
perturbation. For this, | used the arrest and release system described in section
4.2 with the MCM2-APEX2 and APEX2-NLS cell lines followed by proximity

labeling and mass spectrometry (Figure 14A).
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Figure 14: Transcription-replication conflict proximity labeling. A, Experimental
setup with MCM2-APEX2 (200 ng/ml DOX) and APEX2-NLS (100 ng/ml DOX)
expressing MCF7 cell lines. Cells were incubated with 0.5 mM biotin phenol for 60

min before 1 min of proximity labeling and harvest. B, Venn diagram of overlapping
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proteins in the four conditions. C, Filtering steps to obtain the final list of 88

candidates.

Transcription inhibition with DRB served as a negative control, as it significantly
reduces RNAPIIPS2-PCNA PLA foci levels (Figure 13). As an additional negative
control, the same set of samples was analyzed in the absence of DOX and
therefore no biotinylation was expected in the cells (see Figure 9A, 0 DOX). In
total, 2044 proteins were identified across the two cell lines and four conditions
(Figure 14A-C) by LC-MS after proximity labeling, chromatin enrichment and
streptavidin pulldown of biotinylated proteins. There was a large overlap of
identified proteins across all samples (Figure 14B), suggesting that many of the
identified proteins are derived from unspecific interactions with the beads and/or
affinity reagents. Members of the replication fork were only poorly enriched in the
MCM2-APEX2 proximity labeling when compared to APEX2-NLS (Figure 15),
indicating that the overexpression condition of MCM2-APEX2 could also effectively

label the general nuclear proteome.
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Figure 15: Low enrichment of replication factors in MCM2-APEX2 vs. APEX2-NLS

samples. Volcano plot showing the abundance ratio of selected replication factors
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in MCM2-APEX2 (200 ng/ml DOX) vs. AEPX2-NLS (100 ng/ml DOX). Cut-off lines
are x=t1 and y= 1.3 (p<0.05).

This is also consistent with the results of the chromatin fractionation showing a
large amount of MCM2-APEX2 in the nucleoplasmic fraction (Figure 9E).
Therefore, to find proteins specifically enriched upon induction of unscheduled E2
transcription perturbation, | used label-free quantification and employed a series of
filtering steps that excludes proteins either not identified with high confidence (>1
unique peptide, present in at least 2 of 3 biological replicates), or the level of
enrichment and p-value statistics when compared to -DOX or DRB conditions
(Figure 14C). This led to a final list of 88 candidates that were enriched in the
MCM2-APEX2 cell line under conditions of estrogen-induced transcription

perturbation (Figure 16 and Figure 17).
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lines are x=£0.58 (FC>1.5) and y= 1.3 (p<0.05). Red labeled factors represent
candidate factors that were selected for further characterization.

Interestingly, this list contained factors that have already been implicated in
transcription-replication conflicts, e.g. BRD4 (F. C. Lam et al., 2020) and DDX39B
(Pérez-Calero et al., 2020). Next, | performed a network analysis and Gene
Ontology (GO) enrichment analysis on the candidates and found that the factors
clustered in two main functional annotations, namely splicing and mRNA

processing as well as DNA binding and chromatin organization factors (Figure 17).
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Figure 17: STRING network of the 88 candidate TRC factors. The thickness of the
connections illustrates the confidence level. Red labeled factors represent

candidate factors that were selected for further characterization.

To characterize some of these candidates in detail, | followed up on 13 factors that
were of particular interest based on their described function and previous literature

with connections to TRCs (Table 2).
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Table 2: List of selected candidates potentially playing a role in TRCs

Gene Name Connection to TRCs Reference
. i Involvement in (Singh &
CGGBP1 ciele riplet repeat transcription and DNA Westermark,
binding protein 1 .
repair 2015)
DNA damage-binding | CUL4-DDB1 complex (Zhong et al.,
DDB1 . o
protein 1 prevents re-replication 2003)
. (Pérez-
DDX39B Splllceosome SV R-loop processing helicase | Calero et al.,
helicase DDX39B 2020)
BRCAZ2-interacting H3K4me3 demethylase, (Varier et al.,
EMSY transcriptional H3K4me3 directly 2016; Chong
repressor implicated in TRCs et al., 2020)
HDAC?2 inhibitor:
Reduced replication fork (Bhaskara et
HDAC2 | Histone deacetylase 2 | speed,
L al., 2013)
Increased replication
stress
Nuclear pore complex Involved i_n topological (Bermejo et
NUP155 : stress relieve upon
protein L al., 2011)
replication stress
RBBP6 knockdown:
E3 ubiquitin-protein FEEEER| FEIEE i (Miotto et al.,
RBBP6 . speed,
ligase ; 2014)
increased damage at
common fragile sites
SCAFS SR-related and CTD- | interacts with RNAPII and | (Gregersen et
associated factor 8 RECQL5 al., 2019)
TASOR | Protein TASOR Assoaaﬁtes with RNA (Douse et al.,
processing 2020)
: . (Sharif et al.,
E3 ubiquitin-protein Assoclates with the 2007,
UHRF1 ) replication fork,
ligase Plays role in DNA repair Motnenko et
y al., 2018)
, Interacts with RNAPII at
WW domain- TSSs, (Zhang & Yu,
WAC containing adapter .
. . .| Cell cycle checkpoint 2011)
protein with coiled-coill )
activator
ZMAT?2 Zinc finger matrin- Involved in pre-mRNA (Tanis et al.,
type protein 2 splicing 2018)
D , Transcriptional
ZNE703 Zinc finger protein corepressor, (Nakamura et

703

HDAC dependent

al., 2008)

Next, | performed experiments in MCF7 cells to assess and validate the

consequences of depleting these factors on transcription-replication conflicts and

associated replication stress.
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45 Validation and characterization of selected candidates

RT-gPCR confirmed the depletion of the candidate transcripts by ~70-100% when
comparing the control siRNA treatment with the specific candidate siRNA treatment
(Figure 18).
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Figure 18: Confirmation of siRNA knockdown of candidate genes. Transcript level
analysis via RT-gPCR of candidate siRNAs compared to control siRNA relative to
b-actin after 72 h of siRNA treatment. Data is represented as mean of three
technical replicates + standard deviation.

First, | first measured if siRNA-mediated depletion of the factors leads to changes
in 9H2AX foci count per EdU+ nucleus. Indeed, depletion of several factors led to
significantly increased oH2AX foci formation compared to the control siRNA
(Figure 19A-B). In particular, siRNA-mediated knockdown of RBBP6 and TASOR
led to the largest increase of foci of the DNA damage marker o0H2AX (Figure 19A-
B). Next, measured if depletion of the factors leads to changes in RNAPIIPS2-
PCNA PLA foci count per EdU+ nucleus. Interestingly, SIRNA knockdown of DDB1,
WAC and TASOR significantly increased the number of PLA foci (Figure 19C-D).
In contrast, depletion of HDAC2, CGGBP1 and EMSY led to a significant decrease
in TRC-PLA foci (Figure 19C-D). In summary, this indicates a potential
involvement of DDB1, WAC, TASOR, HDAC2, CGGBP1 and EMSY in the
regulation of cellular TRC levels.
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Figure 19: Imaging of odH2AX and TRC-PLA foci formation upon depletion of
candidate proteins. A, Example immunofluorescence images of a0H2AX foci, DNA
staining and EdU incorporation in MCF7 cells with indicated 72 h siRNA
knockdown. B, Quantification of oH2AX foci in EdU+ MCF7 cells. Data is
represented as mean + standard deviation. Statistical significance was calculated
using one-way ANOVA. For each condition, one well with >100 nuclei was
analysed.C, Example immunofluorescence images of TRC-PLA foci, DNA staining
and EdU incorporation in MCF7 cells with indicated 72 h siRNA knockdown. D,
Quantification of TRC-PLA foci in EDU+ MCF7 cells. Data is represented as mean
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+ standard deviation. Statistical significance was calculated using one-way
ANOVA. For each condition, one well with >150 nuclei was analysed.

As siRNA-mediated knockdown of the four proteins WAC, RBBP6, TASOR and
CGGBP1 led to significant changes in 0H2AX or TRC-PLA foci formation, | decided
to focus on these candidates. Next, | measured FANCD2 foci formation upon
knockdown of these factors. FANCD2 is a general DNA damage marker that
accumulates at stalled replication forks (Nepal et al., 2017). Interestingly, depletion
of WAC, RBBP6, TASOR and CGGBP1 increased FANCD2 foci formation in an S
phase specific manner compared to non-targeting SiRNA control knockdown
(Figure 20A-B).
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Figure 20: Imaging of TRC-PLA and FANCD?2 foci upon depletion of candidate
proteins. A, Example immunofluorescence images of FANCD2 foci, DNA staining
and EdU incorporation in MCF7 cells with indicated 72 h siRNA knockdown. B,
Quantification of FANCD2 foci in MCF7 cells. The cell population for each condition
was split into EdU- and EdU+ cells. Data is represented as mean + standard
deviation. Statistical significance was calculated using one-way ANOVA. For each

condition, three wells with each >500 nuclei were analysed. D, Example
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immunofluorescence images of TRC-PLA foci, DNA staining and EdU
incorporation in MCF7 cells with indicated 72 h siRNA knockdown. E, Example
immunofluorescence images of FANCD2 foci, DNA staining and EdU incorporation
in MCF7 cells with indicated 72 h siRNA knockdown.

Together, this data suggests that WAC, TASOR and CGGBP1 could play a specific
role in TRC resolution, whereas RBBP6 more likely takes over a TRC-independent
but important role for maintaining genome stability during S phase. In summary,
this proximity labeling based strategy provided a candidate list of potential proteins
that are specifically enriched at a transcriptionally challenged replication fork and
will become a useful resource for future projects. CGGBP1 was, among the
shortlisted candidates, one of the most interesting factors that was further

characterized as part of this PhD thesis project.

4.6 CGGBP1

4.6.1 Global profiling of CGGBP1 binding sites in the human genome

As introduced, CGGBP1 was first characterized as a protein binding specifically to
CGG triplet repeats. To determine binding sites across the genome, | used a
publicly available ENCODE CGGBP1 Chromatin Immunoprecipitation-Sequencing
(ChlP-Seq) data set in human K562 cells (The ENCODE Project Consortium,
2012). By comparing two biological replicates to the untagged control, 3459 high-
confidence CGGBP1 binding sites could be identified. Interestingly, peak
annotation revealed ~73% of binding peaks within 1 kb of promoters and only
~10% distal intergenic peaks (Figure 21A-B). This was confirmed by a gene
metaplot of the ChIP-Seq signal, which showed an elevated signal at the
transcription start sites (TSSs) of most genes. Only a few genes had either no
signal at all or signal throughout the gene body, as shown by examples in Figure
21A. As expected, the top three binding motifs, uncovered by motif enrichment
analysis of the peaks, were CGG repeats, but interestingly only a short motif of 3-
4 repeats was sufficient for CGGBP1 binding (Figure 21D). It is necessary to point
out that CGGBP1 has been shown to bind to telomeres, which could not be
mapped by the ChIP-Seq approach here that excluded repetitive regions of the

genome. Similarly, other repetitive regions e.g. rDNA could also not be analyzed.
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To summarize, most detected binding events at non-repetitive regions of the
genome are located at CGG repeats inside of genes, with a strong preference for

promoter regions.
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Figure 21: Analysis of CGGBP1 ChlIP-Seq data from K562 cells. A, Example
tracks of CGGBP1 ChiIP-seq signal in K562 cells at different genes of two replicates
(R1 and R2) compared to the control. B, Pie chart showing the distribution of
CGGBP1 ChlIP-seq peak annotation relative to the position in the genome. C,
Metagene plots and underlying heatmaps of CGGBP1 ChIP-seq signal of the two
replicates R1 and R2 across all annotated transcripts. D, Motif probability graph
and DNA sequence logos of the most significant hits found in the CGGBP1 ChlP-

seq peak sequences.

Next, | investigated whether the TSSs with a CGGBP1 ChIP-Seq peak had special
DNA sequence properties regarding the GC percentage, GC skew, G-quadruplex
prediction or R-loop formation. As expected, the GC percentage of the 2688

74



Results

CGGBP1 peak TSSs was increased compared to two independent sets of TSSs
that were randomly chosen from the genome (data not shown). To account for the
fact that GC skew, G4 prediction and R-loop formation are strongly influenced by
GC percentage of the underlying DNA sequence, | selected two independent sets
of control TSS that are not bound by CGGBP1 but show a comparable GC content
to the CGGBP1 peak containing TSS (Figure 22A). The GC-skew is defined as an
asymmetric excess of C over G on a given strand of the DNA. As expected, the
GC skew is very similar for the CGGBP1 peak TSSs compared to the two random
control sets of TSSs with matched GC percentage (Figure 22B). However, G4
formation is predicted to be significantly higher in a narrow window of 400 bp
around the TSS, but no difference to the random control TSS is observed directly
upstream and downstream of this TSS window (Figure 22C). Most strikingly,
publicly available DRIP-Seq data in K562 cells showed a strong enrichment of R-
loop levels around CGGBP1 peak TSSs compared to the two control TSSs (Figure
22D). Together these results indicate that DNA secondary structures, specifically
G-quadruplexes and R-loops, are more likely to form at TSSs with CGGBP1
binding.
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Figure 22: CGGBP1-binding TSSs show higher G4-forming potential and R-loop
formation. A, Summary plot of GC% of the DNA sequence at either TSSs with a
CGGBP1 binding peak in proximity or two random control sets of TSSs with a
matched GC% to the CGGBP1 peak containing TSS. B, Summary plot of GC skew
of the DNA sequence at either TSSs with a CGGBP1 binding peak in proximity or
the two random sets of TSSs. GC skew was calculated with the formula (G-
C)/(G+C). C, Summary plot of predicted G4 formation scores at either TSSs with a
CGGBP1 binding peak in proximity or the two random control sets of TSSs.

Statistical significance was c debtoon that

medians of 10 bp windows at the TSS +/- 100 bp indicated by the grey box.
Significance was tested against both controls in individual t-tests indicated by the
color of the stars. D, Summary plot of DRIP-seq signal at either TSSs with a
CGGBP1 binding peak or the two random control sets of TSSs.
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4.6.2 Altering cellular CGGBP1 levels leads to global transcriptional
changes

CGGBP1 is primarily binding to thousands of RNAPII promoter sites, but how
depletion or overexpression of CGGBP1 influences the transcriptional landscape
of cells has not been comprehensively addressed. To answer this question, |
knocked down CGGBP1 using a pool of four distinct SIRNAs targeting CGGBP1.
Western Blot of total cell extracts revealed efficient depletion of CGGBP1 at all
timepoints after siRNA transfection (Figure 23A). To get insight into global
transcriptional activity, | pulse-labeled the cells with EU, which can be fluorescently
labeled by click-chemistry for subsequent microscopy analysis (Jao & Salic, 2008).
Strikingly, CGGBP1-depleted cells show significantly increased transcriptional
activity compared to control cells (Figure 23B-C). As expected, treatment of cells
with the transcription elongation inhibitor DRB reduced nuclear EU levels in
CGGBP1-depleted and control cells. Despite the low levels of EU incorporation
upon DRB treatment, CGGBP1-depleted cells maintained a small but significant
increase in transcriptional activity compared to control cells, indicating that this
effect may not only be dependent on RNAPII transcription, but the other two
nuclear RNA Polymerases | and Il may also contribute to the elevated EU levels
in CGGBP1-depleted cells (Figure 23B-C).
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Figure 23: Global transcriptional activity is increased upon siRNA-mediated
CGGBP1 knockdown in U20S cells. A, Western Blot of U20S total cell extracts
after 24, 48 and 72 h of CGGBP1 knockdown compared to control sSiRNA. CDC45
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and GAPDH are loading controls. N=1. B, Example immunofluorescence (IF)
images of EU incorporation in U20S cells upon 72 h CGGBP1 knockdown
compared to control siRNA. For transcriptional inhibition, 100 uM DRB was added
2 h before fixation. C, Quantification of mean nuclear EU signal in all fields similar
to B. For transcriptional inhibition, 100 uM DRB was added 2 h before fixation. Data
is represented as mean + standard deviation. Statistical significance was
calculated using one-way ANOVA. For each condition, two wells with each >1000

nuclei were analysed.

EU labeling measures the total nascent transcriptional activity of cells and cannot
discriminate between RNAPII transcribed genes with or without CGGBB1 binding.
To answer this question for some candidate genes, | measured the transcriptional
output of three genes that contain CGGBP1 binding sites (MOV10, MALAT1 and
TLCD1, Figure 24A) and two genes without CGGBP1 binding sites (UHRF1 and
ZNF703) by RT-gPCR. Interestingly, transcriptional output of the CGGBP1 binding
genes was reduced to ~40-50% in CGGBP1-depleted cells compared to control
cells. This effect was less pronounced or not visible for the two non-CGGBP1
binding genes. This indicated i at least for the few genes that were tested in this
assay | that CGGBP1 is a potential positive regulator of transcription at genes with

CGGBP1 binding at its own promoter.
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Figure 24: Transcriptional output of example genes with or without CGGBP1
binding in U20S cells. A, Gene expression of selected example genes measured
by RT-gPCR of cDNA from U20S Tet-ON pHUA43 clone 2 (see Figure 33) treated
with siControl or siCGGBP1 for 72 h and no DOX. Shown is the fold change relative
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to MCM3 and normalized to siControl. Statistical significance was calculated using
one-way ANOVA. N=3.

Next, | wanted to investigate whether overexpression of CGGBP1 would have the
opposite effect on the transcriptional landscape in cells compared to the
knockdown experiments. To study this, | transiently transfected cells with an
overexpression vector containing an HA-tagged CGGBP1 open reading frame.
Western Blot of total cell extracts confirmed strong HA-CGGBP1 overexpression
48h and 72h after transfection compared to an empty vector control (Figure 25A).
To assess global transcriptional changes, | measured EU incorporation in HA (-)
and HA (+) cells with and without DRB treatment. Overexpression of HA-CGGBP1
decreased global transcriptional activity in comparison to the empty control vector,
which also held true for DRB treated cells (Figure 25B-C). Similar to the
knockdown experiments, this result indicated an additional involvement of the other
RNA polymerases | and lll in this decrease. Importantly, a direct comparison of
transfected and therefore HA (+) versus non-transfected HA (-) cells within the
same experimental condition revealed a significant reduction in EU signal in the
HA (+) cells, supporting the notion that higher CGGBP1 levels indeed reduce
nascent RNA levels (Figure 25D).
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Figure 25: Global transcriptional activity is decreased upon overexpression of HA-
CGGBP1 in U20S cells. A, Western Blot of HA-CGGBP1 overexpression in U20S
cells. Total cell extracts were taken 48 or 72 h after transfection of the
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overexpression plasmid. CDC45 and GAPDH are loading controls. WT CGGBP1
is not visible here due to the excess amount of HA-CGGBP1. B, Example IF
images of EU incorporation and HA signal in U20S cells upon HA-CGGBP1
overexpression compared to an empty vector control. For transcriptional inhibition,
100 uM DRB was added 2 h before fixation. C, Quantification of mean nuclear EU
signal in all fields similar to B). Data is represented as mean + standard deviation.
Statistical significance was calculated using one-way ANOVA. For each condition,
results are from one well containing >1000 cells. D, Quantification of mean nuclear
EU signal in all fields similar to B). Only the overexpression condition is shown with
cells split into HA+ or HA-. Statistical significance was calculated using one-way

ANOVA. For each condition, one well each containing >1000 nuclei was analysed.

The CGGBP1 depletion and overexpression experiments showed a clear adverse
effect on transcriptional activity. Thus, | next asked how this transcriptional
response to different CGGBP1 levels affects cell cycle progression. To address
this, | performed BrdU or EdU labeling and subsequent flow cytometry or
microscopy analysis, respectively. When CGGBP1 is depleted for 48h or 72h, cells
accumulate in G1 phase and the S phase population is reduced (Figure 26A-C).
Interestingly, when overexpressing CGGBP1, a similar reduction of S phase cells

is observed (Figure 26D).
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Figure 26: Depletion and overexpression of CGGBP1 affects cell cycle
progression A, BrdU-PI flow cytometry profiles of U20S cells upon treatment with
siControl or siCGGBPL1 for 24, 48 and 72 h. The percentage of cells in G1, S or G2

are quantified next to the gates. For each condition >30000 cells were analysed.

80



Results

N=1. B, Quantification of cell cycle distribution in BrdU cell cycle analysis by flow
cytometry upon treatment of U20S cells with siControl or sSiCGGBP1 for 24, 48 and
72 h. N=1. C, Bar graph showing the percentage of EdU+ and EdU- cells in all
fields similar to Figure 27A. For each condition, two wells with each >900 nuclei
were analysed. D, Bar graph showing the percentage of EdU+ and EdU- cells in
all fields similar to Figure 28A. For each condition, three wells with each >900

nuclei were analysed.

In summary, balanced cellular CGGBP1 levels seem to be crucial for cell cycle
progression and proper transcriptional activity, as knockdown and overexpression

of CGGBP1 positively and negatively influence transcription, respectively.

4.6.3 Altering cellular CGGBP1 levels impacts the level of chromatin-bound

RNAPII complexes

CGGBP1 depletion led to dramatic changes in the RNA output of RNAPII
transcribed genes with CGGBPL1 binding sites (Figure 24A), but the mechanistic
basis for this effect is unclear. One plausible explanation could be an effect on
RNAPII elongation, which could affect the amount of RNAPII complexes on
chromatin. To address this, | performed immunofluorescence imaging on pre-
extracted cells targeting in each cell simultaneously chromatin-bound total RNAPII
and the elongating form of RNAPII phospho-Ser2 (RNAPIIPS2) with specific
antibodies. In addition, EdU pulse labeling was used to determine the population
of S phase cells. CGGBP1-depleted cells exhibited a small but significant increase
in both total chromatin-bound RNAPII and RNAPIIPS2 signals (Figure 27A-C). As
expected, the RNAPII-specific transcription elongation inhibitor DRB dramatically
reduced total RNAPII and RNAPIIPS2 signals, but again CGGBP1-depleted cells
showed significantly more RNAPII chromatin occupancy compared to siControl
cells (Figure 27A-C). To determine if RNAPIIPS2 is accumulating on chromatin, |
calculated the ratio of the RNAPIIPS2 versus total RNAPII signal per cell.
Interestingly, this ratio was increased in EdU (+) cells compared to EdU (-) cells in
both control and CGGBP1 knockdown conditions (Figure 27D). Importantly,
RNAPIIPS2 accumulated significantly more in CGGBP1-depleted than in the
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control S phase cells (Figure 27D). Of note, the ratio is high in CGGBP1-depleted
S phase cells, because of unchanged RNAPIIPS2 levels, but significantly less total
RNAPII compared to the control S phase cells (Figure 27E-F). Together, these
results indicate that CGGBP1 alleviates the accumulation of chromatin-bound
elongating RNAPII during DNA replication. Importantly, no significant differences
can be observed between control and CGGBP1-depleted cells in the
RNAPIIPS2/RNAPII ratio upon DRB treatment, suggesting that this effect is
transcription-dependent (Figure 27D).
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Figure 27: Chromatin-bound elongating RNAPII accumulates in S phase upon
CGGBP1 depletion in U20S cells. A, Example IF images of total RNAPII,
RNAPIIPS2 and EdU incorporation upon treatment of U20S cells with siControl or
SICGGBP1 for 72 h. For transcriptional inhibition, 100 uM DRB were added 2 h
before fixation. B, Quantification of mean nuclear total RNAPII signal in all fields
similar to A. C, Quantification of mean nuclear RNAPIIPS2 signal in all fields similar
to A. D, Box plot of ratios between RNAPIIPS2 and total RNAPII mean integrated
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nuclear signal in the same cell calculated for EdU+ and EdU- cells in each condition
of A. E, Quantification of mean nuclear total RNAPII signal in all fields similar to A.
Cells of each condition are split into EAU- and EdU+. F, Quantification of mean
nuclear RNAPIIPS2 signal signal in all fields similar to A. Cells of each condition
are split into EdU- and EdU+. Data is represented as mean * standard deviation.
Statistical significance was calculated using one-way ANOVA. For each condition,

two wells with each >900 nuclei were analysed.

To assess if CGGBP1 overexpression has an impact on chromatin-bound total
RNAPII and RNAPIIPS2 levels, | used a similar immunofluorescence imaging
approach. However, to be able to track which cells were overexpressing HA-
CGGBP1, it was technically not possible to measure both total RNAPII and
RNAPIIPS2 signals in the same cell, resulting in two independent experiments with
separate stainings (Figure 28A-G). Strikingly, CGGBP1 overexpression
dramatically decreased chromatin-bound RNAPIIPS2 levels, while only a mild
decrease was observed for total RNAPIlI (Figure 28A-C). Importantly, when
splitting the HA-CGGBPL1 transfected cell population in HA (+) and HA (-) cells, this
decrease is specific to the HA (+) cells (Figure 28D-E), suggesting that this effect
is specific to CGGBP1 overexpressing cells. Interestingly, RNAPIIPS2 levels are
specifically reduced in non-S phase cells, suggesting that excess CGGBP1 does
not impair the elongation of RNAPII into the gene body during replication (Figure
28G). In summary, these results provide further evidence that CGGBPL1 is binding
to promoter regions of RNAPII genes and a higher abundance of CGGBPL1 at these

promoter sites can physically block transcription elongation.
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Figure 28: Overexpression of HA-CGGBP1l decreases chromatin-bound
elongating RNAPII outside of S phase in U20S cells. A, Example IF images of
RNAPIIPS2 and EdU incorporation in U20S cells upon HA-CGGBP1
overexpression compared to an empty overexpression plasmid control. For
transcriptional inhibition, 100 uM DRB was added 2 h before fixation. B,
Quantification of mean nuclear total RNAPII signal in in all conditions of A. C,
Quantification of mean nuclear RNAPIIPS2 signal in all fields similar to A. D,
Quantification of mean nuclear total RNAPII signal in all conditions of A. Only the
overexpression condition is shown with cells split into HA+ or HA-. E, Quantification
of mean nuclear RNAPIIPS2 signal in all fields similar to A. Only the
overexpression condition is shown with cells split into HA+ or HA-. F, Quantification
of mean nuclear total RNAPII signal in all fields similar to A. Cells of each condition
are split into EdU- and EdU+. G, Quantification of mean nuclear RNAPIIPS2 signal
in all fields similar to A. Cells of each condition are split into EdU- and EdU. Data
is represented as mean + standard deviation. Statistical significance was
calculated using one-way ANOVA. For each condition, one well with >1000 nuclei

was analysed.
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4.6.4 CGGBP1 levels are important to mitigate transcription-replication

interference

As chromatin-bound RNAPIIPS2 accumulated in CGGBP1-depleted S phase cells
(Figure 27D), | next investigated whether this may cause increased interference
with replication. Strikingly, CGGBP1 knockdown led to a considerable increase in
TRC-PLA foci in EdU (+) cells (Figure 29A-B). Furthermore, | could observe
reduced EdU incorporation rates in CGGBP1-depleted S phase cells compared to
the control, indicating a slowing of the replication fork (Figure 29C).
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Figure 29: CGGBP1 depletion increases TRC-PLA foci frequency in U20S. A,
Example IF images of EAU incorporation and RNAPIIPS2 - PCNA proximity ligation
assay foci in U20S cells upon 48 h CGGBP1 knockdown compared to control
siRNA. N=2. B, Quantification of nuclear PLA foci in EQU- and EdU+ cells in all

fields similar to A. Data is represented as mean * standard deviation. Statistical

85



Results

significance was calculated using one-way ANOVA. C, Quantification of mean
nuclear EdU signal of EJU+ cells in all fields similar to A. Data is represented as
mean of the z-scores * standard deviation. Statistical significance was calculated
using two-t ai | ed stestu Boe eathécendition, three wells with each >100

EdU+ nuclei were analysed. Results of two biological repeats were pooled.

CGGBP1 preferentially binds to promoter sites (Figure 21) and knockdown leads
to increased TRC-PLA foci and replication stress (Figure 29). To test whether
CGGBP1 is really in proximity of transcription and replication, |1 used PLA with
CGGBP1 as one of the targets. First, | tested whether CGGBP1 co-localizes with
RNAPII phospho-Ser5 (RNAPII-pS5), a marker for promoter bound RNAPIL.
Indeed, there were significantly more CGGBP1-RNAPII-pS5 PLA foci compared to
both single antibody controls regardless of S phase status, suggesting an
interaction of CGGBP1 with RNAPII at promoters (Figure 30A, D). Second, |
observed significantly more CGGBP1-PCNA PLA foci, indicating proximity of
CGGBP1 to replication forks (Figure 30B, D). Lastly, | also tested whether
CGGBP1 co-localizes with RPA32-pS33, a marker of stalled replication forks in
conditions of increased replication stress (Vassin et al., 2009). Intriguingly, there
were more CGGBP1-RPA32-pS33 PLA foci compared to the single antibody

controls, indicating a proximity to stalled replication forks (Figure 30C, D).
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Figure 30: CGGBP1 is in proximity to replication, transcription and replication

stress. A, Example IF images of EdU incorporation and proximity ligation assay
foci of the RNAPII-pS5 i CGGBP1 antibody combination. The RNAPII-pS5 single

antibody control is shown in the bottom panels. Quantification of PLA foci is shown

on the right. Data is represented as mean = standard deviation. Statistical

significance was calculated using one-way ANOVA. For each condition, one well
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with >500 nuclei was analysed. B, Example IF images of EdU incorporation and
proximity ligation assay foci of the PCNA 1 CGGBP1 antibody combination. The
PCNA single antibody control is shown in the bottom panels. Quantification of PLA
foci is shown on the right. Data is represented as mean = standard deviation.
Statistical significance was calculated using one-way ANOVA. For each condition,
one well with >500 nuclei was analysed. C, Example IF images of EdU
incorporation and proximity ligation assay foci of the pRPA32(S33) i CGGBP1
antibody combination. The pRPA32(S33) single antibody control is shown in the
bottom panels. Quantification of PLA foci is shown on the right. Data is represented
as mean = standard deviation. Statistical significance was calculated using one-
way ANOVA. For each condition, one well with >500 nuclei was analysed. D,
Example IF images of EdU incorporation and proximity ligation assay foci of the
CGGBP1 single antibody control. For comparison, the same quantification of this
control is shown in A, B, and C.

4.6.5 Pyridostatin-induced DNA damage in S phase cells is dependent on
cellular CGGBPL1 levels

As depletion of CGGBP1 seemed to induce replication stress and interfered with
RNAPII transcription, | hypothesized that CGGBP1 binding at promoter site CGG
repeats could prevent the formation of DNA secondary structures such as G4 and
R-loops. These structures are potent roadblocks for the replication fork and could
explain increased replication stress and transcription-replication interference. To
study this, | treated cells with pyridostatin (PDS), a small molecule that selectively
binds to and stabilizes G-quadruplex structures independent of sequence
variability (Muller et al., 2010; Rodriguez et al., 2008, 2012). Importantly, PDS is
able to displace specific G4-binding proteins, as the binding affinity between G4s
and PDS is very high. This also includes transcription factors, meaning PDS can
interfere with gene expression (L. Li et al., 2020, 2021). This raised several
questions for CGGBP1: Can PDS treatment affect the relationship between
CGGBP1 and transcription? Does depletion of CGGBP1 lead to more PDS
stabilized G4s and thus more replication stress and DNA damage? To test this, |

performed immunofluorescence imaging of EU incorporation and oH2AX in

88



Results

CGGBP1-depleted and control cells with or without PDS treatment. Interestingly,
EU signal was dramatically increased in control cells upon addition of PDS (Figure
31A-B), which could indicate that PDS binds to endogenous G4s involved in
recruiting transcription factors (Spiegel et al., 2021). Furthermore, addition of PDS
to control cells led to an increase of 90H2AX foci (Figure 31A, C), confirming the
finding that PDS-stabilized G4s are more severe blocks for replication forks,
leading to double-strand breaks (Broxson et al.,, 2011; De & Michor, 2011;
Lemmens et al., 2015; Sarkies et al., 2010, 2012). Of note, CGGBP1 depletion
without PDS treatment did not lead to an increase in 90H2AX foci formation in U20S
cells, which is in contrast to reports in other cell lines (Singh et al., 2014).
Surprisingly, depletion of CGGBP1 combined with PDS treatment mostly rescued
these effects, with decreased EU signal and less o0H2AX foci (Figure 31A-C). This
EU signal reduction was mostly specific to non-nucleolar regions, indicating that
the presence of CGGBP1 upon PDS treatment increases EU incorporation mainly
in RNAPII transcribed regions (Figure 31A, D-E). In summary, these results
suggested that if CGGBPL1 is present, G4s stabilized by PDS are a more powerful
obstacle for replication and transcription, resulting in more DNA damage.

89



Results

Figure 31: CGGBP1 depletion alleviates pyridostatin-induced DNA damage in
U20Scells. AAExampl e | F i ma gnalsand&W incorpblathoiXin 920S
cells upon 72 h CGGBP1 knockdown compared to control siRNA. Cells were
treated with 20 uM pyridostatin (PDS) or with 500 uM hydroxyurea for 4h or 2h
before fixation, respectively. B, Quantification of mean nuclear EU signal in all
fields similar to A. The data of siControl and siCGGBP1 without treatment are
already shown in Figure 23C, but plotted here again for direct comparison. C,
Quantificaton o f nucl ear 2H2AX f o ®jQuantificatoh of
mean nucleolar EU signal in all fields similar to A. E, Quantification of mean nuclear
EU signal excluding nucleoli in all fields similar to A. Data is represented as mean
+ standard deviation. Statistical significance was calculated using one-way

ANOVA. For each condition, two wells with each >1000 nuclei were analysed.

In order to test whether these effects are specific to DNA replication in S phase, |
repeated the experiment with EdU incorporation instead of EU. In control cells,
PDS treatment increased oH2AX foci mainly in EdU (+) cells, indicating that most

PDS-induced DNA damage was present during S phase (Figure 32A-B). In
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